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Abstract: The construction of a spatially defined assembly of
molecular building blocks, especially in the vertical direction,
presents a great challenge for surface molecular engineering.
Herein, we demonstrate that an electric field applied between
an STM tip and a substrate triggered the formation of a bilayer
structure at the solid–liquid interface. In contrast to the typical
high electric-field strength (109 V m�1) used to induce structural
transitions in supramolecular assemblies, a mild electric field
(105 V m�1) triggered the formation of a bilayer structure of
a polar molecule on top of a nanoporous network of trimesic
acid on graphite. The bilayer structure was transformed into
a monolayer kagome structure by changing the polarity of the
electric field. This tailored formation and large-scale phase
transformation of a molecular assembly in the perpendicular
dimension by a mild electric field opens perspectives for the
manipulation of surface molecular nanoarchitectures.

The controllable structural transformation of molecular
nanoarchitectures in response to external stimuli has received
considerable attention, as it promises practical yet effective
means to modulate the functionality of surfaces and inter-
faces.[1] Scanning tunneling microscopy (STM) can act not
only as a tool for visualizing the structural evolution but also
as an external stimulant. From a mechanistic point of view, the
stimulation executed by the STM tip can be categorized into
an electronic effect and an electric-field effect. The electron
current tunneling between the STM tip and the surface can

excite reactions or movements of a single molecule.[1b, 2]

Kudernac et al. demonstrated that a four-wheeled molecule
can be propelled on a Cu(111) surface by the excitation of
inelastic electrons.[1b] Dujardin and co-workers reported that
selective electron-induced reactions of individual biphenyl
molecules can be induced by injecting or removing tunneling
electrons: removal from the adsorbates or injection into
adsorbates.[2b] On the other hand, although rarely reported,
the electric field between the STM tip and the substrate can
act as a “trigger” to induce the structural transition of surface
supramolecular assemblies.[3] For example, Alemani et al.
reported that the trans–cis configuration transformation of
azobenzene can be controlled by changing the local electric
field under the STM tip, without the tunneling of electrons.[3a]

Recently, Mali et al. showed that it was possible to drive the
large-scale reversible transformation of the two distinct
assembly phases of a positively charged polycyclic aromatic
hydrocarbon by applying voltage pulses to the STM tip.[3e]

Generally, the existence of a threshold bias is characteristic
for tunneling-electron-induced structural transformation,
whereas processes triggered by an electric field (typically in
the order of 109 V m�1) do not depend on the threshold
voltage. Moreover, as the number of tunneling electrons
decreases exponentially with the distance between the STM
tip and adsorbates, the electronic excitation generally
requires direct contact with or the vibrational excitation of
a single adsorbate. In contrast, electric-field-induced process-
es can occur at quite a large distance away from the STM tip.
Nevertheless, in most cases of electric-field-induced process-
es, the electric field has been induced by changing the bias of
imaging or applying a pulse to the STM tip during scanning by
the STM tip. Therefore, a high electric-field strength has been
applied (in the order of magnitude of 109 V m�1) because of
the nanometer-scale distance between the STM tip and
adsorbates.[2a–c,3a,b,e]

Surface molecular engineering aims at spatially control-
ling the assembly of molecular building blocks in a designed
arrangement.[4] Despite extensive studies on the lateral
organization of functional molecules, control in the vertical
direction (i.e., that perpendicular to the basal plane of the
substrate) is still relatively poor.[5] Knowledge about the
extension of the self-assembly process to the third dimension
is important for crystal growth and organic molecular
devices.[6] The multilayer supramolecular architecture can
be tailored by appropriate supramolecular interactions, such
as p–p stacking and electrostatic interactions. For example,
Ciesielski et al. obtained bilayer kagome networks by taking
advantage of hydrogen-bond recognition and p–p stacking of
the planer building blocks.[5d] Instead of using passive loading
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molecules on the underlayer,
Beton and co-workers dem-
onstrated that the nonplanar
guest C60 induced tetracar-
boxylic acid (TCA) deriva-
tives to form a bilayer archi-
tecture.[7] Generally speak-
ing, there is a shortage of
supramolecular synthons
available for controllable
vertical assembly, as com-
pared to those known to
control 2D in-plane assem-
bly. Therefore, it is desirable
to develop an effective way
to precisely control supra-
molecular assembly in the
vertical direction.

Herein, we demonstrate
the growth of a hetero-
bilayer supramolecular struc-
ture by modulation by a mild
electric field. We found that an electric-field strength of about
105 V m�1 (four orders of magnitude lower than the typical
field strength used in other reported studies) is enough to
induce the formation of a hetero-bilayer structure of 1,3,6,8-
tetrakis(1-butyl-1H-1,2,3-triazol-4-yl)pyrene (TP) molecules
on top of a trimesic acid (TMA) matrix.[8] The chemical
structures of TP and TMA are shown in Scheme 1 a,b. The
bilayer structure is a metastable phase that can be trans-
formed into a kagome structure[9] by changing the polarity of
the electric field (Scheme 1c). The modulation of the growth
and transformation of a bilayer structure by a mild electric
field offers a new possibility for manipulation in surface
supramolecular chemistry.

