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olecular self-assembly is ubiqui-
tous in biological systems for the
production and reproduction of

functional units and even living species.'?
Among the most important requirements
for the formation of the highly complex
supramolecular architectures is the pre-
sence of hierarchy in the bonding to allow
multilevel assembly.® Adapting this strategy
and creating novel molecular building
blocks with the ability to self-assemble into
supramolecular networks is a promising
bottom-up technique in nanotechnology.*~”
Many studies show examples of artificial
self-assembled molecular nanostructures;
however, they are often limited to only
one level of order. Increasing efforts are
dedicated to master the formation of or-
dered structure comprising a multilevel
hierarchy.®~'2 At each level of organization,
novel functionalities can be expected to be
realized."® For further improvement of the
control over the resulting architecture, hier-
archy has to be introduced in the bonding
motifs itself.'*!>

Here we show a bimolecular two-level
hierarchic assembly process which leads to
a ladder-shaped two-dimensional (2D) net-
work exhibiting intriguing dynamic beha-
vior. In contrast to other heteromolecular
approaches,'® 2! the two organic species
couple via two distinct bonding motifs of
different strength leading to a 2D supramo-
lecular architecture consisting of two sub-
lattices. The stronger bound sublattice is
organized and linked by a novel hydrogen
bond motif. At elevated temperature, the
one-dimensional (1D) diffusion of the mole-
cules of the weaker bond sublattice is
guided by the more stable bimolecular
grating.

MAKOUDI ET AL.

ABSTRACT

S

The assembly and dynamics of a hierarchical, bimolecular network of sexiphenyl dicarbonitrile
and N,N'-diphenyl oxalic amide molecules on the Ag(111) surface are studied by scanning
tunneling microscopy at controlled temperature. The network formation is governed by a two-
step protocol involving hierarchic interactions, including a novel carbonitrile—oxalic amide
bonding motif. For temperatures exceeding ~70 K, more weakly bound sexiphenyl
dicarbonitrile molecules carry out one-dimensional diffusion guided by the more stable
substructure of the network held together by the carbonitrile—oxalic amide bonding motif. A
theoretical investigation at the ab initio level confirms the different binding energies of the
two coupling motifs and rationalizes the network formation and the diffusion pathway.

KEYWORDS: supramolecular chemistry - self-assembly - molecular dynamics -
hierarchic bonding - scanning tunneling microscopy (STM) - density functional
theory (DFT)

RESULTS

The two molecules used in this study,
namely, sexiphenyl dicarbonitrile (6DC) and
N,N-diphenyl oxalic amide (DOA), are pre-
sented in Scheme 1. They were deposited
from a double organic molecular beam epi-
taxy source onto a prepared Ag(111) sub-

strate. Subsequent scanning tunneling
microscopy (STM) observations were per-
formed at a substrate temperature (Tgp) as
indicated, typically 10 K. Both organic spe-
cies have separately been the subject of de-
tailed studies regarding their behavior on
Ag(111) or Au(111) substrates.>?* It appears
that DOA molecules (a) self-assemble into
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Scheme 1. Molecular building blocks used: N,N'-diphenyl
oxalicamide (DOA), sexiphenyl dicarbonitrile (6DC). Hydrogen
in white, carbon in black, oxygen in red, and nitrogen in blue.

hydrogen-bonded 1D molecular wires.>>** 6DC on the
other hand (b) is found to arrange into a variety of
highly regular, commensurate, and porous networks
with various symmetries.?*?

As both molecules (6DC and DOA) are co-deposited
on the Ag(111) surface, a different open-porous net-
work arises, as shown by STM observation reported in
Figure 1. The ratio of 6DC to DOA molecules is just
under 2:1 in our experiments (63% 6DC and 37% DOA
in Figure 1). The DOA molecules appear as two lobes
and are shorter than the 6DC molecules which look like
elongated sticks. The network consists of a series of
6DC—DOA chains (6DC, and DOA aligned vertically in
Figure 1), which are connected by brighter 6DC mole-
cules that can be seen as rungs (6DC,,), making it
reminiscent of ladders. The pore size of the rhombic
cavities (highlighted by the yellow area) is approxi-
mately equal to 7 nm?2 When all rungs of the ladders
are present, the ratio 6DC to DOA is exactly 2:1.
However, we observe here that the number of 6DC,,
spacers between the different lines is variable and
depends on the coverage of 6DC, thus impacting the
density of rhombic cavities. Dimensions relevant to the
ladder network are drawn in yellow in Figure 1, including
angles o, 3, y, 6, and ¢ of the different units with respect
to the highlighted substrate direction and the periodi-
cities A and B of the network along two directions.
Measured values are o = 15.7°, f = 67.8°%, y = 85.5°, 0 =
1.8°,e=420°A=333A B=421A

