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ABSTRACT  
Molecular Landers are a class of compounds containing an aromatic board as well as bulky side groups 
which upon adsorption of the molecule on a surface may lift the molecular board away from the substrate. 
Different molecular Landers have extensively been studied as model systems for nanomachines and the 
formation of molecular wires, as well as for their function as “molecular moulds”, i.e., acting as templates 
by accommodating metal atoms underneath their aromatic board. Here, we investigate the adsorption of a 
novel Lander molecule 1,4-bis(4-(2,4-diaminotriazine)phenyl)-2,3,5,6-tetrakis(4-tert-butylphenyl)benzene 
(DAT, C64H68N10) on Cu(110) and Au(111) surfaces under ultrahigh vacuum (UHV) conditions. By means 
of scanning tunneling microscopy (STM) imaging and manipulation, we characterize the morphology and 
binding geometries of DAT molecules at terraces and step edges. On the Cu(110) surface, various contact 
confi gurations of individual DAT Landers were formed at the step edges in a controlled manner, steered 
by STM manipulation, including lateral translation, rotation, and pushing molecules to an upper terrace. 
The diffusion barrier of single DAT molecules on Au(111) is considerably smaller than on Cu(110). The 
DAT Lander is specially designed with diamino-triazine side groups making it suitable for future studies 
of molecular self-assembly by hydrogen-bonding interactions. The results presented here are an important 
guide to the choice of substrate for future studies using this compound. 
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Introduction

Functional organic molecules adsorbed individually 
or organised on surfaces play a vital role in the 

rapidly growing area of nanotechnology, especially 
within areas  such as  molecular  e lectronics , 
nanodevices, and molecular recognition [1, 2]. 
Molecular Landers are a class of compounds in which 
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an aromatic backboard (the π system) is decoupled 
from the underlying substrate via bulky spacer 
groups (e.g., tert-butyl moieties, C4H9). Synthesis 
and deposition of molecular Landers on surfaces 
have attracted considerable attention recently, both 
because these compounds may serve as model 
systems for the formation of “molecular wires” [3, 4] 
and because of their ability to function as “molecular 
moulds” by trapping metal atoms in the cavity under 
the aromatic board [5 7]. Molecular Landers have 
extensively been studied by several groups including 
our own [5 21]. Combining the high-resolution 
imaging capabilities of the scanning tunneling 
microscope (STM) with its ability to manipulate 
individual molecules in a controlled manner at 
the atomic scale, it has proven possible to position 
the molecules precisely at terraces and step edges 
[12 14], to steer the switching between different 
molecular conformations [15], and to drive single-
molecule nanomachines [8]. In addition Lander 
compounds have been organized into wires utilizing 
substrate templating effects [16], and used as moulds 
to trap metallic adatoms into clusters at terraces and 
step edges [6, 13, 14, 17, 18].

Here we augment these previous studies by 
investigating a novel Lander-type molecule, 1,4-bis(4-
(2,4-diaminotriazine)phenyl)-2,3,5,6-tetrakis(4-
tert-butylphenyl)benzene (DAT, C64H68N10), which 
consists of a hexaphenyl benzene core with four 
tert-butyl groups as spacer legs and two diamino-
triazine functional groups positioned at opposite 
sides of  the molecular board (Fig.1(a)) .  The 
compound is specifically designed for studies into 
organisation of Lander compounds by intermolecular 
hydrogen bonding interactions, which are enabled 
by the peripheral diamino triazine groups. A 
particularly interesting potential application is to 
create heteromolecular, one-dimensional chains 
by co-adsorption of DAT with other Lander-type 
compounds equipped with functional moieties that 
are complementary to the diamino triazine groups. 
This concept has previously been demonstrated in 
different bimolecular systems where the compounds 
are not equipped with elevating legs [22 25]. 

