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1. Introduction

Scanning tunneling microscopy (STM) has been widely used
to study the growth, structures, and electronic states, and to in-
duce motions, of molecules.[1–24] It has also been used to induce
conductance transitions aimed at achieving a nonvolatile,
nanoscale data-storage medium.[8–13,25] Rotaxane-based mole-
cules in particular offer significant potential for use in func-
tional molecular electronic devices.[26–33] Rotaxanes themselves
have shown considerable potential for applications in func-
tional molecular electronic devices[26–27,29–31,33–36] and nanoscale
data recording.[37] Exploring the mechanism of conductance
switching in rotaxane-based solid-state devices has attracted
considerable interest in recent years. Structural bistability of
some rotaxane molecules has been observed in solution phase.
These molecules contain a p-electron-deficient ring component
that encircles a dumbbell-shaped component incorporating two
p-electron-rich recognition sites in its rod section and termi-

nated by bulky “stoppers”. The ring component, cyclobis(para-
quat-p-phenylene) (CBPQT4+), can move back and forth be-
tween the two p-electron-rich recognition sites on the
dumbbell-shaped backbone in response to external stimuli, re-
sulting in the switching between two stable structures. Switch-
ing between the two stable structures can lead to switching of
conductance, which makes rotaxane molecules potential candi-
dates for ultrahigh-density information storage. However, in all
practical applications, the rotaxane molecules would have to be
in the solid state. Although the conductance switching of rotax-
ane is well defined in solution, it is still ambiguous in solid-state
form.[28,38–41]

In this paper, we show that the structural bistability exists for
single H2 rotaxane molecules on a buffer-layered solid surface
and that the structure transition is accompanied by conduc-
tance switching at 77 K. We also achieved the reversible writ-
ing and erasing of information dots on solid-state H2 rotaxane
films at room temperature. STM is employed in our experi-
ments as it has been proved to be a powerful tool not only for
manipulating intramolecular structure and local measurement
of electronic states[1–18] but also for inducing local conductance
transition on functional thin films to realize nanoscale record-
ing.[8–13,25] Ab initio and molecular mechanics (MM) calcula-
tions are employed to explain the transition mechanism.

2. Results and Discussion

2.1. Conductance Switching for Single Rotaxane Molecules

2.1.1. Sample Preparation

A sample of a single rotaxane molecules for STM study was
prepared on a buffer-layered Au(111) surface. Our experimen-
tal objective was to verify which is responsible for the conduc-
tance switching in rotaxane-based solid-state devices, the inter-
face effect or the inherent property of rotaxane molecules. In
order to investigate the inherent property of rotaxane mole-
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Rotaxane molecules have attracted considerable interest because of their good performance in both molecular electronic
devices and nanoscale data-storage media. Low-temperature scanning tunneling microscopy is used to investigate the structure
and conductance of single H2 rotaxane molecules on a buffer-layered Au(111) substrate at 77 K. It is demonstrated that the
conductance switching in rotaxane-based, solid-state devices is an inherent property of the rotaxane molecules. These results
provide evidence that the conductance switching might arise from the movement of the cyclobis(paraquat-p-phenylene) ring
along the rod section of the dumbbell-shaped backbone of the rotaxane molecule.
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cules, the interaction between the rotaxane molecule and the
gold substrate should be effectively screened.[42,43] In our ex-
periments, an insulating buffer layer is self-assembled between
the molecules and the substrate, which effectively weakens the
interaction between the rotaxane molecules and the gold. A
small molecule, CH2Cl2, was used as the insulating buffer-layer
material because CH2Cl2 molecules have great ability to self-
assemble on the Au(111) surface, and it is also a good solvent
for rotaxane molecules.

High self-assembly ability was observed for CH2Cl2 mole-
cules on the Au(111) surface in our experiments. The self-as-
sembled CH2Cl2 monolayer was prepared by dropping CH2Cl2
solvent onto the clean Au(111) surface in nitrogen atmosphere
at room temperature. Thereafter, the sample was annealed at
330 K in ultrahigh vacuum (UHV). Subsequent STM observa-
tions showed high-quality self-assembled monolayer (SAMs)
had been achieved, as shown in Figure 1a. Auger electron spec-
troscopy measurements on the SAM showed the signature of
Cl,[44,45] but no signals for O and N, see Figure 1c and d, which
confirms that the observed self-assembled structures are

formed of CH2Cl2 molecules. Figure 1a shows that the CH2Cl2
molecules arranged into stripes.

