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ABSTRACT

Single 4,7,12,15-tetrakis(4 ′-dimethylaminostyryl)[2.2]paracyclophane molecules adsorb on NiAl(110) in different configurations. When the symmetry
axes of the molecules are properly oriented with respect to the surface lattice, three adsorbate states of different conductance can be reversibly
induced and directly imaged with a scanning tunneling microscope. Couplings between tunneling electrons and adsorbate vibrational and
electronic states are primarily responsible for the transformation. However, change from low to high conductance configuration can also be
triggered by electric field in the junction.

In recent years, engineered molecules were built around the
[2.2]paracyclophane skeleton to which various chemical
groups, such as stilbene derivative, could be bonded.1,2 Such
molecules are interesting within the context of three-
dimensional delocalization in organic chromophores and
possess optical and electronic properties substantially dif-
ferent from their more common one- and two-dimensional
counterparts.3 To realize the optical properties of these
molecules, it is desirable to understand their structural
dependence, especially in view of the flexibility and possible
distortion of the paracyclophane core. This paper reports a
detailed study at the molecular level with the scanning
tunneling microscope (STM) for 4,7,12,15-tetrakis(4′-
dimethylaminostyryl)[2.2]paracyclophane (DMAS-PCP) mol-
ecules, which mimic the crossing of two oligo(phenylene-
vinylene) molecular wires4,5 [see Figure 1a]. The paracyclo-
phane core holds the two units together with a well-defined
orientation and facilitates strong through-space electronic
interactions between the upper and lower units in addition

to the through-bond interactions normally associated with
π-conjugated backbones.

The reversible transitions between one high and two low
conductance adsorbate states were observed in single DMAS-
PCP molecules adsorbed on NiAl(110). Hysteretic properties
in single molecules likely form the basis for the realization
of nanoscale memories and logic devices.6 Therefore, it is
of prime interest to understand and control reversible changes
in the electrical conductance of molecules. A multitude of
phenomena have been observed on thin films and mono-
layers. They underline the importance of the interface with
electrodes,7 the molecule environment,8,9 as well as the role
of intrinsic molecular properties.10-14 In particular, reversible
conformation changes have been suggested to explain the
variation of conductance observed with STM in single
phenylene ethynylene oligomers embedded in alkanethiol
monolayers15 and in single isolated Zn-Etioporphyrin ad-
sorbed on NiAl(110).16 Reversible charging and discharging
events of single Mg porphine molecules on oxidized
NiAl(110) in a STM junction have also been observed and
can be controlled with an external bias or laser field.17 For
DMAS-PCP, the hysteretic conversion among these different
conductance states is achieved by controlling the electric
current and field across the STM junction. The switching is
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only realized for one adsorption geometry on NiAl(110)
suggesting that specific adsorbate-substrate interactions are
involved. It was possible with the STM to directly image
the three molecular configurations.

The experiments were accomplished with a homemade
ultrahigh vacuum (UHV) STM based on a previously detailed
design.18 All the measurements were carried out at 11 K and
pressure lower than 3× 10-11 Torr. We used silver tips
prepared by chemical etching and annealing in UHV.19 The
NiAl(110) surface was cleaned by repeated Ne+ sputtering
and annealing (∼1200 K) cycles. The DMAS-PCP was
synthesized according to a procedure published elsewhere.20

The molecules were evaporated in UHV from a heated
alumina crucible onto the NiAl surface kept at 11 K.

Single DMAS-PCP molecules were first localized and
identified as large protrusions by recording STM topogra-
phies with the sample bias set above 1.0 V. This high
conductance state appears as depicted in the contrast-
enhanced image shown in Figure 1b, which was recorded
with a current of 0.1 nA and the sample bias set at 1.75 V.
The image reveals some molecular structural details, as well
as the molecule orientation and position with respect to the
NiAl(110) surface lattice, because the Al rows, separated
by 4.1 Å,21 are also resolved. DMAS-PCP is visualized as a
protrusion with 2-fold symmetry centered on one Al row.
Two symmetric dips are detected on the edges of the
molecules that lead us to conclude that oneC2 axis of
DMAS-PCP is aligned parallel to the Al row, as pictured in
Figure 1a. Given that all four dimethylaminostyryl groups
are imaged similarly, we expect some molecular deforma-
tions.