The ladder-shaped supramolecular structure exhi-
bits chiral properties which result from the heteromo-
lecular binding motif as indicated in lower coverage
data of Figure 2a. The STM image displays bimolecular
chains that appear in five different directions (out of six
observed in total) and can be classified in two enan-
tiomeric variants (Right and Left). The analysis of all our
data demonstrates that the two enantiomorphs are
evenly present in the samples and that the supramo-
lecular chain formation is controlled by the substrate
periodicity. In addition, the energetic hierarchy behind
the different bonds possible with the two organic species
(Figure 2b) becomes evident. In the network, we could
already distinguish two different interactions: 6DC,—
6DC,, and 6DC,,—DOA. Both of them involve the carbo-
nitrile moiety of the 6DC molecule. The 6DC,—6DC,,
interaction is well-known from earlier work?® and
involvesaC—N- - -H—Cgp, binding motif. The 6DC—DOA
interaction on the other hand was not observed prior in
the self-assembly and will be discussed in more detail
later. The last possible interaction, namely, DOA—DOA,
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Figure 1. Overview STM topographic image of an open-
porous network obtained after co-deposition of sexiphenyl
dicarbonitrile (6DC.,, and 6DC,,) and N,N-diphenyl oxalic
amide (DOA) molecules on the Ag(111) surface. The sub-
strate high-symmetry directions are marked by the red star
(bottom right corner), also in all of our images. The different
angles of the molecular units with respect to the indicated
direction are noted o, f3, v, 9, and . The periodicity in two
different directions is defined by lengths A and B (bias
voltage Vg = —1 V, tunneling current / = 70 pA, substrate
temperature Ty, = 10 K).
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Figure 2. (a) STM topographic image of the chiral bimole-
cular chains at low coverage featuring the two enantio-
morphs, Right and Left (Vg = —1.16 V, | = 80 pA, T,y = 10 K).
(b) Three types of bonds observed: 6DC—DOA, 6DC—6DC,
and DOA—DOA. The preferred formation of alternate 6DC
and DOA chains proves that the 6DC—DOA interaction is
stronger on average than that between identical molecules
(namely, 6DC—6DC and DOA—DOA).

is not present in the ladder network but appears in sample
with excess DOA, as shown in Figure 2a. We can deduce
from this that the 6DC—DOA interaction is stronger than
the mean value of 6DC—6DC and DOA—DOA interactions.

DISCUSSION

For a better understanding of the novel binding
motif, we start with the construction of a detailed
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Figure 3. High-resolution STM data of the bimolecular open-porous network, superimposed with a ball-and-stick model of
the molecules over the Ag(111) substrate. The original STM image has been geometrically corrected (shear and expansion
~3%) to better fit the model. Major characteristics of the network are indicated in substrate lattice parameter scale aand a'.
The zoomed area highlights the position of molecules over the Ag substrate, where hollow sites are marked with small

green dots (Vg = —1.12V, | = 60 pA, Ty, = 10 K).

model of the network. The apparent height of the two
molecules in our STMimages (~1 A, slightly depending
on the tunneling conditions) is consistent with re-
ported values for s-conjugated organic molecules in
planar adsorption geometries.?* 3° Therefore, as a
starting point, we considered only the flat conforma-
tions of both molecules to build our model displayed in
Figure 3. To derive this model, three different ap-
proaches were combined: (i) a thorough analysis of
numerous STM images, especially regarding the mea-
surement of angle a and 9, as well as the angle
between 6DC—DOA chains of two different chiralities
(as seen for example in Figure 2a); (ii) the placement
of the N atoms of 6DC molecules at hollow sites
of the Ag(111) surface, as exposed in previous
publications;?>?' (jii) the detailed understanding of
bonding regions as unraveled by theoretical calcula-
tions presented below. With this approach, it was
possible to create an accurate model which fits
(within usual STM error) all of our images, including
the most peculiar configurations, such as near step
edges (not shown here). This model, detailed in units of
the Ag(111) surface in Figure 3, is confronted to a high-
resolution STM image of the network and allows a very
accurate evaluation of dimensions reported in Figure 1.
The theoretical values thus are . = 17.5°, f = 67.1°,
y=844°0=16°¢=414°A=33.16 A, B=4056 A.
These appear to be within 2° and 4% of the measured
ones, well within the usual STM errors. The zoomed
region of Figure 3 shows the substrate registry of our
proposed model.

