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ABSTRACT Bottom-up creation of huge molecular complexes by
covalently interconnecting functional molecules and conductive
polymers is a key technology for constructing nanoscale electronic
circuits. In this study, we have created an array of molecule—
polymer nanojunctions from Cg, molecules and polydiacetylene
(PDA) nanowires at designated positions on solid surfaces by
controlling self-assemblies and intermolecular chemical reactions
of molecular ingredients predeposited onto the surfaces. In the
proposed method, the construction of each nanojunction sponta-

neously proceeds via two types of chemical reactions: a chain

polymerization among self-assembled diacetylene compound molecules for creating a single PDA nanowire and a subsequent cycloaddition reaction

between the propagating forefront part of the PDA backbone and a single (5, molecule adsorbed on the surface. Scanning tunneling microscopy has proved

that the C4o molecule is covalently connected to each end of the s7-conjugated PDA backbone. Furthermore, the decrease in the energy gap of the (4

molecule in nanojunctions is observed as compared with that of pristine (5, molecules, which is considered to be due to the covalent interaction between

the PDA edge and the (5o molecule.
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onstruction of electronics using only

molecular-based components is one

of the ultimate goals in recent mo-
lecular science and technology fields.'™*
Since individual organic molecules behave
as unit elements exhibiting peculiar physi-
cochemical properties, the creation of nano-
scale heterojunctions by interconnecting
two types of molecules in combinations of
donor—acceptor, host—guest, and so forth
offers molecular-scale active elements of
nanodevices exhibiting sophisticated func-
tions such as electrical rectification,” switch-
ing,® 8 photoelectric conversion,” and logical
operation.'® In particular, creating an array
of the nanojunctions between the one-
dimensional (1D) conductive polymers and
functional molecules has practical advan-
tages for realizing the molecular circuitry'’
because the 1D polymer is expected to
behave not only as a part of nanojunction
but also as an electric wire.">'® An essential
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requirement in this concept is to connect the
functional molecules to the 1D polymer via
covalent bonds, which realizes well-defined
physical and/or electrical contact in the
nanojunction and improves its performance
such as structural stability and/or efficiency
of charged-carrier transfers. Although such a
molecule—polymer system would be finely
created by advanced chemical synthesis in
the liquid phase, it is difficult to arrange such
huge molecular assemblies on solid surfaces
while remaining intact. In contrast, it has
recently been demonstrated that some
macromolecules such as polymers and huge
molecular complexes can be synthesized
on solid surfaces by controlling covalent
assembly among molecular building blocks
deposited onto the surfaces.'*™~'® This
methodology also allows us to investigate
pristine geometry and electronic properties
with atomic resolution of such macro-
molecular systems by scanning tunneling
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microscopy and spectroscopy (STM/STS). In this study,
we have fabricated an array of molecule-polymer
nanojunctions on solid surfaces using Cso molecules'®
and 1D polymer nanowires of diacetylene (DA) com-
pound molecules, polydiacetylenes (PDAs),'? in which
the Cg molecule is covalently bound to an end of
a s-conjugated PDA moiety.

The Cgo—PDA nanojunctions have been fabricated
by the chemical soldering method.'*?° The key to
this method is the linear chain polymerization in the
self-assembled monolayer (SAM) of DA molecules, as
shown in Figures 1B,C, which is induced via electronic
excitation of DA molecules by electrons inelastically
tunneling between an STM tip and substrates or by
photons irradiated from an ultraviolet (UV) light source.
In the chain polymerization, a DA moiety in a single
monomer molecule is first excited as a reactive diradi-
cal. Then a dimer is created by an addition reaction
between the radical and a neighboring DA molecule.
Since the created dimer also has reactive terminals,
the 1D polymer is extended by spontaneously repeat-
ing the addition reactions along a molecular row of
DA moieties in the SAM.'*>?° Interestingly, the propa-
gating reactive terminal of the PDA reacts not only
with a neighboring DA molecule but also with dif-
ferent molecular species adsorbed on the row of DA
moieties.'>?° However, despite the simplicity, versati-
lity, and potential ability of this method to create an
array of polymer—molecule nanojunctions on solid
surfaces, it has been demonstrated only for fabricating
a nanojunction between a PDA nanowire and a single
phthalocyanine molecule. In the current study, we
have shown that this method is also useful for cova-
lently connecting the PDA nanowire to a Cg¢o molecule
via cycloaddition reaction.