An image of the same molecule recorded at 0.36 V (0.1
nA) and labeled B is shown in Figure 1c. Dashed lines mark
the Al rows, since they are not visible for such voltage and
color palette. The application of bias pulses reversibly
modified the adsorbate configuration. When the polarity of
the bias sample is temporarily reversed and set over a well-
defined negative threshold, two symmetric, but otherwise
identical, molecular states of low conductance are possible.
These configurations, labeled A and A′ in Figure 1c, were
acquired with the sample bias at 0.36 V and a current of 0.1
nA. The states A and A′ possess only a single mirror plane.
They are realized depending on the precise tip location over
B when applying the negative bias pulse: positioning the
tip above (below) the central Al row leads to the conversion
of B into A (A′). A temporary increase of the bias over a
well-defined positive value causes states A and A′ to adopt
again the high conductance state B. Fully reversible changes
in the conductance of DMAS-PCP on NiAl(110) are
therefore easily achieved and observed. STM offers spatial
resolution for studying single molecules on surfaces that is
difficult to match with other techniques. Because the
topographic images reflect the electronic structure of the
adsorbed molecules, it is sometimes difficult to determine
their adsorption geometry. This is the case for DMAS-PCP
in the A or A′ configuration. However, the reversibility of
the transitions and the mirror symmetry of A and A′ indicate
that the molecule is chemically unaltered during the process
and that constrained molecular distortions of the paracyclo-
phane and aminostyryl groups are involved, leading to the
teardrop shapes shown in Figure 1c.

Imaging larger areas of the sample reveals that only a small
amount (∼10%) of adsorbed molecules exhibit the reversible
behavior (Figure 1d,e). Most of the molecules are not
influenced by the bias. They have the same shape and
apparent height as those of A albeit with different orientations
on the substrate. All the molecules that undergo conversion
are systematically oriented on the surface with one of their
C2 axes parallel to the Al rows. Because molecules in the
configuration B are not observed on Cu(111) and Al2O3/
NiAl(110), the precise orientation of DMAS-PCP on
NiAl(110) detailed in Figure 1a is essential for stabilizing

Figure 1. (a) Schematic representation of the DMAS-PCP molecule
superimposed on the Al rows of the NiAl(110) surface lattice. (b)
Contrast-enhanced (differentiated from the top) STM topography
of a single DMAS-PCP on NiAl(110). The image was recorded
with a current of 0.1 nA and the sample bias set at 1.75 V. (c)
STM topographies of the same molecule as in panel b, all acquired
with 0.1 nA and 0.36 V, before (B) and after (A and A′) controlled
modification (see text for details). Dashed lines represent the Al
rows of the surface lattice, and the arrows indicate the row over
which the molecule (B) shown in panel c is symmetrically
positioned. (d) STM image recorded at 0.1 nA and 0.25 V showing
one molecule in the B state (see arrow) and 9 molecules in the A
(A′) state that cannot be converted into B. (e) All molecules in the
A (A ′) configuration, after locally induced transformation of the
molecule marked by the arrow.
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both A and B configurations and allowing the hysteretic
switching. Misorientation with respect to the NiAl(110)
surface prevents DMAS-PCP to assume the state of high
conductance B.