To further study the relative strength of the ob-
served bonding motifs, we performed a series of
experiments at different temperatures and evaluated
the stability of the self-assembled structure. At T, =
75 K, we observe (Figure 4a) that 6DC,, spacers start to
move along the bimolecular chains. This result corro-
borates that the 6DC.,—6DC,, interaction is weaker
than that for the 6DC,—DOA. When the temperature
of the substrate is increased to 102 K (Figure 4b), all
6DC,, spacers diffuse but remain confined between
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6DC,—DOA chains. At 119 K (Figure 4c), the diffusion
is even faster, but still the 6DC,,—DOA chains remain
intact. They finally break at temperatures higher than
132 K (not shown).

Further analysis of similar images at nine different
temperatures allowed us to draw the Arrhenius plot
presented in Figure 4d. Specifically, as in a previous
publication,®’ the hopping rate R is calculated using
the expression R = h./(hpt), where h, is the number of
hopping events occurring during the time t, and hy, is
the number of hopping-able 6DC molecules, that is,
the molecules that have enough space to perform a
movement. At low temperatures, t is the time elapsed
between two successively taken pictures. For tempera-
tures exceeding 103 K, as the hopping process is more
frequent, only single pictures are analyzed, and h, is
evaluated for each molecule by counting the number
of bright-to-dark and dark-to-bright changes in the
6DC,, species (see Figure 4b,c), and t is the time
necessary to scan enough lines to visualize the whole
molecule. The best fit of these values gives an effective
hopping barrier of 205 meV (11 meV) and a prefactor
of 2.7 x 10%**%% Hz, well within the known broad
range in the literature.?%3'32

Finally, it needs to be emphasized that the ladder
rungs have a stabilizing effect on the separation of the
6DC,—DOA chains. Interestingly, this holds even in
the dynamic regime. From Figure 4b,c, it is evident that
the 6DC.,—DOA chains form a highly regular grating
whose periodicity is perfectly retained and unaffec-
ted after the onset of rung diffusion. Thus there is a
dynamic stabilization of the supramolecular arrange-
ment, which effect could be used in itself by using
dicarbonitrile or other linkers with appropriate length
or even other hierarchic bonding patters to fabricate
tailored superlattices with definite regularity. By con-
trast, previously reported related 1D supramolecular
gratings without stabilizing elements on a homo-
geneous surface inevitably showed a certain degree
of variation in the distances between the constitut-
ing molecular lines,**** even in the presence of

VOL.6 = NO.1 = 549-556 = 2012

A N /7;\‘
NANO

WWww.acsnano.org

551



N

T 1 F

g 107

o 1072k

g -3

2 107

= o
= =5 \ |

10

Meas. data ——+—

120 110

100

90 80

Temperature (K)

Figure 4. One-dimensional 6DC diffusion guided by the bimolecular chains: (a) T, = 75 K, the two images show the same
area of the network (Right chirality), the second being taken 6 min after the first one. Arrows are added to highlight the
hopping events. (b) T, = 102 K. Frizzled appearance of 6DC,, indicates diffusion within stable chains. (c) T, = 119 K, Left
chirality. The change in the frizzled features results from a higher hopping rate. (d) Arrhenius plot drawn from similar images
at nine different temperatures. Data are corrected to take into account the low scanning speed of the STM at high hopp-
ing rates (temperatures). The derived least-squares fit gives an effective hopping energy of 205 + 11 meV and a prefactor of

1 09.410.6 Hz.

adatoms between them.> Thus, the introduction of
the stabilizing effect by lateral weak linkages in hier-
archic assemblies complements previous approach-
es with molecular gratings based on anisotropic
templates.®3°

