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From an interplay of high-resolution STM imaging
/manipulation and DFT calculations, we have revealed that
different self-assembled nanostructures of BA molecule on
Cu(110) are attributed to specific molecular adsorption
geometries and thus the corresponding intermolecular
hydrogen bonding patterns, and the STM manipulations
demonstrate the feasibility of switching such weak-hydrogen-
bonding patterns.

Supramolecular architectures from molecular self-assembly on
solid surfaces have aroused significant attentions due to the
attached new functionalities and a multitude of potential
applications in, e.g. biochemical sensors, chiral catalysis, and
organic electronics'>. One prerequisite to achieve well-defined
nanostructures is an exhaustive exploration of the influencing
factors dominating the whole self-assembly processes. As for
intrinsic factors, different kinds of intermolecular interactions
typically involving functional groups such as nitrile*S, amine’®
and carboxyl group’!® have been extensively explored and well-
ordered nanostructures have been achieved. Also, external stimuli,
such as STM manipulations' "', UV irradiation', have proved to
be effective ways to influence the self-assembled nanostructures.
However, to our knowledge, on-surface self-assembly of an
aldehyde molecule has been rarely reported'>'® and in-depth
exploration and controllable switch of intermolecular interactions
in relation to molecular adsorption geometries has not been
particularly emphasized. Understanding the details of molecular
self-assembly and forced-assembly processes may shed light on
designing man-made molecular nanostructures.

In this work, we have explored the self-assembly of an
aromatic  aldehyde molecule (Biphenyl-4-carboxaldehyde
(shortened as BA)) on the Cu(110) substrate under ultrahigh
vacuum (UHV) conditions. From an interplay of high-resolution
scanning tunneling microscopy (STM) imaging/manipulation and
density functional theory (DFT) calculations, we have
investigated the self-assembly of BA molecules at various
coverages where different intermolecular hydrogen bonding
patterns in relation to molecular adsorption geometries are
explored in depth. At low coverage, we found that BA molecules
prefer to adsorb on the surface in two specific directions (i.e. £35°
with respect to [001] direction of the substrate) and form discrete
clusters typically as windmill-like tetramers bound by weak
intermolecular hydrogen bonds. At high coverage (~1 ML), we
found the formation of well-ordered close-packed molecular
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nanostructures, and interestingly, inside the structures some
specific BA molecules exhibited one additional adsorption
direction (i.e. along [001] direction) resulting from molecular
packing and different hydrogen bonding patterns. By in-situ STM
manipulations, we surprisingly found that the hydrogen bonding
pattern appeared in the high-coverage structure could be
artificially achieved in the low-coverage one. These results
demonstrate the versatility of weak hydrogen bonding in the
fabrication of on-surface molecular nanostructures and the
capability of STM manipulation technique in switching
intermolecular hydrogen bonding patterns, which may be
extended into more complicated systems with the aim of
designing functional nanostructures via bottom-up strategy.

The STM experiments were performed in a UHV chamber
(base pressure 1x10"° mbar) equipped with a variable-
temperature “Aarhus-type” STM purchased from SPECS'"'®, a
molecular and standard facilities for sample
preparation. After the system was thoroughly degassed, the
molecules were deposited by thermal sublimation onto a Cu(110)
substrate. The sample was thereafter transferred within the UHV
chamber to the STM, where measurements were carried out at
~100 K. 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'*?%). All the calculations were carried out in the framework
of DFT by using the Vienna ab-initio simulation package
(VASP)*'?%2. The projector augmented wave method was used to
describe the interaction between ions and electrons™?. We
employed the PBE-GGA as the exchange correlation functional®
and van der Waals interactions were included using the DFT-D2
method of Grimme®®. The atomic structures were relaxed using
the conjugate gradient algorithm scheme as implemented in the
VASP code until the forces on all unconstrained atoms were <
0.03 eV/A.

