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The on-surface formation of iso-oriented 1D molecular architectures, with high structural perfection, on
2D materials has been a long-sought objective. However, such realization has been troublesome and
limited, and it still remains an experimental challenge. Here, the quasi-1D stripe-like moiré pattern, arising
at the interface of graphene grown on Rh(110), has been used to guide the formation of 1D molecular
wires of m-conjugated, non-planar, chloro-aluminum phthalocyanine (ClAIPc) molecules, brought
together by van der Waals interactions. Using scanning tunnelling microscopy (STM) under ultra-high
vacuum (UHV) at 40 K, the preferential adsorption orientations of the molecules at low coverages have
been investigated. The results shed light on the potential signature of graphene lattice symmetry breaking,

Received 7th November 2022,
Accepted 3rd February 2023

DOI: 10.1039/d2nr06237b

induced by the incommensurate quasi-1D moiré pattern of Gr/Rh(110), as the subtle mechanism behind
this templated growth of 1D molecular structures. For coverages close to 1 ML, the molecule—molecule
interactions favor a closely packed square lattice arrangement. The present work provides new insights to
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Introduction

The increasingly growing development of supramolecular
chemistry has boosted the research on one-dimensional (1D)
organic architectures over the last few years. This has allowed
the observation of one-dimensional systems, developed from
molecular units as building blocks, with very exciting pro-
perties such as Yu-Shiba-Rusinov bound states,' topological
phases,” or enhanced single-molecule superradiance.” From
the application point of view, important achievements, such as
the observation of high conductivity in doped polyacetylene,*
charge distribution control,” and the development of proto-
types of molecule-based logic gates,”” among others, have
been accomplished in 1D organic systems. Tailoring such low
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tailor 1D molecular structures on graphene grown on a non-hexagonal metal substrate.

dimensional architectures was possible by engineering STM
tip-assisted manipulation of individual molecules, edge-tem-
plated assembly, or diverse on-surface synthesis strategies that
rely on predefined chemical precursor species.' >

The growth of 1D supramolecular structures driven mainly
by dispersive intermolecular forces is much more challenging
than when it is predominantly governed by other non-covalent
interactions such as hydrogen bonding or metal-ligand
bonding, which are stronger and more directional. In general,
the formation of on-surface molecular architectures via disper-
sive interactions is ruled by a subtle interplay between mole-
cule-molecule and molecule-substrate interactions, in which
the local polarizability of the supporting surface plays a major
role."®

Moiré patterns formed at the interfaces between a one-
atom thick graphene sheet and a metal surface are often
found to exhibit a chemical modulation, which is transformed
into a specific charge distribution following the geometry of
these superstructures.'®™* On the other hand, it is known that
the symmetry of the underlying metal surface can be used to
define the geometry of the moiré superperiodicities."* In par-
ticular, while surfaces characterized by atomic arrangements
with hexagonal symmetry result in moiré patterns with hexag-
onal symmetry,”'® fringe-like quasi-1D moiré patterns are
often obtained when the underlying support has a square or
rectangular geometry.'®* By taking advantage of this fact,
these graphene-metal surfaces can be used to guide the mole-
cular assembly in specific directions.
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The moiré patterns of graphene-metal systems have been
used to create different well-defined and long-range ordered
2D molecular structures.?*?® However, the formation of 1D
molecular arrangements on graphene has been limited and
scarce. A few examples are reported in the literature, based on
the surface coordination reaction between molecules and
metal adatoms®® and on the site-selective adsorption of mag-
netic phthalocyanines within the highly corrugated moiré pat-
terns formed in graphene grown on Co, Fe intercalated Gr/Ir
(111)*® or Gr/Ru(0001).”° Nevertheless, to date, the direct use
of fringe-like moiré patterns to guide the growth of 1D mole-
cular architectures has remained unsuccessful.