RESULTS AND DISCUSSION

Figure 2A shows an STM image of a clean surface
of MoS, obtained after simultaneously depositing
1.0 and 0.1 ML of DA compound and Cg, mole-
cules, respectively, at room temperature (rt). In this
work, 10,12-pentacosadiynoic acid [R—C=C—C=C—R,
where C=C—C=(, R, and R’ correspond to the DA
moiety, CH3(CH,);;, and (CH,)sCOOH side chains, re-
spectively] was used as the DA compound molecule.
The regions A and B in Figure 2A correspond to a SAM
and monolayer islands of DA and Cg, molecules,
respectively, as discussed below. Similar structures
have also been prepared on clean surfaces of highly
oriented pyrolytic graphite (HOPG). In the high-resolu-
tion image of region A (Figure 2B), parallel bright lines
separated by about ~3.0 and ~4.0 nm are observed.
In addition, an array of slightly bright spots along
the bright lines with a separation of ~0.5 nm is also
observed in Figure 2B. According to the previous STM
studies on SAMs of the same DA compound molecules
formed by Langmuir—Schaefer (LS) and drop casting
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Figure 1. Molecular structures of (A) C4, (B) monomers, and
(C) a polymer of 10,12-pentacosadiynoic acid. (D) Side view

of (C). Filled circles of green, blue, and yellow correspond to
carbon, oxygen, and hydrogen atoms, respectively.

—

Reglon A
(DA SAM)

Region B
(Ceo island)

Figure 2. (A) Wide-scale STM image of Cg, nanoislands and
the DA SAM formed on the MoS; surface. (B, C) High-resolution
STM images taken on the DA SAM and the Cg, nano-
island, respectively, which are formed on HOPG surfaces.
Theinsetin (B) is a model of molecular arrangement in the DA
SAM. The imaging conditions (Vs and /;) are 2 V and 25 pA for
(A), —2.1 V and 30 pA for (B), and —2 V and 30 pA for (C).

methods,?°~%3 the DA SAM is composed of molecules
lying flat on the substrate surface and aligning parallel

to each other with an intermolecular distance of
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0.47 nm, as shown in the inset of Figure 2B. In these
films formed by LS and drop-casting methods, the
aligned DA moieties are observed as bright lines with
spacings of 3.0 and 3.8 nm in STM images because
DA molecules are arranged in a manner such that the
COOH end-groups of the chain are opposite to those
of a neighboring molecule. The observed periodicity in
region A agrees well with those of the DA films formed
by LS and drop-casting methods.

Figure 2C shows a high-resolution STM image taken
at the boundary between the DA SAM and a Cg island
with a single-molecule height. The Cg island is com-
posed of hexagonally ordered Cg, molecules with
an intermolecular distance of ~1.0 nm. This ordering
is similar to that in the multilayer films consisting of
closely packed Cgq molecules.* The arrangement of
Cgo Molecules is maintained during the lateral growth
of the Cqq islands by the additional deposition of Cg
molecules until the monolayer Cgq film covering over
the DA SAM (see section 1 in Supporting Information),
although there is a large lattice mismatch between the
monolayer film of closely packed Cgo molecules and
the DA SAM. This result is different from the cases of
Ceo adlayer formation on SAMs of cyclothiophenes,?
a-sexithiophenes,®® acridine-9-carboxylic acids,?” zinc
porphyrin derivatives,?® and so forth, on which the
arrangement of Cso molecules is strongly modified by a
donor—acceptor interaction between Cgo molecules
and the SAMs. It is also important to point out that, in
our experiments, although the DA and Cg, molecules
were simultaneously deposited at various rates onto
the MoS, and HOPG surfaces, molecular-scale mix-
tures®® have never been created on surfaces. The
above experimental observations indicate that the
interaction between Cg, and DA molecules are much
smaller than the van der Waals ones interaction be-
tween Cgo molecules. This is consistent with another
fact that Cgo molecules in the island are observed as
smooth spheres (Figure 2C), indicating that each Cg
molecule freely rotates on the DA SAM similar to those
on chemically inert surfaces.>®

