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Abstract: “Nanotube” structures of the R-, â-, and γ-cyclodextrins (CyD’s), which are similar to that of
CyD-polyrotaxane, were constructed by potential-controlled adsorption onto Au(111) surfaces in sodium
perchlorate solution without a threaded polymer. CyD molecules adsorbed randomly on bare Au(111)
surfaces without potential control and the desorption of CyD’s from Au surfaces was observed at a negative
potential of less than -0.60 V versus SCE. On the other hand, in the specific range between these potentials,
ordered molecular arrays with “nanotube” structures of the CyD’s (R-, â-, and γ-CyD) were observed on
Au(111). The range of potentials for formation of the “nanotube” structures of R-, â-, and γ-CyD was from
-0.15 to -0.20 V, from -0.25 to -0.45 V, and from -0.22 to -0.45 V, respectively. â- and γ-CyD require
a more negative potential for adsorption-induced self-organization (AISO) than R-CyD in order to weaken
adsorption and induce self-organization. Furthermore, we have succeeded in the visualization of the dynamic
process in solution, such as the self-ordering, and the destruction of the nanotube structure. These results
indicate that control of the electrode potential facilitates management of the delicate balance of various
interactions, resulting in the formation of two-dimensional supramolecular structures on the substrates.

1. Introduction

Recent progress in high-resolution STM imaging1 has allowed
the visualization of the arrangements, orientations, and even
inner structures of molecules in air,2 in ultrahigh vacuum
(UHV),3 and in solution.4-7,9 Recently, applications of this
technique have focused on the self-organization of highly

ordered molecular adlayers and/or two-dimensional (2D) supra-
molecular aggregations rather than the epitaxial arrangements
of surface chemistry.1 The observation of 2D molecular
architecture by STM has led to a “visual” understanding of
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intermolecular interactions. In the majority of research to date,
the preparation and STM observation have been conducted in
UHV.3 Gimzewski and co-workers have demonstrated the
relocation and the rotation of a single molecule in the 2D
supramolecular structures.3c,e,fThese movements were achieved
using molecules with bulkytert-butyl legs to weaken the
substrate-adsorbate interaction on Cu(100) surfaces. Yokoyama
and co-workers successfully created various arrangements of
porphyrine molecules, such as monomeric, trimeric, tetrameric,
and extended 1D aggegation like a wire onto an Au surface
using low-temperature UHV-STM.3k The structures were
dependent upon individual intermolecular interactions which
were controlled by the number and placement of cyanophenyl
substituents on molecules. Recently, the chiral arrangement of
molecules on surfaces has also become a hot issue in the field
of STM.3i,m,o The supramolecular self-organization of 2D chiral
species induced by intermolecular interactions has been inves-
tigated using low-temperature UHV-STM.3i,m,o Generally, the
type of substrate, the temperature of the substrate, and the
surface coverage (usually less than 1 mL) are carefully set when
using UHV-STM equipment to facilitate relatively weak
adsorbate-substrate interactions, which allows the induction of
self-organization.

On the other hand, Rabe and co-workers have extensively
researched the 2D self-organized structure of various molecules
having long alkyl chains on highly ordered pyrolytic graphite
(HOPG) or molybdenum disulfied (MoS2) in organic solvent
such as phenyloctane.4a-h Recently, they have also focused on
the molecular arrangements constructed by intermolecular
hydrogen bonds.4f As another “wet process” methodology to
induce self-organization, we have proposed adsorption-induced
self-organization (AISO),5-7 which is based on spontaneous
adsorption from a solution onto a substrate and then 2D self-
organization on the substrate surface, as shown in Figure 1. It
has proven to be a simple and valuable “wet process” methodol-
ogy for preparing highly ordered molecular adlayers on well-
defined surfaces.

In AISO, the key to inducing self-organization is to achieve
mild adsorption under controlled conditions similar to those in
UHV. If the adsorbate-substrate interaction is too strong, the
molecules cannot move around on the substrate surface. On the
other hand, when the adsorbate-substrate interaction is too
weak, the molecules desorb from the surfaces. Relatively mild
adsorption conditions between these extreme states lead to the

induction of 2D self-organization of molecules via rapid surface
diffusion and acceleration of the adsorption/desorption equilib-
rium.