To prepare the sample of isolated H2 rotaxane molecules on
a surface, we first dissolved the rotaxane molecules in CH2Cl2
solution, with a molarity of 8 × 10–6 mol L–1, then placed several
drops of the rotaxane/CH2Cl2 solution onto a clean Au(111)
surface that was prepared by using the standard UHV method,
i.e., repeated cycles of Ar+ sputtering and annealing.[46] To

check whether the rotaxane molecules were isolated from the
gold substrate by the SAM using this preparation method, volt-
age pulses were used to remove the rotaxane molecules from
their adsorption sites. Subsequent STM images of the same
area showed that there was no defect in the SAM at the origi-
nal molecular adsorption sites, which confirms that the rotax-
ane molecules were actually adsorbed on the SAM.

2.1.2. STM Images of Single Rotaxane Molecules

STM observations show that isolated rotaxane molecules
are dispersed on the self-assembled CH2Cl2 monolayer (see
Fig. 1b). Various molecular conformations have been observed
in our STM experiments. In Figure 1b, molecules 1 and 2 have
the same conformation, while molecule 3 has a different con-
formation. We observed 25 different conformations in total for
the rotaxane molecules, see Figure 2a. According to our STM
experiments, when the distance between two adjacent mole-
cules is less than 5 nm, the two molecules tend to take on the
same conformation. Therefore, molecules influence the confor-
mation of adjacent molecules only at small spacing.

2.1.3. Conductance Switching of Single Rotaxane Molecules

Scanning tunneling spectroscopy (current–voltage (I–V)
curves) measurements have been conducted on the adsorbed
rotaxane molecules. As STM is capable of high-spatial-resolu-
tion measurements, we collected I–V data at several different
points on a single rotaxane molecule, see Figure 2b. Our mea-
surements indicate that there is little difference between I–V
curves across the molecule, which indicates that the electron
tunneling is occurring via the whole molecule. As the molecu-
lar conformation may have an influence on the I–V properties
at the single-molecule scale,[47] we also performed scanning
tunneling spectroscopy measurements on H2 molecules with
different conformations. Numerous measurements showed that
the molecular conformation has no obvious effect on I–V
curves. There is a zero-conductance gap of ca. 1.8 eV for the
as-deposited rotaxane molecules.

A structure/conductance transition in a single rotaxane mol-
ecule was observed by varying the polarity of the voltage bias
applied between the tip and the sample in the STM experi-
ments. Figure 3a–d shows sequential STM images with the po-
larity of the voltage reversed bias between one scan and the
next, together with the corresponding measured I–V curves
(see Fig. 3e). The change of the scanning voltage from –1.3 V
to 1.3 V led to changes in both the molecular STM image and
the I–V curve. When the voltage bias changes from +1.3 V
back to –1.3 V, both the molecular STM image and the I–V
curve revert to their original states. This process was reversible
and repeatable in our experiments.

The above results, however, are not enough to make the ar-
gument that any structural transition occurred and induced
conductance switching for single rotaxane molecules. Firstly,
the observed change in the molecular STM images may have
been induced by the difference between the spatial distribu-
tion of the lowest unoccupied molecular orbital (LUMO) and
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Figure 1. a) STM image (20 nm × 20 nm) of CH2Cl2 self-assembled mono-
layer after annealing at 85 °C. Bias voltage U = –1.3 V, current I = 0.08 nA.
b) STM image (30 nm × 30 nm) of rotaxane molecules on the CH2Cl2
self-assembled monolayer. Scanning parameters: U = –1.2 V, I = 0.03 nA.
c) Auger electron spectroscopy (250–530 eV) of CH2Cl2/Au(111) sample.
The C element was detected. The O and N elements were not detected.
d) Auger electron spectroscopy (150–350 eV) of CH2Cl2/Au(111) sample.
The Cl element was detected.
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the highest occupied molecular orbital (HOMO). Secondly,
the difference in I–V curves may have been induced by the
difference in the tip–sample distance under different volt-
ages.[48–51]

The sequential STM images shown in Figure 4a–e, however,
exclude the possibility of the above two doubts. Figure 4a and
b show that when the voltage bias changes from –1.3 V to
+1.3 V, the molecular image and the I–V curve are not immedi-
ately changed. The subsequent STM image, Figure 4c, captures
the instant of change for the molecular image. Figure 4d shows
that both the structure and the I–V curves have changed. Anal-
ysis of the process from Figure 4a–d produces two conclusions.
First, the change of the molecular STM image is induced by the
structural change instead of the difference between LUMO
and HOMO imaging. Second, the change in I–V curves repre-

sents the conductance switching, and is not an experi-
mental artifact. Finally, we changed the bias voltage
back to the initial negative polarity, and the molecu-
lar image returned precisely to its initial state
(Fig. 4e), with the I–V curves corresponding to the
initial low-conductivity state. The observed correla-
tion between structural change and conductance
change is reversible and repeatable. This suggests
that the conductance transition is induced by the in-
tramolecular structural transition.