The mechanisms involved in the change of configurations
of DMAS-PCP on NiAl(110) are determined by measuring
the thresholds for transformation and their dependence on
the tunneling current and the electric field under the STM
tip. Figure 2a shows the variations of the tip height when
scanning over the center of the molecule, presented in Figure
1, along the [11h0] direction perpendicular to the Al rows. A
large difference in conductance is observed between B and
A (A ′). Therefore, the conversions can be detected through
I(V) measurements, and the switching threshold values can
be easily determined. Three datasets are presented in Figure
2b. The bottom curves were acquired with the tip at the center
of B and the tunneling gap set at 0.62 nA for 1.75 V. Because
the bias is ramped below-2.0 V prior to recording the
current, the initial molecular configuration is either A or A′,
depending on asymmetries in the tip. The current is finally
recorded while raising and decreasing the bias at a rate of

0.33 V/s. During the voltage increase, a 3 to 4orders of
magnitude rise in the current is readily detected at 1.85(
0.04 V. Such an increase indicates that the A (A′) molecule
adopts the configuration of larger conductance B. Upon
reducing the bias below-1.41 ( 0.04 V, the molecule
changes back into A (A′), indicated by the abrupt decrease
in the tunneling current. The transformation can be repeated
virtually indefinitely.22

The second set ofI(V) curves in Figure 2b was recorded
by initially changing B into A, centering the tip over A, and
adjusting the tunneling gap with a negative bias (0.63 nA
for -1.75 V). Ramping up and down the bias eventually
induces the transformation from A to B and B to A′. In the
inset of Figure 2b, we show anI(V) curve recorded over
another DMAS-PCP with the tip set at 0.1 nA for 0.20 V
and centered on A prior to measurement (0.39 V/s). For such
a reduced tip height, the conversion into B is detected for a
bias as low as 0.41( 0.04 V. Afterward, the molecule was
successfully changed back into A by using a greater tip height
to avoid large currents, which would induce permanent
changes in the molecule.

A significant difference in the positive bias required to
transform A or A′ into B is thus observed between the three
sets ofI(V) curves. From Figure 2b, the current at 0.25 V
bias are respectively 0.00012, 0.018, and 0.13 nA for the
lower and upper sets and for the inset, so that both the
amount of tunneling electrons and the electric field applied
on the molecule are different. Nevertheless, for the negative
threshold corresponding to the transformation of B into A′
or A, only a moderate variation is found in the data sets. To
disentangle the roles of the current and the electric field and
highlight the mechanisms for configuration change in
DMAS-PCP on NiAl(110), the thresholds for transformation
are measured as a function of the lateral distance from the
center of A and B. Indeed, when moving the tip apex laterally
away from the DMAS-PCP, the current flowing through the
molecule should decrease exponentially. The magnitude of
the electric field at the molecule would be reduced more
gradually as a power law, after an initial decrease corre-
sponding to the apex displacement. Thus, it is possible to
discriminate between the two types of excitation.

For these measurements, the tip was positioned with the
set point at 0.1 nA and 0.25 V. A 10 s constant-voltage pulse
was applied with the feedback loop disabled. A change in
the molecule configuration was verified by recording a
topographic image at 0.25 V. The procedure was repeated
with an incrementally higher voltage pulse until the conver-
sion was observed. The plots of the transformation voltage
as a function of the tip position along the direction of the Al
rows are shown in Figure 3. To change A into B, the bias
must be raised over∼0.37 V when the tip is located over a
DMAS-PCP molecule (Figure 3a). This value could not be
reduced by increasing the pulse duration or reducing the tip
height by adjusting the tunneling set point. Away from the
molecule, the magnitude of the threshold increases drastically
from ∼ 0.37 V at 6.7 Å to∼ 1.8 V at 13.5 Å. However, the
transformation remains achievable at large distance and the
threshold, now above 1.8 V, appears saturated and rises only

Figure 2. (a) Topographic profiles measured across the DMAS-
PCP molecule and perpendicular to the Al rows on all the three
images (A, A′, and B) shown in Figure 1c. (b)I(V) curves recorded
by increasing and decreasing the sample bias (0.33 V/s) after
positioning the tip and disabling the feedback loop. The bottom
curves were recorded with the tip positioned at the center of B
(0.62 nA at 1.75 V). The upper curves were acquired with the tip
at the center of A (0.63 nA at-1.75 V). The labels indicate the
states realized when ramping up and down the sample bias. The
inset shows anI(V) curve measured (0.39 V/s) on a different
molecule with the tip centered on A (0.1 nA at 0.20 V). The axes
are presented with the same units as in the main graph.
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gradually with a moderate slope (see inset). The conversion
could be induced as far as 337 Å away of the molecule for
biases as low as 2.9 V. We did not try biases above 3.0 V.