The concept of AISO has been reported, for the first time, in
1995;5aporphyrin molecules easily self-organize and form highly
ordered adlayers on an iodine-modified Au surface (I/Au) but
not on a bare Au surface by spontaneous adsorption from
solutions. The difference of the adsorption behaviors has been
explained by a relatively weaker interaction on I/Au to allow
surface diffusion of the molecules. It is clear proof by in situ
observation of an ordering process of molecules on I/Au.5c Ward
and co-workers have discussed in depth about the molecular
organization on the solid substrates from the view of epitaxy
using various UHV-STM results.8 In the review, they have
also pointed out the significance of the balance of overlayer-
substrate and molecule-molecule energies.

To manage adsorbate-substrate interactions, a selection of
substrates is important both in UHV and in solution systems.
The most suitable substrate for self-organization depends on
the type of molecule being adsorbed. The highly ordered
adlayers of relatively small aromatic molecules were known to
be formed on Pt or Rh in epitaxial fashion. However, among
the single crystal metal substrates, generally Cu, Ag, and Au
are probably preferable to catalytic surfaces, such as Pt and Rh,
as substrates for self-organization of molecules due to the
relatively weak adsorption of organic molecules. For another
example, it has been reported that highly ordered molecular
adlayers of porphyrin1,5 and crystal violet5 were formed on
iodine-modified Au and Ag surfaces, as we mentioned.

Not only a selection of substrates but also electrochemical
potential management would be convenient for AISO in the
“wet process”, because it allows for precise control of the
adsorption strength in units of millivolts.1b,6,7,9 In previous
papers, we have reported the formation of the 2D supramolecular
nanotube structures ofR- andâ-cyclodextrin (CyD)6a,band calix-
[4]arene6c which was achieved by potential-controlled adsorp-
tion. In the management of the adsorption strength or surface
diffusion of molecules, it is important to understand that
electrochemical potential management for the preparation of
ordered structures in solution essentially corresponds to the
control of the substrate temperature in the UHV preparation.

Potential-controlled in situ STM observation of “order-
disorder” and “order-order” phase transitions of adlayers of
organic compounds such as DNA bases,1b,9b heterocyclic
molecules,1b,9a,c,dand thiol molecules9e have been reported. Tao
and co-workers have discussed in detail about an “order-
disorder” phase transition of 2,2′ bipyridine on Au(111).1b,9a,c

They have pointed out that phase transition was induced by a
change of surface charge density in the function of electrode
potential. Just recently, we have succeeded in constructing a
2D molecular network of trimesic acid on Au(111) by means
of precisely potential-controlled adsorption.7 Furthermore, an
“order-order” phase transition between the network structure
and a closed packed structure was also constructed by the control
of potential.

As target molecules to construct 2D supramolecular arrange-
ments by AISO, host molecules such as cyclodextrins (CyD’s),6a,b

calixarene,6c,d and crown ether were focused on.6e Host mol-
ecules have attracted attention not only in the field of host-
guest chemistry but also in supramolecular chemistry as

Figure 1. Schematic illustration of the concept for adsorption-induced self-
organization.
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topological supramolecule components.11,13-16 Among the vari-
ous host molecules, CyD belongs to a class of naturally
occurring cyclic molecules made up of 6-12 glucopyranose
units linked throughR-1,4 glycosidic bonds.12 The most
common of these macrocyclic oligosaccharides areR-, â-,and
γ-CyD which contain six, seven, and eight glucose units,
respectively (Scheme 1).

In host-guest chemistry, the CyD’s possess an interior
hydrophobic cavity that can include a wide variety of guest
species.12 In the past decade, CyD’s have also been used as
components of supramolecules11,13-16 such as rotaxanes, cat-
enanes, polyrotaxanes, and so on. CyD-polyrotaxane (Scheme
2a), in which polymers such as poly(ethylene glycol) (PEG) or
polyprophyleneglycol (PPG) are threaded into the cavity of the
CyD’s, have been the focus of much research over the last
decade.15 This was first discovered and reported by Harada and
co-workers at 1992. The CyD-nanotube structures prepared by
adsorption onto Au surfaces resemble the polyrotaxane struc-
tures, as shown in Scheme 2. Furthermore, they have also
succeeded in synthesizing the supramolecular structures of
“cross-linked CyD nanotubes” without using a threaded poly-
mer.16