We have characterized individual DAT molecules 
adsorbed at terraces and atomic steps on Cu(110) 

and Au(111) surfaces by means of high-resolution 
STM imaging and lateral manipulation UHV 
conditions. On Cu(110), the contact configurations 
of the individual DAT molecules at step edges 
can be modified in a controlled manner by STM 
manipulation, including lateral translation, rotation, 
and pushing of molecules to an upper terrace. On 
Au(111), the Lander DAT molecules are highly mobile 
and cannot be manipulated in a controlled manner at 
the same temperature as on Cu(110). The experiments 
confirm qualitatively that the diffusion barrier for 
Lander DAT adsorbed on the Au(111) surface is 
lower than that found on Cu(110). This suggests that 
substrate alignment effects may be less pronounced 
on the Au(111) surface, making it better suited for 
self-assembly of Lander DAT architectures driven by 
intermolecular interactions.

1. Experimental

The experiments were conducted using a variable-
temperature Aarhus STM [26] which is mounted in a 
UHV chamber with a typical base pressure p~10 10 
mbar. Electrochemically etched polycrystalline 
tungsten tips were used to record the STM images. 
The Au(111) and Cu(110) single-crystal samples 
were cleaned by repeated cycles of 1.5 keV Ar+ion 
bombardment and annealing to 800 K for 15 min. The 
DAT molecules were synthesized by Rosenmund-

Figure 1 (a) Space-filling model of 1,4-bis(4-(2,4-diaminotriazine) 
phenyl)-2,3,5,6-tetrakis (4-tert-butylphenyl)benzene molecule (DAT, 
C64H68N10) consisting of a central benzene core connected through 
phenyl groups to four tert-butyl and two diamino-triazine groups. 
Carbon, hydrogen, and nitrogen atoms are represented in pale 
blue, white and blue, respectively. (b) A typical high-resolution STM 
image of a DAT molecule on Cu(110), revealing four bright lobes in 
a rectangular shape and some delicate sub-protrusions in the center. 
(Sample voltage, 1.73 V; tunneling current, 0.66 nA). (c) EHMO-
ESQC simulated STM image of DAT on Cu(110) under the same 
tunneling conditions as in (b) 

(a) (b) (c)
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von Braun cyanation of 1,4-bis(4-bromophenyl)-
2,3,5,6-tetrakis(4-tert- butylphenyl)benzene, followed 
by reaction with dicyandiamide under microwave 
irradiation. The molecules were deposited from a 
thermal evaporator held at 510 K onto Au(111) or 
Cu(110) substrates kept at room temperate. All STM 
images were recorded in the constant current mode at 
a temperature of approximately 110 K to stabilize the 
molecules on the surfaces. The lateral manipulation 
was performed by reducing the tunnel resistance 
during scanning by increasing the tunneling current 
(up to ~1.5 nA) while reducing the tunneling voltage 
(down to ~200 mV) [11]. Theoretical simulations of 
the STM images were performed using extended 
Hückel molecular orbital-elastic scattering quantum 
chemistry (EHMO-ESQC) [27] after having relaxed 
the molecule on the surface using the molecular 
mechanics MM4(2003) code [28]. The STM image 
simulations were carried out on Cu(110) under the 
same tunneling conditions as those for the result in 
Fig. 1(b).

2. Results and discussion

A high-resolution STM image of a DAT molecule 
adsorbed on Cu(110) is depicted in Fig. 1(b). 
Four characteristic bright lobes are resolved in a 
rectangular shape (11.0 Å ×6.5 Å) as well as some 
sub-structure in the center. A similar morphology is 
observed for DAT molecules adsorbed on the Au(111) 
surface. For comparison, a simulated STM image 
obtained using the theoretical EHMO-ESQC approach 
is shown in Fig. 1(c). In both cases, the four bright 
lobes in the rectangular arrangement correspond to 
tunneling through the four tert-butyl groups [29], 
while the sub-protrusions are attributed to the six 
phenyl rings, which are connected to the central 
benzene core by  bonds. Interestingly, there are no 
features that can be attributed to the diamino-triazine 
groups in either the experimental or simulated STM 
images, suggesting that these groups make only a 
minor contribution to the tunneling current. This is 
explained by the theoretical modeling studies, which 
show that molecular orbitals with a preponderant 
weight on the terminal amino groups lie outside the 
range of bias voltages used in our experiments. This 

will be discussed in detail elsewhere. The optimum 
adsorption position identified in the molecular 
mechanics calculations has the central benzene ring 
of the molecule adsorbed on top of a Cu(110) surface 
atom. The tert-butyl groups induce a lift of the 
central board to a height of 4.5 Å above the surface. 
Experimentally, three adsorption orientations of the 
DAT molecule on Cu(110) are revealed, with the 
long axis of the molecule oriented at 30°, 0°, and 30° 
relative to the [1 0] direction of the substrate.