The self-assembly of TMA molecules from a solution in
octanoic acid (OA) at a highly oriented pyroltic graphite
(HOPG) surface led to a honeycomb structure (Figure 1a).
The TMA honeycomb structure had a periodicity of 1.6 nm, in
good agreement with previous reports.[10] The typical domain
size can reach 200 � 200 nm2.

A bilayer “flower structure” of TP molecules on the top of
the TMA honeycomb network was fabricated under the
control of a positive electric field (from the substrate to the
tip; see experimental details in the Supporting Information).
The resulting large-scale supramolecular structure consisted
of an array of flower-shaped clusters with hexagonal symme-
try (Figure 1b). Each flower-shaped cluster was composed of
six hexagonally arranged “petals”. By STM, each petal
appeared as an ellipse with a diameter of 1.2 nm and
a corrugation height of 0.16 nm, in agreement with the size
of the TP molecule. The big bright petals are ascribed to TP
molecules. The domain size of the flower structure typically
reached 200 � 200 nm2. The upper layer consisting of the TP
flower structure was oriented at an angle of 308 with respect to
the TMA layer below (see Figure S3 in the Supporting
Information), thus suggesting that the symmetry of the TMA
network affects the organization of the upper-layer TP flower

structure. Some defects with missed petals can be clearly seen
in the STM image, as indicated by arrows in Figure 1b,c.

There are some less bright spots dispersed in the positions
of the missing petals, as indicated by the arrow in Figure 1c.
These spots are ascribed to TMA molecules. The existence of
TMA in positions underneath TP molecules suggests that the

Scheme 1. Electric-field-induced formation of a bilayer flower structure of TP on a TMA network. a) Chemical
structure of TMA. The TMA molecule is schematically represented by a pink trefoil. b) Chemical structure of
TP. The TP molecule is represented by a yellow spot. c) Illustration of the electric-field-induced formation of
a bilayer flower and the phase transition from the bilayer flower structure to the monolayer kagome
structure.

Figure 1. Formation of the flower structure by stimulation with an
electric field. a) Large-scale STM image of the honeycomb TMA
adlayer. Tunneling conditions: Vbias = 700 mV, It = 450 pA. b) Large-
scale STM image of the electric-field-induced bilayer flower structure.
Tunneling conditions: Vbias = 561 mV, It = 605 pA. c) High-resolution
STM image of the bilayer structure. Tunneling conditions:
Vbias = 758 mV, It = 357 pA. d) Tentatively proposed structural model of
the flower structure. TP and TMA molecules are colored yellow and
purple, respectively.
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TMA matrix serves as an underlayer for accommodating TP
molecules. Furthermore, less bright features dispersed in the
interstice between hexagonal flowers are visible, as indicated
by blue spots. The less bright spots are also ascribed to TMA
molecules. The periodicity of the flower structure ((4.9�
0.2) nm) corresponds to 3 times the periodicity of the TMA
honeycomb template ((1.6� 0.1) nm), thus suggesting an
unperturbed structure of the TMA honeycomb network
after the accommodation of TP molecules. Six TP petals
make up a flower-shaped cluster, as illustrated by the overlaid
model in Figure 1c. Meanwhile, two TMA molecules are
positioned at each of the six sides of a flower, as illustrated by
blue spots surrounding the overlaid model. Two neighboring
flowers share two such TMA molecules as a border. Some
fuzzy lines across the clusters appear on the STM image, thus
suggesting that the adsorbates are unstable under STM
scanning. Figure 1d shows the proposed structural model.
No obvious directional intermolecular interaction exists in
the upper layer. TP molecules may interact through a non-
specific van der Waals force to form a commensurate array of
flower clusters on top of the TMA network.

In contrast, a kagome structure forms when no electric
field or a negative electric field is applied during the assembly
process. A well-ordered kagome network can be clearly seen
in Figure 2. Each TP molecule appears as an ellipse with
a well-defined orientation. The TP molecules are trapped
alternately in the pores of the TMA network. The parameters
of the unit cell outlined in Figure 2b are a = b = (4.0� 0.2) nm
and g = (60� 2)8.[9]

Topographic cross-sections of the flower structure and the
kagome structure are shown in Figure 3. The apparent heights
of an individual TP molecule and an individual TMA
molecule were measured to be 1.6 and 0.5 �, respectively,
and a margin height difference of about 1.0 � was found
(Figure 3a). In contrast, a lower apparent height margin
(0.5 �) was found between individual TP (1.0 �) and TMA
molecules (0.5 �) in the kagome monolayer (Figure 3 b).
Cross-section analysis indicated that the TP molecules were
stacked on the underlying TMA adlayer to form a bilayer
structure in the flower structure, whereas the kagome
structure is a monolayer structure.