Several STM observations of CyD’s have been reported.
Shigekawa and co-workers reported STM images of an isolated
or partially aggregatedR-CyD on MoS2 and the analogue of
R-CyD on adsorbed graphite in air.17 They have also reported
the manipulation ofR-CyD molecules in the polyrotaxane by
using the STM tip as a “molecular abacus”.17c In other current
research, Liu and co-workers have reported the wire-like
polyrotaxane structure of organo-selenium bridged bis(cyclo-
dextrin)s with a calix[4]arene derivative on HOPG by STM in
air.18 We described the formation of the 2D arrays consisting
of nanotube structures originating fromR- andâ-cyclodextrin
(CyD) on Au(111) without use of a threaded polymer.6a,b The
formation of CyD nanotubes was achieved by the potential-
controlled adsorption based on AISO.

In this report, we would like to describe the formation of
“nanotube” structures ofR-, â- and γ-CyD’s on Au(111) at
controlled electrode potentials based on AISO by means of in
situ STM. We demonstrate not only high-resolution STM images
of CyD molecules but also the dynamic observation of phase
transitions among the “desorption”, “self-organization-to-nano-
tube”, and “disordered” states of CyD’s.

2. Materials and Methods

2.1. Materials. All solutions were prepared with ultrapure (Milli-
Q, SP-TOC,>18.2 MΩ cm-1). NaClO4 (Katayama Chemical Co. Ltd.,
Japan) was used as an electrolyte solution without further purification.
The concentration of the NaClO4 prepared was 10 mM. All CyD’s
(Kanto Chemical Co. Ltd., Japan) were used. The concentration of the
CyD was typically∼2.0 µM without further purification.

The Au wire (0.8 mm in diameter), of which the purity was 99.999%,
was obtained from Tanaka Kikinzoku Co. Ltd., Japan and was used to
prepare a single-crystal bead for electrochemical and STM measure-
ments. The Pt wire, which was also 0.8 mm in diameter with a purity
of 99.99%, was also obtained from Tanaka Kikinzoku and was used
as a counter electrode and/or quasi-reference electrode.

2.2. Cyclic Voltammetry (CV). As the electrolyte solution, a 10
mM NaClO4 aqueous solution was prepared. Well-defined bare Au-
(111) electrodes, which were prepared by cutting and mechanically
polishing the Au single-crystal bead, were used for voltammetric
measurements, as described in previous papers.6a-c The Au(111)
electrodes were annealed in an H2-O2 flame and quenched in pure
water saturated with H2. The electrodes were transferred into an
electrochemical cell filled with 10 mM NaClO4 aqueous solution
containing CyD aerated with N2 gas. All potentials are quoted with
respect to a saturated calomel electrode (SCE).

2.3. Electrochemical Scanning Tunneling Microscopy (EC-
STM). In situ STM measurements were carried out with a Nanoscope
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Scheme 1. Chemical Structure and Space Filling Models of R-, â-,
and γ-CyD. X and Y Indicate the Outside Diameters of the Cavity
and Height of CyD, Respectively

Scheme 2. Schematic Representation of (a) Polyrotaxane and (b)
CyD Nanotube Observed by STM
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E (Digital Instruments, Santa Barbara, California) and Pico-STM
(Molecular Imaging Co. Ltd.) instrument. An Au(111) facet formed
on a single-crystal bead was used for STM measurements. The tunneling
tip was prepared from an electrochemically etched W wire, and its side
wall was sealed with transparent nail polish to reduce the faradaic
current. Several nail polished tips were kept in the water for more than
1 day to check the influence of impurities on the STM experiments.
All images were collected in the constant current mode. The Au(111)
electrodes were annealed in an H2-O2 flame and quenched in pure
water saturated with H2. The electrodes were transferred into an STM
cell filled with 10 mM NaClO4 aqueous solution containing CyD. Two
Pt wires were used as reference and counter electrodes in the STM
cell, respectively. All potentials are quoted with respect to a saturated
calomel electrode (SCE).