This work presents the moiré pattern-guided growth of
equally oriented 1D molecular wires composed of individual
polar chloro-aluminium phthalocyanine (CIAlIPc) molecules,
brought together by van der Waals interactions, on Gr/Rh(110)
surfaces, which are characterized by the coexistence of
rotational domains with quasi-1D moiré patterns.’® As revealed
by STM imaging at 40 K, the moiré pattern arising from the
alignment, or near alignment, of the atomic lattice of graphene
in the Rh[001] direction plays a crucial role as a guide for the
formation of molecular chains at low molecular coverages. For
high molecular coverages, the growth of 1D molecular arrays of
ClAIPc becomes unfavourable, and a phase transition towards a
more densely packed square lattice configuration takes place.
This behaviour is explained as the result of the delicate inter-
play between dispersive attractive intermolecular interactions
and repulsive ones, arising from the permanent dipole moment
of ClAlPc, in combination with an effect of the moiré pattern,
which is rationalized in terms of the symmetry breaking of the
graphene lattice due to the quasi-1D moiré pattern modulation.

Experimental

Experiments were performed in an UHV system (a base
pressure below 107'° Torr) composed of two chambers. One
chamber is equipped with standard sample cleaning facilities
and evaporators for atomic or molecular deposition, and the
other one hosts a home-built variable-temperature scanning
tunnelling microscope (VI-STM). Both the chambers are inter-
connected by a gate valve, allowing the sample transfer without
changing the UHV conditions. Graphene monolayers grown on
Rh(110) were achieved through the thermal decomposition of
ethylene (C,H,) on a hot metal substrate. In short, single-
crystal Rh(110) was cleaned by cycles of Ar' sputtering at an
incident energy of 1 keV, followed by annealing at 950 °C at an
oxygen partial pressure of 2 x 107® Torr and flash annealing
under UHV. The pristine Rh(110) surface was then exposed to
an ethylene partial pressure of 3 x 10”7 Torr for 150 s, while
simultaneously maintaining the metal substrate at 900 °C.
CIAIPc molecules were deposited on Gr/Rh(110) from a
custom-built effusion cell while keeping the sample at RT. The
evaporation rate was calibrated employing a quartz microba-
lance and further checked by STM imaging, yielding a depo-
sition rate of ~0.25 ML min~". Here, 1 ML (=4.5 x 10" mole-
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cules per ecm?) refers to the saturation coverage of the mole-
cular arrangement into a square lattice with 1.5 nm periodicity
in the monolayer regime (after thermal treatment). Since the
grown molecules form a bilayer structure regardless of the de-
posited amount, the sample was annealed at 300 °C for
15 minutes to obtain monolayers. A similar procedure has
been applied for the deposition of CuPc on Gr/Rh(110), except
for the annealing step since the CuPc already forms mono-
layers at RT.

All STM measurements were carried out with the sample
cooled down at 40 K, to avoid molecular diffusion. The high
mobility of the molecules is inferred based on the impossi-
bility of STM to image the molecules at RT. This can be
observed clearly in Fig. S1 (see the ESIt), where the recorded
STM images are generally blurred. However, when the samples
are cooled down to 40 K, all the molecules can be easily
observed in STM.

The STM images were recorded in a constant current mode,
using electrochemically etched tungsten tips, and with the
bias voltage applied to the sample. The acquired data and
their post-analysis were executed using the WSxM software.*!

Results and discussion

As a reference, the chemical structure of the CIAIPc molecule
is shown in Fig. 1. This molecule is non-planar due to the alu-
minium-chlorine bond unit in the center, lying orthogonal to
the molecular plane. Because of the different electronegativity
between aluminium and chlorine atoms, this phthalocyanine
molecule has a permanent dipole moment perpendicular to
its molecular plane.®” When it is adsorbed on a surface,
the molecule can preferentially adopt two possible layouts,
depending on whether the ending chlorine atom points
toward the vacuum (Cl-up configuration) or toward the sub-
strate (Cl-down).