Although the formation of a bilayer structure was induced
by an electric field, we found that the structure underwent
a phase transition to a kagome structure immediately when
the direction of the electric field was changed. Figure 4a
shows the initial flower bilayer structure. The polarity of the
applied electric field was then changed rapidly (Figure 4a,b).
Fuzzy features that can be seen in the STM image in
Figure 4b may be due to the immediate change in the
molecular assembly upon the change in the electric-field
polarity. Once the STM system was drift-stable, the bilayer
flower structure no long existed on the surface. The trans-
formation process from a bilayer flower structure to a mono-
layer kagome structure was recorded in subsequent images of
the same region (Figure 4b–f). After several minutes, a few
triangular building blocks, as indicated by arrows in Fig-
ure 4d, began to expand to generate a domain with a kagome
structure. A domain with a kagome structure can be clearly
seen in Figure 4e and in the magnified STM image in
Figure 4 f.

We carried out a series of control experiments to
investigate the effect of an electric field on the adsorption
behavior of the bilayer flower structure. First, it was found
that the assembly behavior of pure TP or TMA molecules was
not affected by an electric field (see Figures S1 and S2). We
then found that the formation of the flower structure
depended on the electric field (both the bias and the distance
between the STM tip and the substrate; see Figures S5 and
S6). More specifically, the application of a positive electric
field (from the substrate to the tip) of an appropriate field
strength during the preparation process is critical to induce
the formation of the bilayer structure (see Figure S7). On the
other hand, the kagome structure can form with no electric
field or with a negative electric field. Once the adsorbates are
stable, the bilayer flower structure is sensitive to the electric-
field polarity. The flower structure is energetically unfavor-
able and can be converted into the kagome structure (see
Figures S8 and S10). In contrast, the kagome structure is

Figure 2. Formation of the kagome structure without an electric-field
stimulus. a) Kagome structure formed by the coassembly of TP and
TMA. Tunneling conditions: Vbias = 693 mV, It = 500 pA. b) High-resolu-
tion STM image of the kagome structure. Tunneling conditions:
Vbias = 770 mV, It = 320 pA.

Figure 3. Height profiles for the bilayer flower structure and the
kagome structure. a) Bilayer flower structure. b) Kagome structure. The
height profile Z is taken along the line X in the STM image of the
corresponding structure. The location of the height profile is marked
with a black line on the magnified STM image.

Angewandte
Chemie

13397Angew. Chem. Int. Ed. 2014, 53, 13395 –13399 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


a stable assembly structure that is not affected by an electric
field (see Figure S9). Overall, the system provides an example
of a transformation from a nonplanar to a planar supra-
molecular structure through the reversal of an electric field.

To further clarify the formation mechanism of the bilayer
structure under electric-field modulation, we carried out
a series of control experiments. Since a saturated solution of
TMA molecules in OA was applied to the substrate, there
were a large number of excess TMA molecules at the solid–
liquid interface. We found that a similar bilayer flower
structure could be formed by replacing the excess TMA with
another protic acid, such as CF3COOH, under similar
conditions of electric-field control (see Figures S11 and
S12). However, the bilayer flower structure could not be
formed in a neutral or basic environment (see Figures S13 and
S14). The experiments demonstrated that an acidic environ-
ment and an electric field are required for the formation of
a bilayer flower structure. According to previous reports,[11–13]

a triazole moiety is prone undergo protonation in an acidic
environment. We propose that the TP molecules are proton-
ated in an acidic environment and that the charged TP
molecules align to form a vertical hetero-bilayer structure on
top of the TMA network under the positive electric field.
When the polarity of the electric field is changed, the
orientation effect of the electric field is reversed, and the
bilayer structure cannot be sustained. Instead, a phase
transition to a monolayer kagome structure is observed.
Overall, variation of the direction of the electric-field
surrounding the adsorbates can act as a “trigger” to induce
molecular motion and then prompt large-scale assembly
transformation.

In conclusion, we have demon-
strated the growth of a specific
bilayer structure under a mild elec-
tric field. The electric-field
strength had a magnitude of the
order 105 V m�1, which is much
smaller than that used in previ-
ously reported studies (about
109 V m�1). The bilayer flower
structure responded in a sensitive
manner to the external electric
field of the STM tip. A structure
transformation from the bilayer
flower structure to a monolayer
kagome structure was triggered by
changing the polarity of the elec-
tric field. We envision that this
structural transition promoted by
a low electric field could be real-
ized at a macroscopic level. The
structural switchability and con-
trollability of the supramolecular
assembly system under the influ-
ence of a mild electric field also
provides insight into the manipu-
lation of self-assembly processes
and opens up a door to the for-

mation of 3D crystals from a 2D surface.
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