After deposition of BA molecules on the Cu(110) substrate
held at RT, we find that the molecules can form discrete clusters
in which two specific molecular adsorption directions are
identified (cf. Figure 1la), and these clusters are mainly
constituted by two kinds of chiral windmill-like tetramers as
building blocks as shown by high-resolution STM images (cf.
Figure 1b). According to the STM observations, we have carried
out systematic structural search by proposing different possible
tetramers and finally obtained the energetically most favorable
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Figure 1. (a) STM image showing the formation of discrete clusters after
deposition of BA molecules at a low coverage (~0.1 ML) on the Cu(110)
substrate held at room temperature (RT). The blue arrows (parallel to the
dashed lines) indicate the two adsorption directions of BA molecules (i.e.
+35° with respect to the [001] direction). (b) The high-resolution STM
images of the typical tetramers with the DFT optimized structural models
superimposed. The corresponding enantiomers are separated by white dot
line. Scanning conditions: I, = 1.38 nA, V, = -1250 mV. (c¢) and (e) show
the DFT optimized structural models of the two kinds of tetramers
including the Cu(110) substrate and the corresponding charge density
difference maps (the four molecules on the substrate are considered to be
four individual species and the charge transfers between four individual
molecules and the substrate have been subtracted) are shown in (d) and (f),
respectively. The hydrogen bonds are indicated in blue dot lines in (c) and
(e). The isosurface values in (d) and (f) are at the same level of 0.0007
¢/A°. Blue and red isosurfaces indicate charge depletion and accumulation,
respectively. O: red, C: gray, H: white, first layer Cu atoms: bronze,
second layer Cu atoms: brown. Cu atoms in 1d and 1f: golden.

structural models including the substrate as shown in Figure 1lc
and le, which are also superimposed on top of the corresponding
close-up STM images, respectively, and good agreements are
achieved (cf. Figure 1b). As depicted in Figure 1c and le, we can
identify that within the tetramer structures the BA molecules
interact with each other via different weak C-H--O hydrogen
bonds as indicated by the blue dot lines, and the charge density
difference maps plotted in Figure 1d and 1f help to further
recognize the hydrogen bonding patterns in the tetramer
structures.

To further investigate the self-assembly of BA molecules at
higher coverages and the interactions among the neighboring BA
molecules, we have varied the coverages up to ~1 ML (for the
coverages at ~0.7-1.0 ML see Figure S1). Interestingly, after
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35 Figure 2. (a) The large-scale STM image showing the formation of the

close-packed nanostructure after deposition of BA molecules at a high
coverage (~1 ML) on the Cu(110) substrate held at RT and subsequent
annealing to ~370 K for 10 min. The blue arrows and green arrow
indicate the two original molecular adsorption directions (i.e. £35° with

40 respect to the [001] direction) and the one additional adsorption direction

(i.e. along the [001] direction), respectively. (b) The close-up STM image
of the close-packed nanostructure. Scanning conditions: [, = 1.24 nA, V, =
-2100 mV. (c) The line-scan profiles along the blue and red dot lines
illustrated in (b). (d) The DFT optimized structural model of the typical

45 close-packed nanostructure including the Cu(110) substrate.

deposition of BA molecules at ~1 ML coverage on Cu(110) held
at RT with subsequent annealing to 370 K, we observe the
formation of well-ordered close-packed nanostructures with only
two growing directions as shown in Figure 2a. As illustrated in
the close-up STM image (cf. Figure 2b), besides the original
molecular adsorption directions (i.e. 35° with respect to the [001]
direction indicated by the blue arrow, which is consistent with
that within the discrete clusters formed at a low coverage), one
additional adsorption direction of BA molecule (i.e. along the
[001] direction indicated by the green arrow) is observed. The
slight difference in apparent topography of the BA molecules
along the [001] direction within the close-packed nanostructures
may be due to different tip states as in some cases there is no
difference (cf. Figure S2). It appears that the molecules with two
original adsorption orientations prefer to arrange in a side-by-side
mode to form ordered stripes typically ranging from two to four
columns (more columns exist as well) (cf. Figure S3, S4) which
are always alternately separated by single-column molecules with
the molecular adsorption direction along the [001] direction.
Interestingly, as illustrated by the line-scan profiles (cf. Figure
2¢), we can identify that the left and right neighboring molecules
of the single-column molecules adopt an anti-parallel
arrangement. Based on the STM indications discussed above,
different gas-phase structural models (with the molecular