STM manipulation experiments were performed 
on individual DAT molecules on Cu(110) and 
Au(111) substrates at a temperature of ~110 K as 
illustrated in the sequences of high-resolution STM 
images displayed in Fig. 2. We used the STM tip as 
a tool to push the molecules in a gentle manner. The 
manipulation is performed by reducing the resistance 
in the STM tunneling junction from ~3 GΩ to ~0.1 GΩ 
(by either increasing the tunneling current or 
reducing the tunneling voltage, or both).  By 
controlling the precise tip position, we are thus 
able to manipulate individual molecules one at a 
time along a predefined path, leaving the rest of 
the scan area unperturbed. By such STM lateral 
manipulations, the molecular orientation for isolated 
molecules on the Cu(110) terrace can be changed 
from 30° to 30° with respect to the [1 0] direction 
of the substrate, as shown for the molecule marked 
“A” in Figs. 2(b) and (c). Gradual displacement of a 
molecule along a Cu(110) step edge is shown in the 
sequence of STM images depicted in Figs. 2(c)–(f) 
where the molecule marked “B” is steered by the STM 
tip. During this lateral translation, the orientation 
of molecule “B” is simultaneously changed. The 
molecular manipulation induces changes to the step 
morphology in the form of protrusions as indicated 
by the yellow arrows in Figs. 2(d) and 2(e) which 
may be compared to the smooth step edge along the 
[1 0] direction in Fig. 2(c). 

Manipulation of a molecule over a Cu(110) step 
edge from a lower to an upper terrace is shown in 
the sequence of consecutive images depicted in Figs. 
2 (g)–(j). In the initial image, the different intensity 
of the four lobes suggests that the molecule is tilted 
at the step edge, with some legs of the molecule on 
the upper terrace and the remainder on the lower 
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above was attempted on Au(111) for comparison. 
In Fig. 2(k), where two legs of the molecule “C” are 
in contact with the step edge, an STM manipulation 
operation was applied to the DAT molecule in an 
attempt to rotate and push it towards the upper 
terrace as was successfully performed on Cu(110). 
Surprisingly, this led to removal of molecule “C” from 
the step edge and it subsequently diffused out of the 
scanned region. Furthermore, as seen from Fig. 2(l), 
the manipulation of molecule “C” induced a rotation 
of the neighboring molecule “D” from a confi guration 
with the axis of its board approximately parallel 
to the step edge into a perpendicular orientation. 
These findings indicate that the DAT molecule is 
more weakly bound to the Au(111) substrate than to 
Cu(110) and that, in particular, the molecular mobility 
is higher on Au(111), since individual molecules 
cannot be stabilized at the terraces at the investigated 
temperatures. 

These experimental findings are consistent with 
previous theoretical and experimental results for the 
adsorption of organic molecules on metal substrates. 
Gold is a noble inert metal and it is expected that 
the molecule-substrate interaction on a Au(111) 
surface is weaker than on Cu(110). Furthermore, 
the corrugation of the molecule–substrate potential 
energy surface for the close-packed Au(111) 
surface is smaller than that of the more open, 
anisotropic Cu(110) surface, which implies that the 
diffusion barrier for molecules is lower on Au(111) 
as compared to Cu(110). These findings may be 
relevant for selecting suitable substrates for eventual 
assembly into 1-D molecular chains. The specific 
close-packed orientation of the anisotropic Cu(110) 
substrate might provide a templating effect, but the 
fairly strong local molecule-substrate interaction may 
hinder the formation of hydrogen bonded patterns 
which are determined mainly by molecule molecule 
interactions. In this respect the weak molecule-
substrate interaction may make the close-packed 
Au(111) surface a more suitable substrate for self-
assembled molecular structures.