Theoretical Investigation. In order to better under-
stand the nature of the 6DC—DOA interaction, as well
as to quantitatively compare it to the 6DC,—6DC,,
bond, we performed total energy calculations within
the density functional theory framework. The aim is not
only to get the binding energies of the different bonds
but also to have a clear picture of the complete energy
landscape in the different binding regions of the

MAKOUDI ET AL.

molecules. Since this requires extensive computations,
we tried to reduce as much as possible the computa-
tional cost of each. First, the simulations were per-
formed without the presence of a substrate, as suc-
cessfully used in a previous study.>” By doing so, we
assume that the interplay between the substrate—
molecule and molecule—molecule bondings is mini-
mal, which was checked with a test model, reported
in the Supporting Information. Furthermore, this
also allows us to study solely the interaction between
molecules and not with the substrate. Finally, we have
used the smaller NC—Ph,—CN (biphenyl dicarbonitrile
2DC) molecule when only the CN group was involved
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Figure 5. Energy maps of the three studied binding regions.
Each black dot on the maps (more than 450 in total) is one
simulation of rigidly displaced molecules and gives the
position of the binding nitrogen atom. Colored areas of
the interpolated full energy maps correspond to negative
formation energy, hence binding zone, while positive for-
mation energy areas are white. Isolines mark 25 meV steps.
Dark green lines mark classical hydrogen bonds, whereas
light blue ones highlight weak attractive interaction. (a)
Binding of NC—Ph,—CN (2DC) with DOA. (b) Binding of 2DC
with 4DC. (c) Evolution of the formation energy versus
translation along the 4DC ladder component. (d) Migration
region around the 2DC—DOA—2DC link.

in the bonding motif. Extensive convergence tests of
NC—Phy—CN molecules with the number of phenyl rings
Xupto4 have indeed shown that the behavior of the CN
group depends only weakly on X for X > 2.

The energy maps shown in Figure 5 were obtained
via the following steps: (i) each molecule is first geo-
metrically relaxed individually, as in the gas phase; (ii)
two or more molecules are placed in various relative
positions and the total energy of the resulting box
is computed as is, without geometrical relaxation;
(iii) the binding energy (in each configuration) is
extracted by subtracting the total energy of the iso-
lated constituting molecules; (iv) results are presented
as energy maps (Figure 5), with colored (respectively

MAKOUDI ET AL.
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Figure 6. Prospective study of the migration path of 6DC,,,
between two 6DC.,—DOA chains. (a) Computation of the
interaction energy along the two parts of migration path:
the step and the straight part. (b) Migration path drawn
from a STM picture, namely, the simple translation of the
6DC,, along the 6DC.,—DOA chain guides. (c) Reconstruc-
tion of the interaction energy along the full migration path
for each side. (d) Sum of both contributions, plotted with
respect to the stable state energy. The effective hopping
energy barrier is 250 meV.

white) areas corresponding to bonding (respectively
antibonding) configurations and isolines for improved
readability.

The first result (Figure 5a) is the binding energy map
of a 2DC with a DOA. The angle of 48° between the 2DC
and the DOA was derived from a previous full mini-
mization revealing this equilibrium angle. We find that
the binding energy reaches 340 meV at its maximum.
In this equilibrium configuration, the closest distance
between N and H atom is 2.1 A (green thick line in
Figure 5a). It is interesting to note that three interac-
tions contribute to this link: CN - - -+ HN, CN - - -HCy,p,, and
CphH- - -OC. The first one is a classical hydrogen bond.
The two others will be simply referred to as weak
bonds>® (blue thin lines in Figure 5). We evaluated the
contribution of each bond in two steps. First, the bind-
ing energy of the configuration in Figure 5a was com-
puted with the carbonitrile group of the 2DC replaced
by a simple hydrogen. It was found to be ~70 meV and
corresponds to the contribution of the C,,H---O
bond. Then, looking at the shape of the initial energy
map, especially when the carbonitrile group is next to
the HCy, group and relatively far from the HN group,
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we conclude that the CN- - -HN and CN- - -HC, bonds
contribute up to 180 and 90 meV, respectively. Thus,
we can infer that the binding between a 2DC and a
DOA comprises a 50% contribution of the CN- - -HN
bond, 30% of the CN- - -HC,, interaction, and 20% of
the CgpH- - -OC interaction.