70 columns typically ranging from two to four) have been optimized

and the energetically most favorable ones have been shown in
Figure S3 and good agreements are achieved. Furthermore, we
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Figure 3. Lateral STM manipulations of the cluster structures formed at a
low molecular coverage (~0.1 ML). The blue and green arrows in (a), (b)
and (c) indicate the directions of STM manipulation. Manipulation
conditions: I; =2 nA, V, =20 mV, Scanning conditions: I; = 1.33 nA, V,=
-1250 mV.

have carried out systematic search on the simplified structure
composed of two molecular columns and one separating single-
column as the unit cell and we finally obtain the energetically
most favorable structural model of the close-packed
nanostructure including the substrate as shown in Figure 2d.
From the optimized model we can identify that the molecules
within the single column interact with the neighboring molecules
by a new C-H--O hydrogen bonding pattern. Thus, the main
driving forces for the formation and stabilization of the close-
packed nanostructures are molecular packing and squeezing (to
induce the different molecular adsorption direction, that is, along
the [001] direction) at high coverages and then forming the weak
hydrogen bonds between the single-column molecules and the
neighboring molecules at the two sides. The anti-parallel
arrangement of the neighboring molecules beside the single
molecular column just results from such intermolecular
interaction. The intermolecular forces within the side-by-side
molecular columns are mainly van der Waals (vdW) interaction.
To unravel the nature of the differences between the two self-
assembled nanostructures (i.e. the discrete clusters and the close-
packed structures) and explore the possibility of switching
different hydrogen bonding patterns, we have performed a series
of delicate in-situ STM manipulations as shown in Figure 3. After
manipulation of the cluster structure formed at a low molecular
coverage (cf. Figure 3a-b), two molecules could be detached from
the cluster indicating the relatively weak C-H--O intermolecular
hydrogen bonding characteristic. Further manipulation on the
remaining cluster (cf. Figure 3b) results in the switching of
molecular adsorption geometries of molecule A and B (as marked
in Figure 3b) (cf. Figure 3c), that is, molecule A is switched to its
symmetric direction with respect to the [001] direction (i.e. £35°
with respect to the [001] direction as discussed above), and
interestingly, molecule B is switched to the [001] direction which
is only observed in the high-coverage nanostructures. Closer
inspection of the high-resolution STM images together with the
superimposed molecular models (which correspond to the
structural models as shown in Figure lc and Figure 2d,
respectively) (cf. Figure 3b-c) allows us to identify that such
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STM manipulation actually results in the switching of different
hydrogen bonding patterns from the one formed in the tetramer
structure at a low coverage (cf. Figure 1c) to the one formed in
the close-packed structure at a high coverage (cf. Figure 2d). Also
the adsorption geometry of molecule B can be switched back to
the original one (cf. Figure 3c-d).

In conclusion, from an interplay of high-resolution STM
imaging/manipulation and DFT calculations, we have revealed
that different self-assembled nanostructures of BA molecule on
Cu(110) are attributed to specific molecular adsorption

s geometries and thus the corresponding intermolecular hydrogen

bonding patterns, and lateral STM manipulations demonstrate the
feasibility of switching such weak-hydrogen-bonding patterns.
The results would supplement the understanding of on-surface
supramolecular ~ self-assembly  processes through  weak
intermolecular interactions and may also shed light on the
rational design of artificial supramolecular architectures on solid
surfaces.
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