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Identification of Molecular-Adsorption Geometries and Intermolecular
Hydrogen-Bonding Configurations by In Situ STM Manipulation**
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The direct recognition[1–7] and controllable transformation[8, 9]
of the molecular-adsorption geometries of self-assembled
surface nanostructures has shown significant potential for the
miniaturization of functional devices and is one of the
challenging goals within the field of nanoscience and nanotechnology. Manipulation by scanning tunneling microscopy
(STM) provides the surface-science community with a direct
approach to induce a variety of molecular motions, such as
isomerization,[10, 11] rotation,[12–14] and translation[15, 16] on surfaces, and moreover to characterize intermolecular forces[17, 18]
and molecular configurations.[11, 19] Studies reported in these
areas have so far been mainly focused on single-molecule
phenomena, and in most cases, for example, the isomerization
of azobenzene and its derivatives, the switch is to some degree
stochastic. However, the manipulation of larger structural
motifs with precise control and the further identification of
intermolecular interactions at the single-molecule scale have
little been reported to date. It is therefore of particular
interest to extend the STM manipulation technique to more
complex situations to gain further insight into the direct
identification and controllable regulation of intermolecular
interactions and molecule–substrate interactions in general
towards the fabrication of desired nanostructures on surfaces.
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Herein, we investigate the adsorption and self-assembly of
a photochromic oxazine molecule on a Cu(110) surface by
STM imaging and in situ manipulation under ultrahighvacuum (UHV) conditions and density functional theory
(DFT) calculations. STM imaging revealed that the molecules
could form either dim stripes or bright clusters upon the
thermally induced ring opening[20] of the molecule (Figure 1 a). From calculated models, we identified three distinct
hydrogen-bonding configurations involved in the dim-dimer
and bright-dimer/tetramer structural motifs that serve as the
building blocks for the dim-stripe and bright-cluster structures. Surprisingly, by in situ STM manipulation we could
controllably switch the different hydrogen-bonding configurations within these three structural motifs at room temperature. The results demonstrate that in situ STM manipulation
could be employed as a direct approach to probe larger
structural motifs, in which molecular-adsorption geometries
and intermolecular bonding configurations could be identified at the single-molecule scale. This method may also be
extended to other surface supramolecular systems to supplement qualitative understanding of intermolecular interactions
on the basis of STM results.
After deposition of the oxazine molecules on Cu(110)
held at room temperature, we found that most of the
molecules were randomly distributed on the surface (see
Figure S1 in the Supporting Information). However, if we
annealed the surface slightly (ca. 400 K) right after deposition
of the molecules at a low coverage (ca. 0.1 monolayer), two
kinds of distinct self-assembled nanostructures (dim molecular stripes and bright molecular clusters) were revealed by
STM (Figure 1 b). The dim and bright species appeared to
have different heights (by 0.7 ; see the line profile for the
STM image in Figure 1 c). As shown in the STM image, the
dim stripes consist of dimers as the elementary structural
motif, and the bright clusters are mainly composed of
monomers, dimers, and tetramers (the corresponding closeup STM images are shown in Figure 2). From the close-up
STM images, we could identify that within the bright
tetramer, the two molecules along the short diagonal of the
rhombus shape were apparently smaller than the other two.
Since these self-assembled dim and bright nanostructures are
clearly different from the structure before annealing, and
since, according to the previous studies,[9, 20] the on-surface
ring-opening reaction of molecules of this type is completely
triggered as soon as the anneal temperature reaches 330 K, we
believe that both the dim and the bright structures are formed
by the open-form molecules. Thus, the question as to what
factors induce the observed differences in the apparent height
and size of the molecules arises. As the dim species always

 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2013, 52, 7442 –7445

Angewandte

Chemie

Figure 2. High-resolution STM images and calculated models of the
three typical structural motifs and the single molecule. In each case,
the top view of the calculated model structure is superimposed on the
corresponding STM image, and the side-view model is shown below.
Scanning conditions: It = 0.58 nA, Vt = 1486 mV.

Figure 1. a) Interconversion of a photochromic oxazine molecule
between the closed form and the open form. b) STM image showing
two kinds of distinct nanostructures (dim stripes and bright clusters)
with different apparent heights formed by the open-form molecules.
The lattice direction of the Cu(110) surface is indicated in the image.
Scanning conditions: It = 0.58 nA, Vt = 1486 mV. c) Line profile
across dim and bright species. A difference in height of 0.7  was
found.

exist in the dimer form in the stripes (no monomers were
found), and the bright smaller molecules could only be found
within the tetramer structure and did not exist as monomers
or in the bright-dimer form, we speculate that the specific
intermolecular interactions involved in these structural motifs
must be the main reason responsible for the observed
differences in apparent height and size.
To unravel the mystery and gain atomic-scale insight into
these structural motifs, we performed detailed DFT calculations on a variety of dimer/tetramer structures involving the
copper substrate. Superposition of the most stable relaxed
models of the dim-dimer, bright-monomer, bright-dimer, and
bright-tetramer structures on the corresponding close-up
STM images demonstrated good agreement (Figure 2). It
can be seen from the top-view model (for clear presentation,
Angew. Chem. Int. Ed. 2013, 52, 7442 –7445