3. Results and Discussion

3.1. CyD-Nanotube Formation by Potential-Controlled
Adsorption. As we have reported in previous papers, the
adsorption behaviors including the formation of nanotube
structures of CyD’s depended on the electrode potential.6a,b

Figure 2 is a schematic representation of the electrode potential
dependency for the adsorption of CyD’s. At the open circuit
potential (near+0.0 V), which corresponds to no potential
control, the surface was totally covered by randomly adsorbed
CyD’s (Figure 2c). In the negative potential region, desorption
of CyD’s was observed. In this state, despite the presence of
CyD’s, the atomic lattice of Au(111) was observed. Therefore,
CyD’s are desorbed from the Au(111) surface at negative
potentials, as shown in Figure 2a. The adsorption and desorption
of CyD molecules were essentially reversible for all CyD’s. At
the specified midrange situated between these potentials, ordered

molecular arrays with nanotube structures were formed on the
Au(111) surface (Figure 2b). Formation of these ordered arrays
under conditions where the substrate-adsorbate interaction was
neither too strong nor too weak was termed “adsorption-induced
self-organization” (AISO).

Generally, the coverage of neutral molecules is greatest at a
potential of zero charge (PZC), and adsorption tended to be
prevented onto the polarized surfaces.10 It is plausible that the
desorption of CyD on Au(111) at negative potentials is caused
by the counterion in the electrolyte solution. The counterions
in the electrolyte solution may approach and push out the
adsorbates. As the electrode potential gradually moved toward
PZC, CyD was adsorbed and nanotube structures were formed
on the surfaces via rapid surface diffusion and acceleration of
the adsorption/desorption equilibrium.6,7 It has been reported
that the adsorption of CyD onto a mercury electrode revealed
the potential-induced transition of adsorption orientations by
means of an electrochemical investigation.19

Interestingly, the range of potentials for AISO differed for
each CyD. The potentials for AISO ofR-, â- and γ-CyD, in
which nanotube structures were formed, were from-0.15 to
-0.20 V, from-0.25 to-0.45 V, and from-0.22 to-0.45
V, respectively. The AISO potential ranges for the formation
of nanotubes are indicated by the arrows on the potential
diagram in Figure 2. The AISO potential ranges forR-CyD were
positive relative to those forâ- and γ-CyD. This observation
suggests thatâ- andγ-CyD require a more negative potential

(19) Jaworski, R. K.; Goledzinowski, M.; Galus, Z.J. Electroanal. Chem.1988,
252, 425-440.

Figure 2. Electrode potential diagram for three states, (a) “desorption” state, (b) “ordered state”, and (c) “disordered state”, with corresponding schematic
illustrations and typical STM images. (a) Tunneling current,It ) 2.4 nA; tip potential,Et ) +0.14 V; and the electrode potential,Es ) -0.60 V. (b) It )
2.4 nA, Et ) +0.14 V, andEs ) -0.45 V. (c) It ) 1.6 nA, Et ) -0.13 V, andEs ) +0.10 V. Each AISO potential range for the nanotubes formation of
R-, â-, andγ-CyD is marked by the arrow.
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for AISO thanR-CyD in order to weaken adsorption and induce
self-organization. In another words, the adsorption strengths of
â- andγ-CyD are stronger than that forR-CyD. This is likely
attributable to the much bigger CyD ring sizes.

3.2. Comparison of Adsorption Behaviors for Cyclodex-
trins by Cyclic Voltammetry. Parts a-c of Figure 3 show
cyclic voltammograms (CVs) of a bare Au(111) electrode in
10 mM NaClO4 in the absence (dotted line) and presence (solid
line) of 2.0 µM R-, â-, andγ-CyD, respectively. Each AISO
potential region where the CyD-nanotube structures were
observed is marked by slanted areas. In addition, each potential
region for “desorption” and “random adsorption” are also
marked by left- and right-hand arrows, respectively, in each
part of the figure.At the negative potential ranges beyond the
AISO regions in each system, the features of the CVs are in
good agreement with those of the pure electrolyte solution. This
suggests the desorption of CyD molecules from Au(111) over
this range, as suggested by the STM imaging results. Jarzabek
has described the adsorption ofâ-CyD’s onto a polycrystalline
Au electrode in terms of electrochemical capacitance.20 The
difference in capacitance between the presence and the absence
of CyD’s becomes smaller toward more negative potentials, and
the capacitance for both systems is almost equal at the negative
potential region near-1.0 V versus SCE. This indicates that
the coverage of CyD decreased with the lowering of the potential

until finally the desorption of CyD occurred. These observations
are in agreement with our results.