In the model shown in Figure 3, however, the
relative position of molecules is slightly different from
this lowest energy configuration, revealing the effect of
the substrate periodicity in the positioning of mole-
cules. The angle is closer to 43°, and the position of the
CN group of 6DC atom is further away from the OC
group of the DOA. Using this exact position of our
model, we find a binding energy of 230 meV, to be
compared with the 340 meV of the theoretical equilib-
rium position. To complete the picture, we find a
cooperative effect of 40 meV per linkage, when two
2DCs (instead of just one) are connected to one DOA.
This supplemental energy depends only to a minor
extent on the exact position of 2DC and DOA mole-
cules (theoretical equilibrium or experimental position)
or on the number of phenyl rings in NC—Phy—CN
molecules (2 and 3 tested). The binding energy holding
together the bimolecular chain is thus evaluated to be
~270 meV per bonding motif.

The second result shown in Figure 5b is related to
the binding of two 6DC molecules perpendicular to
each other (2DC with NC—Ph,—CN (4DC) in our cal-
culations). We find that the attractive zone for the
carbonitrile group of the 2DC molecule runs all along
the side of the 4DC molecule. However, the energeti-
cally most favorable sites are located in between the
phenyl rings, with a preference for the end groups,
exhibiting a maximal binding energy of 235 meV. At
this position, the nitrogen is at a distance of 2.3 A from
both nearest hydrogen atoms. Two weak bonds seem
to be participating in the link, partially explaining the
particular shape of the energy map. The hopping
energy barrier between neighboring sites along the
4DC molecule is found to be as weak as 45 meV (see
Figure 5¢). Finally, here again, the model shown in
Figure 3 is slightly different from the theoretical equi-
librium configuration shown in Figure 5b, both regard-
ing the position and the size of the host molecule. The
impact of the number of phenyl rings of the host
molecule is found to be minimal, ~10 meV.The change
in position, however, causes a stronger decrease in
the binding energy, yielding a final value of 185 meV
(2DC connected to 6DC).

These two results confirm the observed larger
strength of the 6DC,— DOA bond over the 6DC,—6DC,,
bond. The translation of a singly linked 6DC,, along the
6DC.,—DOA chains is addressed in Figure 5d. We
computed the binding energy of one 2DC,, in a large
area covering the pathway from one 2DC, to the next,
over a DOA. One can clearly see the saddle point at the
junction of the 2DC, with the DOA. The binding energy
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at this point is found to be almost zero, yielding an energy
barrier equal to the binding energy of the 6DC,—6DC,,
bond (185 meV). However, this hopping energy accounts
only for one side of the 6DC,, migration, and a more
thorough consideration of the migration mechanism is
essential to assert the combined effect of both sides. This
investigation is presented in Figure 6.

In order to get an estimate of the effective hopping
energy barrier for the migration of a 6DC,, molecule
from one stable position to the next, we tried to re-
construct the full interaction energy curve all along a
likely migration path drawn from STM pictures (Figure 6b).
This was achieved in four steps: (i) the whole migration
path is decomposed into the step part and the straight
part, and DFT simulations (notably Figure 5d) are used
to determine the minimal energy path along x (Figure 6a).
The hopping energy barrier between the minimal
energy configurations around the step reaches 220 meV.
(i) The two parts of the interaction energy (step and
straight part) are merged to get the full contribution of
one 6DC.,—DOA chain to the migration energy curve
(Figure 6¢, plain line). (iii) The curve is mirrored to get
the contribution of the other side's 6DC,—DOA chain
(Figure 6c, dashed line). The two curves are aligned
along x so that the extremal stable positions coin-
cide (dot dashed lines), as seen in the STM picture
(Figure 6b). (iv) The two contributions are summed to
get an estimate of the migration energy curve. The
effective hopping energy barrier now reaches only
250 meV (and not two times 220 meV) because of the
misalignment of the saddle point from both sides.
This means that the saddle point exhibited in
Figure 5d is not crossed simultaneously on both
sides, but subsequently.