the underlying copper surface was omitted) that the dimdimer motif is a homochiral structure that adopts a head-tohead double C H···Cl hydrogen-bonding configuration. For
the bright monomer, two enantiomers exist on the surface;
however, the enantiomers have the same adsorption energy
and cannot be distinguished from STM images. In contrast
with the dim dimer, the bright-dimer motif is a heterochiral
structure that adopts a head-to-head single C H···Cl hydrogen-bonding configuration. When two bright dimers join
together, two new C H···Cl hydrogen bonds form (two
hydrogen-donor C H groups share one Cl atom) to link the
dimers; thus, a new hydrogen-bonding configuration induces
the formation of the bright tetramer. In this way, we identified
three different hydrogen-bonding configurations in total in
the above-mentioned structural motifs. Analysis of the sideview models shown in Figure 2 showed that different hydrogen-bonding configurations could indeed induce different
molecular-adsorption geometries. These different molecularadsorption geometries are very likely responsible for the
observed differences in the apparent height and size of the
molecules.
To explore the possibility of switching between different
hydrogen-bonding configurations within the structural motifs,
we performed a series of in situ STM manipulations at room
temperature. The lateral manipulations were carried out in
a controllable line-scan mode under specific scanning conditions (by increasing the tunnel current up to approximately
2.0 nA while reducing the tunnel voltage down to approximately 20 mV[14, 15]). Figure 3 a–d shows that the manipulation of two adjacent dim dimers (those underneath the green
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Figure 3. Lateral STM manipulations demonstrating controllable
switching among three structural motifs shown in Figure 2. a–d) Conversion of two adjacent dim dimers into a bright tetramer. The green
arrow in (a) indicates the location and direction of the manipulation
applied, and the green ellipses in (b–d) highlight the configurational
evolution into a bright tetramer. c–f) Conversion of one dim dimer into
a bright dimer. The white arrow in (c) indicates the location and
direction of the manipulation applied, and the white ellipses in (d–f)
highlight the configurational evolution into a bright dimer. f–h) Conversion of the two smaller molecules along the short diagonal within
a bright tetramer into two larger molecules, and the spontaneous
transformation back into two smaller molecules during the next
scanning process. The blue arrow in (f) shows the direction of the
manipulation applied, and the blue ellipses highlight the configurational evolution into two bright dimers (g) and then back into
a tetramer (h). Scanning conditions: It = 0.54 nA, Vt = 1400 mV;
manipulation conditions: It = 2.0 nA, Vt = 20 mV.

arrow, which shows the direction of manipulation, in Figure 3 a) resulted in the disassociation of the dim dimers from
the molecular stripe and the formation of a tetramer-like
structure consisting of three bright molecules and a dim
molecule (those within the green ellipse in Figure 3 b).
Interestingly, when we continued scanning, this tetramer-
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like structure spontaneously evolved into the typical brighttetramer motif discussed above (indicated by the green ellipse
in Figure 3 c,d). Such lateral manipulation was also performed
on an individual dim dimer located in the middle of a stripe
(the dimer underneath the white arrow, which shows the
direction of manipulation, in Figure 3 c). Upon manipulation
(Figure 3 d–f), this dim dimer was first detached from the
stripe and converted into two bright molecules (indicated by
the white ellipse in Figure 3 d), which then spontaneously
evolved into the typical bright-dimer motif (see the white
ellipses in Figure 3 e,f). From the above findings, we could
draw the following conclusions: 1) Cleavage of the dim-dimer
motif is the prerequisite for initiation of the switching process.
2) Once the dim dimer has been cleaved, the separated dim
molecules can then be converted into bright molecules, and
the bright molecules can spontaneously evolve into the typical
bright-dimer/tetramer motifs in a further step. The bright
molecules, however, cannot be switched to dim molecules by
such lateral manipulation (not shown). 3) Switching from the
dim dimer to the bright dimer/tetramer indicates successful
conversion of the hydrogen-bonding configurations within the
structural motifs.
We also attempted to manipulate the bright-tetramer
motif (Figure 3 f–h). Surprisingly, after several trials, a delicate
manipulation (in the direction of the blue arrow in Figure 3 f)
enabled the intermolecular bonding configurations within the
tetramer motif to be switched in situ, so that the two smaller
molecules along the short diagonal of the tetramer became
larger (see the blue ellipse in Figure 3 g). This result indicated
the cleavage of the hydrogen bonds that linked the two bright
dimers. However, during the next scanning process, we found
that the two bright dimers reformed the bright tetramer (see
the blue ellipse in Figure 3 h). Thus, we could conclude that
the hydrogen bonds between the two bright dimers were
reformed, which strongly indicates that the difference in the
apparent size of the molecules within the bright-tetramer
motif is induced by the specific hydrogen-bonding configurations.
In conclusion, from a combination of high-resolution STM
imaging/delicate lateral manipulation and DFT calculations
we have identified three molecular structural motifs with
distinct hydrogen-bonding configurations formed by the
open-form oxazine molecules on Cu(110). The different
intermolecular hydrogen-bonding configurations, which
result in different molecular-adsorption geometries, were
revealed to be responsible for the observed differences in the
apparent height and size of molecules within the structural
motifs. STM manipulations proved to be a powerful tool for
directly probing molecular-adsorption geometries and moreover for the controllable switching of the intermolecular
hydrogen-bonding configurations involved in the structural
motifs. These findings demonstrate how STM manipulation
could be extended from triggering of various on-surface
motions to probing of the intermolecular bonding modes in
self-assembled nanostructures. An understanding of such
bonding modes can provide fundamental insight into distinct
intermolecular interactions and is thus of utmost importance
from an experimental viewpoint.
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