The Cgo—DA interaction is locally modified by indu-
cing chain polymerizations between the DA mole-
cules. In the following example, chain polymerization
was induced by irradiating UV light under ultrahigh
vacuum (UHV) using a low-pressure mercury lamp
(wavelength of ~254 nm and power density of
~1.3 mW/cm?) for 60 min. Figure 3A shows an STM
image of a DA SAM and Cq islands after irradiating the
UV light. An array of nanowires exhibiting very bright
image contrast corresponds to PDA backbones created
by the chain polymerization between DA molecules,
as discussed in the previous STM studies.'>20~2
The bright image contrast of the PDA backbone simul-
taneously originates from its geometrical lift-up by
0.15 nm (Figure 1D) and a closure of its HOMO—LUMO
gap near the Fermi level (Ef) as compared with the DA
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Figure 3. Creation of nanojunctions between Cgo nanois-
lands and PDA nanowires. (A) Wide-scale STM image taken
after inducing the chain polymerization by irradiating UV
light for the overall region on the surface. (B) Magnified
image of the region surrounded by a blue line in (A). (C) and
(D) STM images taken before and after inducing chain
polymerization by applying V; of —3.3 V at the positions
indicated by crosses in (C) for 1s, respectively. (E) Magnified
image of the region surrounded by a blue line in (D).
DA SAMs and Cg, islands were formed on HOPG surfaces.
The imaging conditions (V; and ;) are —2.2 V and 20 pA for
(A) and (B) and —2 V and 30 pA for (C)—(E).

monomers.'>?*3! Figure 3B shows the magnified im-
age of the region surrounded by the blue line in
Figure 3A, in which Cgo molecules in contact with each
end of PDA nanowires (blue arrows) exhibit a bright
image contrast. The correlation between the change in
the image contrast of the C4o molecule and the forma-
tion of the PDA nanowire is clearly demonstrated by
the following experiments. Parts C and D of Figure 3
show STM images of two Cg islands formed on a DA
SAM, which were taken before and after the STM-
induced chain polymerization, respectively, triggered
by applying sample bias voltage (V;) of —3.3 Vfor 1 s at
each tip position indicated by crosses in Figure 3C.
After these procedures, seven PDA nanowires were
created along an array of DA moieties and terminated
by edges of Cgy nanoislands, as shown in Figure 3D.
Upper and lower panels in Figure 3E show magnified
images of the region surrounded by the blue line
in Figure 3D taken before and after creating a single
PDA nanowire, respectively. Comparing them, it is
clearly observed that the single Cgo molecule exhibits
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a brighter image contrast after connecting with the
PDA nanowire. This bright appearance is considered
to originate mainly from the energy shift of the frontier
molecular orbitals of the Cgo molecule, which is con-
sidered to occur by covalent bonding to the end of
the PDA nanowire, as discussed latter. The Cgo mole-
cule behaves as an anchor part for the physical and
electronic contacts between the Cqq island and a PDA
nanowire.