On the contrary, at the positive potentials beyond the AISO
regions, the features of CVs are entirely different from those
observed in the absence of CyD’s. This indicates the adsorption
of CyD’s onto the Au(111) over this range of potentials. At the
AISO regions,R- and â-CyD revealed almost the same CV
curves as those in the absence of CyD, although STM observa-
tion clearly demonstrated adsorption and self-organization.
These observations indicate that the time scale for the CV was
too short to show self-organization ofR- andâ-CyD. Interest-
ingly, γ-CyD gave broad peaks, which might be due to the
capacitance change caused by adsorption but not electron
transfer, at the region.

Moreover, at the positive potential region beyond the open
circuit potential (OCP), the oxidation of CyD’s and the
desolation of Au surfaces occurred simultaneously, effectively
complicating electrochemical behaviors and surface morphol-
ogies. The oxidative and reductive peaks observed at the positive
potentials beyond+0.1 V could be attributed to oxidation and
the subsequent reduction of CyD’s. Jarzabek also mentioned
the oxidation ofâ-CyD on an Au electrode.20 Figure 4 shows
the typical desolation of flat terraces by the formation of small
Au pits observed at+0.1 V. Note that the intact Au terraces
can be observed at the same potential in pure electrolyte solution
without CyD.

These results obviously indicate that the AISO potential
region where the nanotube structures were induced is located
at the midrange between the desorption and saturated adsorption.
No remarkable peaks indicating phase transitions such as
“order-disorder” or “adsorption-desorption” are observed.

3.3. Comparison of Nanotube Structures ofr-, â-, and
γ-Cyclodextrins. Parts a-c of Figure 5 show the STM images
of self-organized nanotube structures ofR-, â-, andγ-CyD’s
under AISO conditions. Each CyD molecule covered the
surfaces as nanotube structures, which could be clearly visual-
ized over a relatively wide region. Interestingly, the surface
morphology of the CyD nanotube forR-CyD was different from
those for â- and γ-CyD. Figure 5a shows typicalR-CyD-(20) Jarzabek, G.J. Electroanal. Chem.1990, 294, 253-265.

Figure 3. Cyclic voltammograms observed on Au(111) electrodes in 10
mM NaClO4 in the absence (dotted line) and presence (solid line) of 2.0
µM CyD. (a) R-CyD, (b) â-CyD, and (c)γ-CyD. The scan rate of all
measurements was 40 mV/s. The ranges of AISO potentials suitable for
R-, â-, andγ-CyD to form nanotube structures are marked by slanted areas.
The arrows on the potential scale bars, which are located on the left and
right sides, indicate the potential regions for “desorption” and “random
adsorption”, respectively. Essentially, the same CVs resulted when the scan
rate was slow, until 5 mV/s.

Figure 4. Typical STM image of Au(111) surface roughened by pit
formation observed at the positive potential side from OCP in 10 mM
NaClO4 in the presence of 2.0µM R-CyD. The image was obtained atIt )
1.0 nA, Et ) -0.13 V, andEs ) +0.10 V.
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nanotube structures with triangular arrangements. As mentioned
in the previous article,6a the triangular arrangement of nanotubes
is due to the long-distance lattice match between molecular
adlayers and Au lattices, indicating that theR-CyD nanotube
possesses an epitaxial arrangement.

On the other hand, the lengths of nanotubes formed fromâ-
and γ-CyD were longer than that fromR-CyD, as shown in
Figure 5b and c, respectively. Furthermore, the direction of the
â- andγ-CyD nanotubes did not seem to be regulated by the
underlying Au(111) lattices in contrast with the arrangements
of theR-CyD nanotubes. This suggests that the intermolecular
interactions forâ- andγ-CyD are stronger than those forR-CyD.
As we mention later, the dominant source of intermolecular
interactions to form nanotubes are hydrogen bonds between
hydroxyl groups on both side faces of the CyD’s. The
intermolecular interactions are, therefore, roughly proportional
to the number of glucose units in each CyD molecule.
Interestingly, turns of nanotubes can be frequently seen in Figure
5b and c, as indicated by arrows. Such turns were rarely
observed forR-CyD. This may also be due to the stronger
intermolecular interactions and the softness of theâ- andγ-CyD
relative to those ofR-CyD.