For the conversion of B into A, we determined that the
negative bias must be over∼ -1.25 V when the tip is
positioned over the molecule. This threshold increases rap-
idly when the tip is moved farther than 8.2 Å from the center
of B. Biases over-3.0 V were not attempted in this data
set because they modify the tip configuration and compro-
mise the coherence of the results. Nevertheless, in a separate
experiment, the threshold was found to increase quickly if
the tip is further moved away: values below-4.9 V were
necessary at 44 Å from the center of B (see Figure 3c).

The experimental observations for DMAS-PCP on
NiAl(110) are explained below by considering that both the
electric field and the tunneling current can initiate the
conversion of A (A′) into B, while only the tunneling
electrons induces the reverse transformation. Several pub-
lished reports have already highlighted possible couplings
between the adsorbates and the tunneling electrons. For

example, coupling of tunneling electrons with vibrational
modes of acetylene can induce its rotation on Cu(100),23

oxygen can be desorbed from Pt(111) when exposed to the
STM current,24 and Zn-etioporphyrin on NiAl(110) can be
reversibly modified when electrons tunnel into specific
molecular orbitals.16 For DMAS-PCP, when the tip is over
A (A ′) the ∼ 0.37 V threshold (Figure 3a) value coincides
with the energy of CH stretch vibrations. It seems reasonable
that the coupling between the tunneling electrons and the
vibrational modes triggers the conversion to B. The opening
of an inelastic conductance channel at this bias has indeed
been observed in a separate experiment, indicating the
existence of effective coupling between tunneling electrons
and CH stretch vibrations.25 On the other hand, when the
tip is away from the molecule, the moderate slope for the
thresholds and the large distance over which the transition
to B can be realized suggest that the electric field is triggering
the conversion. DMAS-PCP does not exhibit a dipole
moment prior to deposition. However, it is significant to note
that chromophores built on [2.2]paracyclophane are more
polarizable than their standard oligo(phenylenevinylene)
counterparts26 and that the large change in the density of
states (Figure 1c) when the molecule is transformed into A
or A′ could induce a dipole. The coupling between the
electric field and dipole moment would provide the necessary
energy to overcome the barrier for transforming A into B at
large tip-molecule distance where the couplings between the
tunneling current and adsorbate are negligible.

The large variation in threshold for converting A to B,
measured on the three sets ofI(V) curves presented in Figure
2b, supports the possibility that both tunneling electrons and
electric field trigger the conversion when the tip apex is
positioned over the DMAS-PCP. Indeed, when the current
flowing through the molecule is weak (lower dataset in
Figure 2b), the threshold is 1.85 V, which is consistent with
a conversion provoked by the electric field. On the other
hand, when the current flowing into A is much larger (inset
in Figure 2b), the transformation bias is 0.4 V, which is com-
patible with a substantial increase in the coupling of tunneling
electrons with the vibrational modes. For the intermediate
tunneling condition in our experiment (see upper data sets
in Figure 2b), the averaged onset is 1.13( 0.19 V. At a
given bias, a reduction of the tip height is responsible for an
increase of the electric field, which could be responsible for
the change of adsorbate configuration at bias lower than∼1.8
V. However, although the current is lower, the electrons
should still be able to initiate the conversion into B while
the bias is above 0.37 V. The threshold for conversion of A
(A′) clearly depends on the magnitude of the current.
However, the electric field is able to trigger the conversion
when the current is negligible. Appropriate choices of the
tip location and height allow us to favor one mechanism over
another to induce the conversion of A into B.