We have gained experimental evidence that the
Cgo molecule is strongly bound to the end of the
PDA nanowire. In this study, Csq molecules deposited
onto DA SAMs were not observed as isolated single-
molecule adsorbates but mostly as islands and some-
times as a two-dimensional (2D) gas phase of Cgg
molecules. The 2D gas phase was recognized as a noisy
feature around Cg islands in STM images. Figure 4A
shows an STM image of the 2D gas-phase Cgy, mol-
ecules around a Cg island, which was observed after
inducing the chain polymerization by UV light irradia-
tion. Interestingly, we recognize that four single Cg
molecules are immobilized with each end of four PDA
nanowires in the vicinity of the 2D gas as indicated by
blue dotted circles. Furthermore, the Cgo molecule
immobilized with the PDA nanowire sometimes exhi-
bits internal structures at RT as shown in the inset of
Figure 4A, clearly indicating that the rotational motion
of the Cgo molecule is inhibited. Such an inhibition
of molecular rotation has been reported for the Cgo
molecules cross-linked via [2 + 2] cycloadditive four-
membered rings.3®*? These results strongly suggest
that the Cgo, molecules diffusing on the surface have
accidentally encountered and reacted with a propa-
gating forefront part of PDA in which reactive chemical
species (carbene or radical) appear.®® In addition, we
have obtained further evidence that each Cgo molecule
is strongly connected to the end of a PDA nanowire.
When PDA nanowires are connected to Cgg molecules
located at the edge of a Cq island (e.g., Figure 3A,D),
the lateral position of each anchor Cgo molecule is
often shifted from its original position in the Cg island
(see section 2 in the Supporting Information), suggest-
ing that the anchor Cgo molecule is strongly bound to
the PDA nanowire and finally relaxed at the observed
position.

Figure 4B shows a possible chemical reaction be-
tween the PDA and the Cgo molecule, where the carbene
at the forefront part of PDA reacts to the 6—6 part in the
Ceo molecule, resulting in the double bond of the Cg
molecule being cleaved and the formation of three-
membered ring via [1 + 2] cycloaddition reaction as an
intermolecular bond. Although similar chemical reac-
tions between various carbene species and Cgo mol-
ecules have been widely used in the chemical synthesis
of Cgo derivatives** 37 the present result is the first
demonstration of this type of chemical reaction in the
surface synthesis of huge molecular complexes.
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Figure 4. Covalent bonding between a single Cso molecule
and an end of PDA nanowire. (A) STM image of the nano-
island and 2D gas of C¢, molecules on the DA SAM, taken
after inducing chain polymerization between DA molecules.
The sample was formed on a HOPG surface. The inset in (A)
shows a high-resolution image of a single Cgo molecule
connecting to a PDA nanowire. The imaging conditions
of (A) and its inset are V; of —2.3 V and /; of 20 pA.
(B) Cycloaddition reaction between Cq, molecules and
PDA nanowire, which is possible candidate for the chemical
reaction creating C¢o—PDA nanojunctions.

It has also been found that the frontier molecular
orbitals of Cgy molecule are shifted in energy after
reacting with the end of a PDA nanowire. Figure 5
shows the tip-height profiles determined by STM along
the lines intersecting an anchor Cgo molecule in a Cgq
island connected to PDA and other molecules existing
in the island, for example as shown by a dotted line in
theinset. Blue and red curves are taken by STM scans at
filled (Vs < 0) and empty (V; > 0) states of each Cso—PDA
junction formed on HOPG and MoS, surfaces, respec-
tively. Some profiles show that the tip height is higher
on the anchor Cgo molecule than on the other Cgg
molecules in the islands. This corresponds to the above
result that the anchor C4o molecule exhibits a brighter
appearance than the other molecules in STM images.
Interestingly, the tip-height profiles over the anchor
Cgo molecule change depending on the bias voltage in
both bias polarities, strongly indicating that the electronic
structure of the anchor Cgo molecule is modified. Although
the highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) levels of pristine
Cso Mmolecules adsorbed on the surface of a DA SAM
appear at Vs < —2.5Vand V; ~ +1.4V, respectively, in the
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Figure 5. Cross-sectional profiles along lines intersecting
Cso molecule closely connecting to a PDA (each green
arrow) and the others existing in Cso nanoisland, which
are taken at V; of —2.3, —2.0, 0.8, 1.0, and 1.5 V. Blue and red
curves were taken along Cgo—PDA junctions formed on
HOPG and MoS, surfaces, respectively.