It is worth emphasizing that “nanotube” structures on surfaces
are formed not from simple epitaxy but from the self-
organization of molecules. Structures of the molecular adlayers
are controlled by the balances between the substrate-adsorbate
interactions and the intermolecular interactions, as shown in
Figure 1. When the substrate-adsorbate interaction is dominant
and the intermolecular interaction is relatively weak, the adlayer
would possesse simple epitaxy. By contrast, when the inter-
molecular interaction is dominant, the self-organized adlayer

will appear as incommensurate adlayers, which seems not to
be influenced by the substrate, like “nanotubes” ofâ- and
γ-CyD. Moreover, if both the interactions are well balanced,
the commensurate and self-organized adlayers, such as triangular
arrangements ofR-CyD nanotubes and a network structure of
trimesic acid,7 will appear.

High resolution STM imaging clearly gives not only the
information regarding nanotube arrangements on the surfaces
but also information regarding the molecular shape and ar-
rangement of the individual molecules within the nanotubes.
Parts d-f of Figure 5 show high-resolution STM images of the
self-organized nanotubes ofR-, â-, andγ-CyD over relatively
narrow areas, respectively. The arrows in the parts of the figure
are along the nanotube structures. Typically, each CyD molecule
can be recognized as a rectangular bright spot in Figure 5e for
â-CyD. This indicates that the cavities of CyD’s are parallel to
the surface and that the molecules would be connected to each
other in a “head-to-head” and “tail-to-tail” fashion to form the
nanotube. A similar arrangement of CyD molecules has been
reported for polyrotaxane.15,16

The dominant driving forces for the formation of the tube
structure are the intermolecular H-bond interactions among
hydroxyl groups on the same side faces of CyD molecules. The
same intermolecular interaction is at work in the formation of
polyrotaxane. In addition, the sideways orientation would only
be stable in a “nanotube” structure but not in “isolated”
adsorption.6b Therefore, the specific orientation of the molecules
proves the nanotube structure is the result of the self-organiza-
tion of CyD’s, not simple adsorption.

The observed distances between rectangular features along
the tube were 0.6( 0.1 nm, which were essentially constant

Figure 5. High-resolution STM images of CyD-nanotube arrays on Au(111) surfaces forR-CyD ((a) 22 nm× 22 nm,It ) 1.0 nA,Et ) +0.16 V, andEs

) -0.20 V; (d) 4.6 nm× 4.6 nm,It ) 0.81 nA,Et ) +0.14 V, andEs ) -0.15 V), for â-CyD ((b) 28 nm× 28 nm,It ) 2.4 nA, Et ) +0.14 V, andEs

) -0.45 V; (e) 8.7 nm× 8.7 nm,It ) 2.4 nA, Et ) +0.14 V, andEs ) -0.45 V), and forγ-CyD ((c) 40 nm× 40 nm,It ) 1.6 nA, Et ) +0.04 V, and
Es ) -0.35 V; (f) 10.2 nm× 10.2 nm,It ) 2.1 nA,Et ) +0.04 V, andEs ) -0.35 V). The solution was 10 mM NaClO4 in the presence of 2.0µM CyD.
The inset in part d shows a space filling model ofR-CyD, which possesses the same orientation as that in the STM image. The arrows in parts d-f reveal
the running direction of the nanotubes.
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for the series of CyD’s. These values are consistent with the
expected height (Scheme 1, Y) of CyD’s along the cavity but
are too short for the diameter of CyD’s (Scheme 1, X) with an
upward orientation. In contrast, the interval distances between
regularly aligned parallel tubes were estimated as 0.9( 0.1
nm, 1.0( 0.1 nm, and 1.1( 0.1 nm, forR-, â-, andγ-CyD,
respectively. The sizes are consistent with the value expected
from the chemical models. ForR-CyD, a corresponding distance
of 1.0 nm has been reported as the measured periodical value
for the honeycomb crystal ofR-CyD complexes with hexa-
(ethyleneglycol) or tetra(ethyleneglycol)dibromide by means of
an X-ray diffraction study.15e

High-resolution images occasionally obtained allowed visu-
alization of the inner structure of CyD as shown in Figure 5d.
In the image, threeR-CyD nanotubes are shown running from
the upper right direction to the lower left. Each molecule seems
to consist of three spots, which might correspond to glucose
moieties.

