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Immobilization of Carbon Nanotubes on Au(111) via Self-assembled Monolayers
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We investigated the immobilization of single-walled carbon
nanotubes on self-assembled monolayers (SAMs) on Au(111) by
atomic force microscopy. The nanotubes were homogeneously
attached to the SAMs of aminothiophenol and benzenethiol.
We found that the nanotubes formed mesh-like structures on
a l-propanethiol SAM, which most likely reflected a weak
interaction between the nanotubes and the SAM surface. These
results demonstrate that the chemical functionality of a SAM
surface strongly affected the immobilization of carbon nano-
tubes.

Single-walled carbon nanotubes (SWNTs) possess a rich
variety of intriguing electronic properties,! which make SWNTs
an ideal candidate for a wide range of applications, including
electronic devices,>™ sensors,>® and photovoltaics.”® For fab-
ricating such functional nanodevices, it is critical to assemble
SWNTs on a solid surface in a controlled manner. Several
methods have been explored for SWNT assembly on sur-
faces.”!® The reported techniques include electric- or magnetic-
field-assisted processes,''”'3 DNA templates,'*!> gas-flow align-
ment,'®!” and Langmuir-Blodgett techniques.'®!° In addition,
self-assembled monolayers (SAMs) have been demonstrated to
provide a useful means to attach SWNTSs on their surfaces.?%?! A
controlled assembly of SWNTs having a sub-100-nm resolution
was realized by using patterned SAMs.?> Moreover, the chirality
separation of nanotubes could be achieved on SAMs.?* Despite
these advantages of SAMs with respect to the assembly of
SWNTs, knowledge about the SWNT immobilization on the
SAMs is still limited. In this study, we investigated the effects
of the surface chemistry of SAMs on the SWNT assembly.
Three types of SAMs—4-aminothiophenol (4AT), benzenethiol
(BT), and 1-propanethiol (1PT)—were employed for the SWNT
immobilization. We demonstrated that the alignment and density
of the nanotubes could be controlled by a rational design of the
SAM functionality.

SWNTs produced by the HiPco process (Carbon Nano-
technologies Inc.) were oxidized in H,SO,/HNO; for 6h,
followed by a thorough wash with pure water and drying in
vacuo. The oxidized SWNTs were dispersed in N-methyl-
pyrrolidone at a concentration of 1, 0.1, or 0.01 mgmL‘1 by
ultrasonication. The nanotubes can be stably dispersed in this
solvent without any surfactants.>* The absence of surfactants
allowed for investigations into the adsorption properties arising
directly from SWNT-SAM interactions. An atomically flat
Au(111) thin layer (thickness: 200nm) was prepared by the
thermal evaporation of Au onto mica under vacuum. The
microscope glasses were glued onto the Au layer with Epotek
377 (Epoxy Technology), and these assemblies were heated at
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Figure 1. (a) AFM image of SWNTs spin-coated on the
4AT SAM at 4000rpm using ImgmL~" SWNT solution.
(b) Histogram of the nanotube alignment. Each angle was
measured relative to an arbitrary direction.

150 °C in an electric oven for 1.5 h. The mica sheet was stripped
off to expose an ultraflat clean Au(111) surface.’ The Au(111)
substrate was modified with SAMs of 4AT, BT, or 1PT by
immersing the substrate into the ethanol solution of the thiol at a
concentration of 7.5mM overnight. The SWNTs were spin-
coated on the SAM surfaces, and the immobilized SWNTs were
observed by atomic force microscopy (AFM, Seiko Instruments
Inc., SPI3800-SPA400).

First, the 4AT-modified Au(111) surface was used as the
substrate for the spin coating. The 1-mgmL~' SWNT-dispersed
solution was placed on the modified surface that was rotating at
4000 rpm, and AFM observations were performed to observe the
immobilized nanotubes (Figure 1a). The AFM image showed
that tubular structures densely covered the substrate surface,
instead of the terrace—step structures found on the unmodified
Au surface. These tubes were ascribed to single SWNTs or
SWNT bundles containing a few SWNTs. Previously, we
reported the observation of similarly immobilized SWNTs on
the 4AT-modified Au(111) surface by means of scanning
tunneling microscopy (STM).2® The STM observation revealed
that a large number of individual nanotubes were dispersed on
the surface and that atomic resolution could be achieved for
these nanotubes even under ambient conditions.

It is known that molecules bearing amino functional groups
form favorable chemical interactions with the SWNT surface.
For example, it was reported that nanotubes can be stably
dispersed in amine solvents,”»?” and this SWNT dispersibility
was ascribed to the significant interaction between the SWNT
and amine nitrogen.?® It is proposed that amines form charge-
transfer interactions with SWNTs. The charge transfer is
evidenced by the modulated electrical conductance of the
nanotubes upon the amine adsorption.?® Furthermore, such
interaction was found to be useful for immobilizing the SWNTs
on solid surfaces, e.g., SiO, modified with aminopropyltrieth-
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Figure 2. AFM images of SWNTs immobilized on (a) BT and
(b) 1PT SAMs. Spin coatings were performed at 4000 rpm with
1 mgmL~! SWNT solutions.

oxysilane.2%?1:2* On the basis of these studies, we concluded
that the successful immobilization of the SWNTs on the 4AT-
modified Au surfaces was due to the favorable interaction
between the amino groups of the 4AT SAMs and the nanotube
surfaces.

The alignment of the SWNTs on the Au(111) surface was
examined using the AFM image shown in Figure la. The angle
of each nanotube axis with respect to an arbitrary direction was
measured to construct the histogram shown in Figure 1b.
Interestingly, the histogram exhibited three distinct peaks that
were equally separated from each other, demonstrating that the
nanotube adsorption exhibited a threefold symmetry. It is known
that the 4AT forms a closely packed SAM having the same
threefold symmetry as the underlying Au(111) substrate.?”
Therefore, the observation of the threefold symmetry of the
nanotube alignment supported our conclusion that the SWNT
immobilization was due to the interaction between the SWNT
and the 4AT.