In our STM experiments, not all of the molecules
on the surface showed structure/conductance transi-
tion. For the present, we are not sure whether the
conformation is responsible for this, considering the
following two facts. First, it is quite difficult to identi-
fy the precise conformations of the molecules on the
surface according to the STM images alone. Second,
as the rotaxane molecules were dispersed on the sub-
strate, interaction between the molecules and the
substrate might have influenced the switching prop-
erties of the molecules. In our STM observations, we
have observed an ordered layer of the solvent mole-
cule (CH2Cl2) co-existing with the rotaxane mole-
cules on the Au substrate. This ordered layer isolates
the molecules from the Au substrate and decreases
the interaction between the rotaxanes and the Au.
However, experimentally, different molecular con-
formations generally correspond to different molecu-
lar appearances in the STM images, and we show
some experimental data in Figure 3f. We performed
transition experiments on twelve molecules, of which
eight (1–8 in Fig. 3f) showed structure/conductance
transition, while four (9–12 in Fig. 3f) did not.
Molecules 1 and 3 have the same molecular con-
formation, as do molecules 6 and 11. According to
these experimental results, it is not safe to say that
conductance switching can always be observed
for one molecular conformation and never for an-
other. We can only say that the molecular conforma-
tion influences the probability of conductance switch-
ing.

In our STM experiments, the structure/conduc-
tance switching was realized by switching the polarity of sam-
ple–tip voltage bias between –1.3 V and +1.3 V. The switching
is a sudden incident, as shown in Figure 3c. In some cases, for
example, #2 and #4 in Figure 3h, we captured the switching
moment because the switching occurred while STM tip was
scanning over the molecule, also seen in Figure 4c. In this case,
we know exactly what the time interval is between the polarity
change and the structure/conductance switching. However, in
the other cases, #1 and #3 in Figure 3h, we did not capture the
switching moment because the switching occurred while STM
tip was scanning over the SAM surface rather than over the
molecules. In this case, we can only give a range for the time in-
terval between the polarity change and the structure/conduc-
tance switching. Figure 3g shows statistics for the above time
interval for molecules 1–8 in Figure 3f.
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Figure 2. a) STM images showing 25 types of molecular conformations for individual
rotaxane molecules in our STM observation. Scanning parameters: U = –1.3 V,
I = 0.03 nA. Image size: 10 nm × 10 nm for 1–17; 8 nm × 8 nm for 18 and 19;
7 nm × 7 nm for 20; 6 nm × 6 nm for 21–23; 5 nm × 5 nm for 24; 4 nm × 4 nm for 25.
It is obvious that the molecular apparent size varies greatly with its conformation. b)
I–V curves at different points of single rotaxane molecule are roughly the same. Scale
bar is 2 nm. Both the STM image and I–V curves are recorded at 77 K.
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Figure 3. a–d) Reversible conductance transitions induced sequentially in an individual rotaxane molecule by the STM field. STM images show different
but consistent forms on sequentially reversing the bias polarity. The scale bar is 1 nm. e) I–V characteristics. f) STM images of twelve different mole-
cules. g) The time intervals between the polarity change and structure/conductance switching for 1–8 molecules in (f). Magenta represents the time in-
terval between polarity change from –1.3 V to +1.3 V and the structure/conductance switching. Olive represents the time interval between polarity change
from +1.3 V to –1.3 V and the structure/conductance switching. Line represents switching occurred at a moment during that time range. Dot represents
switching occurred at that moment. h) The sketch map for the statistics in (g). Four cases (#1, #2, #3, and #4) are listed. When t = 0, the polarity of the
scanning voltage is reversed. For the case of #1, the transition moment lies between 0 ∼ T1; For the case of #2, the transition moment is at t = T2; For the
case of #3, the transition moment lies between T3 ∼ T4; For the case of #4, the transition moment is at t = T5.
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Figure 4. A sequence of STM images of a single rotaxane molecule showing a reversible conductance transition correlated with a change in molecular
structure. a,b) STM images obtained with changed bias polarity show similar image, indicating similar HOMO and LUMO distribution. c) As the tip ap-
proaches the molecule a sudden structure transition induces the molecule to jump across the substrate. d) The molecule stays in this new position for
the next scan. e) It recovers its original structure perfectly when the voltage bias is set to its original polarity. The green lines and circles mark features on
the substrate for reference; the scale bar size is 1 nm. I–V characteristics show that the conformation change is associated with a transition to a high-con-
ductance state. Numbers on the images represent positions of the I–V measurements.
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2.2. Understanding the Mechanism of Conductance Switching

Stoddart and co-workers pointed out that the conductivity of
rotaxane molecules is mainly determined by the CBPQT4+ and
tetrathiafulvalene (TTF) and 1,5-dioxynaphthalene (DNP)
groups (the recognition sites), and that the electron tunneling
occurs via the whole molecule if these groups are crowded to-
gether.[34–36] I–V measurements taken at different points of the
molecule, as shown in Figure 2b, found that the electrons tun-
nel through the whole molecule. Therefore, the CBPQT4+,
TTF, and DNP groups are crowded together, according to pre-
vious theoretical prediction. It was also predicted that the con-
ductance switching is induced by the movement of the ring
component CBPQT4+ between the DNP and TTF recognition
sites, when activated by an external stimulus. In STM experi-
ments, the external stimulus is the inelastic electron tunneling
process that transfers the energy of inelastic tunneling elec-
trons to the ring component.