Generally, when a large complex molecule 
is adsorbed on a metal surface an energetically-
preferred geometry is adopted rather than the one 
desired for an electronic contact. To achieve an 

Figure 2 High-resolution STM images showing adsorption and STM 
manipulation of individual DAT Lander molecules on the Cu(110) (a)–
(j) and Au(111) (k), (l) substrates. White arrows indicate the direction 
of operations applied between consecutive images. (a) High-
resolution STM image of the Cu(110) substrate with principal lattice 
directions indicated. (b), (c) Rotation on the terrace of the molecule 
marked A. (c)–(f) Translation of the molecule marked B along the 
step edge. Yellow arrows indicate protrusions at the step induced 
by the molecular manipulation. (g)–(j) Manipulation of a molecule 
over a Cu(110) step edge from a lower to an upper terrace. (k), (l) 
Manipulation of DAT molecules adsorbed at a step edge of Au(111). 
The molecule marked C is removed from the step edge and diffuses 
out of the scanned region. The neighboring molecule marked D 
undergoes a concomitant rotation

(a) (b) (c)

(d) (e) (f)

(g) (h) (i) (j)

(k) (l)

terrace. Manipulated by the STM tip, the molecule is 
subsequently gradually pushed over the step edge 
until finally all four legs are moved onto the upper 
terrace. Various contact configurations are created 
along the manipulation path. 

On the Au(111) surface at ~110 K, individual 
molecules are observed at step edges as shown in Figs. 
2(k) and 2(l). Similar STM manipulation as described 
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effi cient charge transfer between the molecule and a 
connected electrode, it is required that the elevated 
molecular board of a Lander molecular wire is 
anchored to the electrode, for example, at a protrusion 
of the step edges. To assemble an appropriate 
electronic contact, STM manipulation may be used 
to change the adsorption site and/or orientation 
of Lander molecules relative to the step edges as 
shown above. The ability of Lander molecules to 
mould nanostructures at the step edge of Cu(110) 
has previously been reported [11, 19]. In these cases, 
the reshaping occurred at room temperature, where 
the diffusivity of Cu adatoms is relatively high, such 
that diffusing Cu adatoms can be trapped under 
the molecular π board to form specific metallic 
nanostructures. Subsequent STM manipulation of the 
molecular moulds was performed at low temperature 
in order to thermally stabilize the underlying 
metallic nanostructures. The case presented in 
Figs. 2(c)–(f) is different, revealing that even at low 
temperature (~110 K), the attractive interaction 
between the DAT molecule and the Cu(110) step 
edge is sufficient to induce a rearrangement of the 
step edges. The restructuring is temporary and 
reversible, since once the molecule is moved away, 
the atoms of the protrusions reassemble into the 
step edges. For molecules straddling the step edges, 
Grill et al. have previously reported that Lander 
molecules with a non-planar configuration have a 
shorter perpendicular spacing between the central 
molecular π board and metal electrodes than that 
of the planar case [13]. Since a shorter spacing may 
lead to a stronger molecule-substrate interaction, the 
manipulation over a step edge shown in Figs. 2 (g)–
(j) is also a way to modify the electronic interaction of 
the DAT molecule with the Cu(110) surface.

3. Conclusions

Using STM imaging and lateral manipulation, we 
have studied the morphology and anchoring of 
a specially designed Lander molecule, DAT, on 
Cu(110) and Au(111). On Cu(110), various contact 
configurations of individual DAT molecules were 
formed at step edges in a controlled manner, steered 
by the STM tip, including rotation, lateral translation, 

and pushing of the molecules over the step edge. The 
manipulation experiments show that the diffusion 
barrier for Lander DAT is higher on Cu(110) than 
on Au(111). Based on these experimental results, 
we conclude that Au(111) may be the more suitable 
substrate for the self-assembly of Lander DAT 
molecules since the weaker molecule substrate 
interaction will be beneficial for the formation of 
ordered molecular architectures mainly driven by 
intermolecular interactions.
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