3.4. Dynamic Observation of Adsorption Behaviors of
Cyclodextrins. As mentioned previously, the adsorption be-
haviors, including the formation of nanotube structures of
CyD’s, are dependent on the electrode potential. As one of its
biggest advantages, the in situ scanning probe technique allows
observation of these dynamic processes in the solution including
such processes, the self-ordering, and the destruction of the
nanotube structure.6b Other reported examples of in situ STM
visualization of phase transition processes are an “order-
disorder” transition for 2,2′-bipyridine on Au(111)1b,9a,c and
“order-order” transitions for uracil on Au(111),9d ethanethiol
adlayers on Au(100),9e and trimesic acid on Au(111).7

Parts a and b of Figure 6 show typical sequential STM images
for the self-organization process for anR-CyD nanotube. The
potential was initially set at-0.40 V, where the CyD molecule
did not adsorb. An intact reconstructed surface was then
observed. When the electrode potential jumped to-0.20 V, the
typical herringbone type double row reconstruction disappeared
and, simultaneously, nanotubes started to appear. The domain
consisting of nanotubes gradually covered the Au(111) surface.
In Figure 6a, which was obtained 2 min after the potential shift,
the domain consisting of nanotubes can be seen in the lower
terrace on the left side of the image. However, on the right side
of the lower terrace in the middle portion of the image, there is
no nanotube domain. After approximately a 30 s interval, the
surface was entirely covered in nanotubes, as shown in Figure
6b. A small Au island and a protrusion of the upper terrace are
markers to prove observations were made at the same place.
Interestingly, the domain of the nanotube structures formed
independent of a step line on the Au surface.

In a previous paper, we reported the phase transition from
an ordered phase (â-CyD nanotube) to a disordered one.6b The
potential jumped from the AISO range to the OCP. After the
potential was positively shifted to the OCP, each nanotube
shortened gradually with time. Simultaneously, many protrusions
of randomly adsorbedâ-CyD molecules started to appear out
of the ordered structures. Approximately 6 min. after the
potential shift, the surface was entirely covered by randomly
adsorbedâ-CyD molecules. This observed “order-to-disorder”
transition indicates that the ordered adlayer ofâ-CyD is stable
only over a particular potential range and that the balance of
the various interactions is thermodynamically delicate. Note that

the solution conditions such as concentration and temperature
are also directly related to this balance, because such parameters
influence the adsorption-desorption equilibrium of CyD.

Next, the desorption of CyD from the nanotube phase, the
potential jump from the AISO region to the negative region,
was examined. Basically, the adsorption and desorption equi-
librium of CyD’s was reversible, and the intact reconstructed
surface was observed again when the potential was set to
negative. Figure 7 shows sequential STM images of the
desorption process fromR-CyD nanotubes just after the potential
jumped from-0.20 to -0.45 V, at which the reconstructed
surface is observed. Each nanotube shortened gradually with
time, and the reconstructed surface began to be observed. Arrays
of R-CyD nanotube and the reconstructed surface areas tem-
porarily coexisted, as shown in Figure 7a. The reconstructed
(x3 × 23)-Au(111) surfaces appeared in open spaces after the
nanotube array had disappeared. In addition, the running
directions [112h] of nanotubes and the herringbone type double
rows of reconstructed surfaces were essentially the same. This
observation reveals thatR-CyD nanotubes possess epitaxial
arrangements.

Parts b and c of Figure 7 were collected at the same place
approximately 1 min and 4 min after the potential jump,
respectively. In Figure 7c, nanotube domains were decreased
on the surface compared with those in Figure 7b. Interestingly,
the islands of nanotubes which ordered in a parallel arrangement
moved around on the surface. For example, the running direction
of nanotubes in the array located at the right portion, with the

Figure 6. Sequential STM images of the self-organization process of
R-CyD. The images were collected at 2 min (a) and 2.5 min (b) just after
changing the potential from-0.40 to-0.20 V in 10 mM NaClO4 solution
in the presence of 2.0µM R-CyD. (a) 48 nm× 48 nm,It ) 2.5 nA, Et )
-0.00 V, andEs ) -0.20 V; (b) 48 nm× 48 nm,It ) 2.4 nA,Et ) +0.06
V, andEs ) -0.20 V.
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big pit as a marker (marked by arrow) in Figure 7b, was different
from that in the array in the same region in Figure 7c. It also
proves the weak adsorption of molecules at AISO condition.