There are two factors that influence the structure/conduc-
tance transition of single rotaxane molecule, the underlying
CH2Cl2 insulating layer and the molecular conformation. On
one hand, the CH2Cl2 buffer layer effectively weakens the cou-
pling between the Au substrate and the rotaxane molecules.
Experiments on rotaxane molecules directly adsorbed on the
Au substrate all failed to observe structure/conductance transi-
tion, which is ascribed to the strong bonding between the Au
substrate and the molecules (e.g., the S atoms in the rotaxane
molecule). Hence, the existence of the CH2Cl2 buffer layer is a
prerequisite for conductance switching. On the other hand,
not all rotaxane molecules isolated by the buffer layer show
structure/conductance transitions, which means molecular con-
formation is another crucial factor. Although 25 different mo-
lecular conformations have been observed in our STM experi-
ments, none of them is a fully extended structure, as shown in
Figure 5a. To identify the molecular conformation of a free ro-
taxane molecule, we carried out fully optimized density func-
tional theory (DFT) calculations and classical force-field calcu-
lations. Owing to numerical limitations and the size of the
molecule, we initially built two simplified models by removing
the two large stoppers and the four PF6

– anions from the rotax-
ane molecule—see 1 and 2 in Figure 5b. Structure optimization
was performed by using the Gaussian 03 program package
at the DFT-B3 LYP(3-21G) level for the two models.[52–55]

Whether the CBPQT is at the TTF or DNP sites, the simplified
backbone is not linear but curved, see 1 and 2 in Figure 5b. In
addition, structure optimization for the entire rotaxane mole-
cule was carried out using molecular mechanics with an MM+

force field.[56] This result also showed a curved backbone (see 3
in Fig. 5b). These curved structures indicate that, for rotaxane
molecules, the backbone cannot form a linear molecule be-
cause of the two stoppers and the CBPQT4+ component. The
curved structure provides more space for CBPQT4+ to move
between TTF and DNP. Besides this, the calculation results ex-
plain the ellipsoidal appearance of the rotaxane molecules on
CH2Cl2/Au(111), and also why the rotaxane molecule adopts
so many different conformations. Rotaxane is a large, flexible
molecule that can adopt many possible molecular conforma-

tion, some of which facilitate the movement of the CBPQT4+

in the case of individual rotaxane molecules on a solid surface.
So the molecular conformation influences the probability of
conductance switching.

2.3. Conductance Transition in Thin Films

Beyond the single-molecular level, we have also investigated
the possibility of inducing conductance transitions in rotaxane
thin films prepared by using the Langmuir–Blodgett technique.
Using the STM tip, we achieved writable, erasable, and rewrit-
able recording by applying different-polarity voltage pulses.
The marks could be created reproducibly with voltage pulses
of around 2.0 V ranging from 0.1 to 10 ms in duration, as in the
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Figure 5. a) Structure model of the rotaxane molecule. The end parts en-
closed by dashed line are the stoppers preventing the CBPQT4+ disenga-
ging from the molecular backbone. The CBPQT4+ is colored in blue. The
tetrathiafulvalene (TTF) and 1,5-dioxynaphthalene (DNP) are colored in
red. b) Fully optimized structure of a simplified model for molecule with
the CBPQT ring positioned over the TTF group (1) and over the DNP
group (2). 3 is the result of molecular mechanics calculation of the entire
molecule. All calculations confirm a curved conformation for the rotaxane
molecule.
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case of H1 rotaxane molecules.[25] For the H2-molecule thin
films, however, the recorded marks could be erased, rewritten,
and re-erased on the same site. Throughout this entire process
the marks remained at about 3 nm in size and were stable in
air for more than four weeks. The marks are also directly ob-
servable in current images obtained by conductive contact
AFM imaging, but are invisible in the topographic image,
which shows that the marks are indeed induced by conductance
transitions. Micro-Raman spectra of the rotaxane films before
and after the transition from the low-conductance state to the
high-conductance state also found that the conductance transi-
tion is caused by the intramolecular motion of the CBPQT4+,
just as in the case of single rotaxane molecules.[57]

3. Conclusions

The structural and conductance transition of a single H2
molecule has been directly observed using low temperature
scanning tunneling microscopy at 77 K. Our results show that
the conductance switching of the rotaxane molecule is attribut-
able to the inherent property of the molecule, and caused by
an intramolecular structural transition.
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