The calculated hopping energy for a strict translatory
diffusion path is in fair agreement with our experimental
findings from the Arrhenius analysis (hopping energy
barrier of 205 meV) and fits even better when one
considers the occurrence of the possible angular dis-
placements of the 6DC,, molecule as shown in the STM
animation included in the Supporting Information. We
indeed carried out a manipulation experiment at 10 Kiin
which we pushed the 6DC,, molecules along the chain
direction. The images between each manipulation step
are merged into a movie. Even though this mobility
pathway is different from thermal excitation, the posi-
tions at which the 6DC,, molecules reside after the
manipulation process corroborate the presented sce-
nario of guided molecular motion.

Anisotropic mobility is an important process in dif-
ferent nanosystems.>2 At the appropriate temperature,
it governs the diffusion of metal adatoms, resulting
in the growth of 1D structures.*° In a similar manner,
small organic molecules*' as well as their larger ana-
logues?®#?~** translate by this elementary process. In
contrast to these systems, which rely on the anisotropic
properties of the particular system, we create the
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necessary 1D guides on an isotropic surface by hier-
archic self-assembly of appropriately designed tectons.
We have demonstrated that the diffusion of the mobile
species is controlled by the interaction with the guides,
which represents a novel approach to tailor molecular
dynamics on surfaces in a universal fashion. Hierarchic
assemblies may be generally useful to direct molecular
motion via the tailored borders.

CONCLUSION

In summary, we have achieved the self-assembly
of a hierarchic bimolecular network of the ladder-type

METHODS

The scanning tunneling microscopy (STM) experiments were
performed using a home-built ultrahigh vacuum (base pressure
3 x 10~ " mbar) low-temperature STM. The Ag(111) substrate
was prepared by repeated cycles of Ar™ sputtering and anneal-
ing to 750 K to obtain flat terraces separated by monatomic
steps. The two molecules, sexiphenyl dicarbonitrile (6DC) and N,
N-diphenyl oxalic amide (DOA), were deposited from a double
organic molecular beam epitaxy source with the quartz crucible
at 572 and 467 K for 6DC and DOA, respectively, while keeping
the substrate at 300 K. Both sequential and simultaneous
deposition led to similar results. Following preparation, STM data
were acquired at a substrate temperature (Tg) as indicated,
typically 10 K. The system's dynamics was probed in the range
from 70 to 120 K.

For the theoretical investigation, we have used the projec-
tor-augmented wave approach as implemented in the ABINIT
code,*** within the local density approximation for the ex-
change-correlation energy. The cutoff energy used is 30 Ry.
Since the code imposes periodic boundary conditions in all
three directions, we ensured that the simulation box allowed a
minimal distance of 8 A between the molecules and their
periodic images. We evaluated the subsequent error on total
energy to be then lower than 10 meV. As molecules are rigidly
displaced to obtain the energy maps, we checked the impact of
geometrical relaxation on the binding energy by fully relaxing
calculations for the lowest energy configurations, and we found
energy differences lower than 10 meV. Also, for simplicity
reasons, flat molecules were used in the calculations, whereas
6DC are known to present a tilting between the phenyl
rings.2>*” A test calculation involving two 2DC molecules
revealed that impact on binding energy of the tilting is lower
than 15 meV, despite the energy difference of almost 50 meV
between tilted and untilted isolated 2DC molecule. The full
energy maps displayed in Figure 5 are obtained using a Delaunay
interpolation between the computed points.
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series of successive images showing the tip-induced diffusion
of 6DC,,. Molecules were moved from the top-left to the
bottom-right by pushing them approximately 3.5 nm (one
network lattice constant) along direction A for a single manip-
ulation event. A theoretical study of the impact of the Ag(111)
substrate on the intermolecular bonding is also provided, which
shows that the explicit inclusion of the substrate in DFT
calculations is not essential to study intermolecular bond-
ing occurring between physisorbed molecules, and can be

MAKOUDI ET AL.

in which, at temperatures exceeding ~70 K, 1D diffu-
sion of large organic molecules takes place. Theoretic
analysis clarifies that hierarchy is introduced into the
chiral supramolecular structure by the energetics of
the different bonds established between the two
organic species, including a novel carbonitrile—oxalic
amide motif. The dynamics of the mobile species is
consistent with an Arrhenius-type of hopping and
steered by the interaction with the ladder side rails.
Our results demonstrate the usefulness of hierarchic
design and reveal a new approach to guide molecular
motion at nanostructured surfaces.

emulated by the imposing coplanarity between them. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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