3.5. Selective Adsorption ofγ-CyD from a Solution Also
Containing r-CyD. As mentioned previously, the AISO
potential regions forR-CyD were positively located relative to

those for â- and γ-CyD. This suggests that the adsorption
strengths ofâ- and γ-CyD are stronger than that forR-CyD.
Therefore, the possibility of selective adsorption from mixed
CyD solutions by means of precise electrode potential control
was anticipated.

The selective adsorption ofγ-CyD from a mixed solution
containingR-CyD was conducted according to the following
procedure. The electrode potential was initially set to-0.40 V
in order to start with an intact Au(111) electrode in the
electrolyte solution in the presence ofR-CyD. After observation
of the reconstructed surface, the potential was gradually moved
to -0.20 V to establishR-CyD nanotubes (Figure 8a). The
typical epitaxial arrangement for theR-CyD array was observed,
as shown in Figure 8a. The potential was moved back to-0.40
V for the desorption ofR-CyD. The reconstructed surface
appeared again (Figure 8b). Then, a high concentration ofγ-CyD
stock solution was added to the solution to equal a concentration
of 2.0 µM under the potential control at-0.40 V. After the
mixing in of γ-CyD’s, the nanotube array was found to be
reformed without a positive potential shift, as shown in Figure
8c.

Figure 7. Sequential STM images of the desorption process ofR-CyD
collected at 1 min (b) and 4 min (a, c) after the potential was changed from
-0.20 to-0.45 V in 10 mM NaClO4 solution in the presence of 2.0µM
R-CyD. (a) 33 nm× 33 nm,It ) 2.0 nA,Et ) -0.02 V, andEs ) -0.45
V; (b) 45 nm× 45 nm,It ) 2.0 nA,Et ) -0.02 V, andEs ) -0.45 V; and
(c) 45 nm× 45 nm,It ) 2.0 nA, Et ) -0.02 V, andEs ) -0.45 V. The
arrows indicate the pit created by the tip and used as a location marker.

Figure 8. Sequential STM images for selective adsorption ofγ-CyD from
anR-CyD andγ-CyD mixture solution. The “R-CyD-nanotube” image ((a)
25 nm× 25 nm,It ) 2.5 nA, andEt ) 0.00 V) was collected at-0.20 V
in 10 mM NaClO4 in the presence of 2.0µM R-CyD. The “reconstructed”
surface image ((b) 25 nm× 25 nm,It ) 2.0 nA, andEt ) -0.05 V) was
obtained 6 min after the potential jump from-0.20 V to-0.40 V to desorb
R-CyD molecules. The typical “γ-CyD-nanotube” image ((c) 34 nm× 34
nm, It ) 2.0 nA, andEt ) +0.03 V) was obtained 5 min after the injection
of the γ-CyD stock solution at-0.40 V. The final concentration of the
R-CyD andγ-CyD solution was approximately 2.0µM.

A R T I C L E S Ohira et al.

5064 J. AM. CHEM. SOC. 9 VOL. 125, NO. 17, 2003



The reformed array revealed a thoroughly different arrange-
ment of nanotubes compared to that forR-CyD (Figure 8a).
The average length of the reformed nanotube was longer, and
the interval distance of adjacent nanotubes was 1.1( 0.1 nm.
All results clearly indicate thatγ-CyD nanotubes were reformed
by electrochemical selective adsorption, proving that the adsorp-
tion strength ofγ-CyD is stronger than that forR-CyD.

4. Conclusions

Details of the adsorption behaviors ofR-, â-, andγ-CyD on
Au(111) were described with the observation of dynamic
processes, such as self-ordering, order-to-disorder, and order-
to-desorption. Essentially the same dynamic processes were
observed forR-, â-, andγ-CyD. These results prove that suitable
AISO conditions are based on well-balanced interactions and

that precise control of the electrode potential makes it possible
to control this delicate interaction balance. Electrochemically
controlled adsorption for AISO has been proven to work not
only for CyD’s but also for various other molecules. The
combination of AISO and in situ STM observation is a key
technique for construction and research of 2D supramolecular
structures on surfaces by the “wet process”. The construction
of 2D molecular architectures will lead to “bottom up”-type
nanoscience and nanochemistry in the future.
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