Unlike for the transformation of A into B, a saturation of
the voltage at large distance for the conversion of B into A
(A′) was not observed (Figure 3a,c). Thus, the electric field
alone is not able to modify the molecular state and that the
tunneling current through the DMAS-PCP is responsible for

Figure 3. (a) Voltage pulses (10 s) required to transform A to B
and B to A as a function of the lateral distance from the center of
A and B, respectively. The configuration changes were obtained
with the tunneling gap set at 0.1 nA for 0.25 V and verified by
topographic measurements. The inset displays the threshold for
changing A to B for larger tip-to-molecule distances. The axes are
presented with the same units as in the main graph. (b) Topographic
profiles of DMAS-PCP recorded with 0.1 nA and 1.75 V for B
and A along the direction of the Al rows. (c) Thresholds for the
transformation of B to A acquired with the tunneling gap set at 0.1
nA for 0.25 V. Voltage pulses (30 s) more negative than-3.0 V
were attempted even though they led to significant modifications
of the tip apex.
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the switching. However, the negative threshold for transfor-
mation is too large to be related to the excitation of molecular
vibrations and indicates that one or several filled electronic
states below∼ -1.25 V are involved. Little variations in
the onset for conversion are observed when using different
tip heights and different apexes. Even though the electric
field alone is unable to trigger the reverse conversion, we
cannot exclude that its magnitude modifies the threshold.
While the tunnel current should be confined to atomic
dimensions, the transformation into A remains possible at
moderately large distance (44 Å) if the voltage is set over
-4.9 V. This suggests that secondary processes involving
the propagation of electrons through surface states induce
the change of molecular state. Such an argument has been
used previously to justify the long range (∼100 Å) disso-
ciation of O2 on Pt(111) induced by electrons tunneling at
1.0 V.24

For low voltages, the reversible transformation of DMAS-
PCP on NiAl(110), strictly by tunneling electrons coupling
with adsorbate vibrational and electronic states, enables
control of high-density devices because the current is
concentrated within a small area directly underneath the tip
apex. Such high-precision control is not easily achieved if
electric fields are the prevailing perturbations, because the
field is not confined. This is illustrated in Figure 4, where
we show a sequence of topographical images of a pair of

DMAS-PCP molecules separated by 35 Å (center to center
distance) and whose respective configurations were modified
independently and predictably. All the nine possible situa-
tions were reproducibly achieved, by applying appropriate
voltage pulses on the center or edges of each molecule, and
measured with 0.1 nA and 0.25 V.

In conclusion, [2.2]paracyclophane-based single molecules
on NiAl(110) have been investigated at molecular resolution
with the STM. When the symmetry axes of the molecules
are properly aligned with the surface lattice, the adsorbed
molecules can be reversibly transformed between three con-
figurations that have been imaged in details. Two configura-
tions with reduced symmetry (A, A′) exhibit conductances
significantly lower than the third one (B). Molecules are
trapped in configuration of low conductance if they are
misoriented with respect to the substrate. The mechanisms
for transformation have been investigated. It was determined
that couplings between the tunneling electrons and adsorbate
vibrational and electronic states are primarily responsible for
the hysteretic behavior. However, the transformation from
A (A ′) to B can also be triggered by the electric field when
the current flowing through the molecule is negligible. The
mirror symmetry of the low conductance states with respect
to the Al row on which the molecule is centered suggests
that the paracyclophane group plays an important role in the
transformation and stabilization of the adsorbate configura-
tions. The present work highlights the possibility to directly
image and induce reversible changes in the adsorbate con-
figurations of adsorbed [2,2]paracyclophane-based molecules
thus providing insight into the effects of the possible distor-
tion of the paracyclophane core on their electronic properties.
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