STS measurement (see section 3 in the Supporting
Information), the tip-height difference becomes consider-
able at a smaller bias. This fact implies that the HOMO—
LUMO gap of the anchor Cgo molecule is smaller than that
of the pristine Cgo molecule. This consideration is qualita-
tively consistent with the preceding conclusion that the
Ceo molecule is covalently bound to the PDA nanowire,
because it is known that the energy gap of a Cso molecule
decreases by covalent bonding with surfaces®®* or other
molecular species,*® which originates from the degenera-
tion of HOMO and/or LUMO levels owing to the impair-
ment of the symmetrical molecular structure.

On the other hand, since the DA SAM behaves
as a thin insulating layer between Cgq molecules and
the conductive substrate, connecting the Cgo molecule
to a conductive polymer would increase the elec-
tronic coupling between the Cgo molecule and the
substrate, which is another possible cause for the

EXPERIMENTAL METHODS

Sample Preparation. All experiments were carried outin an UHV
chamber with a base pressure of 1.0 x 108 Pa. The DA SAM and
Ceo Nanoislands were formed by simultaneously depositing DA
compound and Cg, molecules at rt onto clean surfaces of HOPG
and MoS,. The HOPG and MoS, were cleaved in air followed by
thermal annealing at 500 °C in UHV. Depositions of DA and Cgo
molecules were carried out by the thermal evaporation of molec-
ular powders with purities of above 97% and 99.995% from a Ta
boat and BN crucible while maintaining deposition rates of 0.1 and
0.01 ML/min, respectively. All the STM experiments were carried
out using an electrochemically etched Pt—20%Ir tip at rt in UHV.

Conflict of Interest: The authors declare no competing
financial interest.

Supporting Information Available: STM observation of a DA
SAM after covering with a Cgg monolayer film, positional change
of Cgo molecules with formation of Cgo—PDA nanojunctions,
and STS measurements of Cgo molecules and PDA nanowires.

bright appearance of the Cgy molecule in the STM
imaging of Cgo—PDA junctions, similar to the case
of lander molecules connecting at the step edge of
the metallic substrate.*'*> Toward a better under-
standing of the present results, further clarification
regarding the geometry and energy level alignment
of the C¢o—PDA nanojunction should be carried out.
STS measurements at lower temperatures after creat-
ing C¢o—PDA nanojuctions at RT would be ideal for the
detail clarification. In addition, theoretical calculations
could provide us insights into the electrical properties
of the C¢o—PDA nanojunction such as the low voltage
electronic conductance, the current—voltage charac-
teristics, and the effective injection barrier of charged-
carrieries of this molecule—polymer nanojunction.

CONCLUSIONS AND PROSPECTS

To summarize, the nanoscale heterojunction com-
posed of the Cgq molecule and the PDA nanowire has
been constructed on solid surfaces. In this nanojunc-
tion, a single Cgo molecule is covalently bound to
the end of a m-conjugated PDA backbone. The co-
valent interaction between them is considered to
reduce the HOMO—LUMO gap of the Cgo molecule in
the Cgo—PDA nanojunction. This Cso—PDA nanojunc-
tion considers the huge molecular complex created
only by our chemical soldering experiments on solid
surfaces. Further clarification of the geometry and
electronic structures of the Cgo—PDA molecular junc-
tion can reveal its functionalities and properties, e.g.,
conduction and injection properties of electrons, holes,
and polarons between two closely connected s-con-
jugated parts. Another challenge is to actively control
the formation and annihilation of the covalent bond
between the Cgo molecule and the PDA nanowire, such
as that realized between Cg, molecules.>***** The
current results and further challenges would lead to
the realization of molecular nanoelectronics using
molecule—polymer nanojunctions.

This material is available free of charge via the Internet at http://
pubs.acs.org
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