The effect of the surface chemistry on the SWNT adsorption
was investigated by using the Au surface modified with
BT (Figure 2a) and 1PT SAMs (Figure 2b). In each case,
I-mgmL~" SWNT solution was spin-coated onto the surface
at 4000 rpm. When the BT-modified surface was used as the
substrate, the AFM image exhibited a significantly dense
adsorbed layer of the SWNTs (Figure 2a). In contrast to
Figure 1a, the tubular structures of the SWNTs were hardly
observed in the AFM images. This result was interpreted as the
highly crowded adsorption of the SWNTs on the BT-modified
surface. Under such circumstances, the SWNTs were interwoven
with each other on the substrate surface, and individual
nanotubes or their thin bundles could not adsorb with their tube
axes completely parallel to the surface. The numerous bright
spots seen in Figure 2a were ascribed to the SWNTs terminals
protruding to the outermost surface of the adsorbed layer. In fact,
the tubular structures could be observed on the BT-modified
surface when the surface concentration of the SWNTs was
decreased (see below). A noticeable difference in the adsorption
behavior was found on the 1PT-modified surface (Figure 2b).
While the nanotubes were uniformly dispersed in the adsorbed
layer on the 4AT- and BT-modified surfaces (Figures la and 2a,
respectively), mesh-like structures were found on the 1PT-
modified surface. We attributed the formation of these structures
to the partial aggregation of the SWNTSs during the spin-coating
procedure. The white lines that form the mesh-like structures
were assigned as the bundled nanotubes, and the dark back-
ground between these nanotubes was the uncovered 1PT SAM
surface.
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Figure 3. AFM images of SWNTs immobilized on (a) 4AT
and (b) BT SAMs. Spin coatings were performed at 4000 rpm
with 0.1 mgmL~" SWNT solutions.

As described above, amino groups were exposed at the
outermost surface of the 4AT SAM, and a strong interaction
between the amino group and the SWNT resulted in the
immobilization of the SWNTs on the substrate surface. On the
other hand, phenyl groups existed on the surface of the BT
SAM. It was reported that aromatic molecules interact and bind
to the SWNTs because of the m—m stacking between the
7-electron systems of the aromatic molecules and the SWNT.>
In fact, the functionalization of nanotubes with aromatic
compounds by the m—m interactions has been frequently
explored in order to construct nanotube composites and to
solubilize the nanotubes in organic solvents.’! Therefore, the
formation of the densely adsorbed SWNT layer on the BT SAM,
as shown in Figure 2a, was attributed to such a 71— stacking
interaction. This result was consistent with the literature where
nanotubes were immobilized on a SAM of phenyl-terminated
silane.?? In contrast, the 1PT molecule possessed no functional
group that could have a strong interaction, such as a charge-
transfer or a -7 stacking interaction, with the SWNT surface.
Hence, it was expected that the nanotubes would be less strongly
adsorbed on the 1PT SAM than on the 4AT or BT SAMs. We
ascribed the formation of the mesh-like structure observed in
Figure 2b to such a weak interaction of the SWNTs with the
SAM. The weak interaction caused the high surface mobility of
the nanotubes, which in turn facilitated their self-aggregation on
the 1PT surface during the spin-coating procedure.

The nanotubes formed dense adlayers on the 4AT and BT
SAMs and mesh-like adlayers on the 1PT SAM with high
reproducibility. These adlayers uniformly covered the SAM
surfaces over the entire investigated areas. Such reproducibility
can be associated with the stability and uniformity of the thiolate
SAMs.*?

It was important to fine-tune the amount of uniformly
dispersed nanotubes on the 4AT and BT SAMs from the
viewpoint of practical application of the present method, such as
the creation of nanotube electronic devices or sensors. To this
end, we investigated the effects of the SWNT concentration of
the spin-coating solution on the SWNT immobilization. SWNT
concentrations of 0.1 and 0.0l mgmL~' were tested for the
immobilization on the 4AT and BT SAMs. When the moderately
dilute SWNT solution, 0.1 mgmL~', was used for the spin
coating, the nanotubes were sparsely immobilized on the 4AT
SAM (Figure 3a). In contrast, the nanotubes still formed a
densely immobilized layer on the BT SAM when the 0.1-
mgmL~! solution was used (Figure 3b). This difference in the
SWNT concentration on the 4AT and BT SAMs demonstrated
that the BT SAM adsorbed the nanotubes more strongly than the
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4AT SAM. A comparison of the SWNT layers on the BT SAM
prepared with the 1- and 0.1-mg mL~! solutions (Figures 2a and
3b, respectively) revealed that the tubular structures of the
nanotubes were frequently found in Figure 3b. This observation
indicated that the SWNT density in the immobilized layer
certainly decreased with a decrease in the solution concentration
of the SWNT. In the case of the most dilute SWNT solution
(0.01 mgmL~"), only a few nanotubes were found on both the
4AT and the BT SAMs (see Supporting Information’?).

In summary, the effect of the surface chemistry of SAMs on
SWNT adsorption was investigated by AFM. A strong inter-
action of SWNT with 4AT or BT SAMs resulted in a uniformly
dispersed attachment of the nanotubes on the SAMs. In contrast,
a mesh-like structure of the SWNT was found on a 1PT SAM.
We concluded that this structure was a result of the self-
aggregation of the SWNTs on the surface caused by a weak
interaction between the SWNT and the SAM. These results
indicated that a rational design of the SAM functionality enabled
one to control the surface assembly of the SWNTs.
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