Fig. 2 summarizes the sample morphology and the struc-
tural properties of ClAIPc deposited on Gr/Rh(110) surfaces, as
well as the effects of a post-growth mild temperature anneal-
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Fig. 1 Molecular structure of ClAlPc. (a) Top view of ClAIPc. The
dashed orange lines indicate the molecular high symmetry axes. (b) Side
views of Cl-up and Cl-down adsorption configurations, referring to the
substrate, of CIAIPc molecules.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Sample morphology and structural properties of CIAIPc on Gr/Rh(110), as well as the effect of thermal annealing characterized at 40 K. (a
and b) Large-scale STM images after depositing two different amounts of CIAIPc molecules on Gr/Rh(110) at RT, without further annealing. The
black circles indicate molecular vacancies. (c) Apparent height profiles across the coloured lines drawn in (a) and (b). (d) Close-up STM image of the
bilayer structure of CIAIPc. The CIAIPc molecules adopt a Cl-down configuration in the 2™ layer and Cl-up layout in the 1% layer. (e and f) STM
images after the same samples shown in (a) and (b), respectively, were annealed at 300 °C for 15 minutes. Depending on the initial coverage, the
molecules now form a chain-like or square structure, adopting in both cases a Cl-up configuration. Tunnelling parameters: (a) Vs = 2.0 V; I, = 20 pA;
80 x 80 nm?. (b) V. = 2.0 V; I, = 20 pA; 80 x 80 nm2. (d) V; = 2.2 V; I, = 35 pA; 8 x 8 nm?. (e) V. = 1.8 V; I, = 20 pA; 45 x 45 nm2. (f) V, = 2.0 V; I, = 20

PA; 45 x 45 nm?.

ing. Fig. 2a and b show two large-scale STM images acquired
after depositing, respectively, ~0.2 ML and ~1 ML of CIAIPc on
a freshly grown Gr/Rh(110) substrate. In both cases, the mole-
cules were deposited onto the target surface by keeping the
latter at RT, and no further annealing was performed. In each
case, closely packed islands are found to coexist with individ-
ual molecules, displaying a central protrusion. The measured
apparent height of these islands is ~6 A, as can be deduced
from the profiles depicted in Fig. 2c obtained along the
coloured lines indicated in Fig. 2a and b. A close-up STM
image of one of those closely packed islands grown at RT,
without post-growth annealing, is shown in Fig. 2d. A square
superstructure with a lattice constant of 1.5 + 0.1 nm can be
observed in the image.

Fig. 2e and f show the corresponding STM images of the
samples analysed in Fig. 2a and b after a subsequent mild
temperature annealing at 300 °C for 15 minutes. As can be
noted, in the post-growth annealed samples, all the ClAlPc
molecules now show a protruding feature in their center.
Interestingly, the molecular arrangement strongly depends on
coverage. Specifically, at low coverages, CIAIPc seems to form
chain-like structures, whereas, at high coverages, a square
lattice rules the molecular disposition.

This journal is © The Royal Society of Chemistry 2023

On the basis of the four-fold symmetry characteristic of
phthalocyanine molecules® (see also Fig. 1a), the presence of
features, as marked by the dashed black circles in Fig. 2a and
b, imaged as a cross depression within the islands, can be
associated with single-molecule vacancies. Concerning the
molecular arrangement within these islands, Fig. 2c suggests
that they correspond to a bilayer structure of ClAIPc since their
apparent height is roughly twice that of the molecules with a
central protruding dot. Moreover, in light of the general
assignment in the literature,>*>’ it is reasonable to assume
that the CIAIPc molecule with a Cl-up configuration should
have a central protrusion when observed in STM images, while
in the Cl-down layout the molecules should be relatively flat,
as the case of molecules in the islands. Therefore, CIAIPc
molecules deposited at RT on Gr/Rh(110) mostly form bilayer
structures regardless of the deposited amount, which are
expected to consist of a staggered Cl-up and Cl-down arrange-
ment for the first and second layer, respectively (see the sche-
matic representation of the inset in Fig. 2d). Such stacking
configuration has been proposed to minimize the electrostatic
repulsion between CIAIPc molecules of the same layer, whose
dipole moments are equally oriented.*® On the other hand,
extended regions of the ClAlIPc monolayer have never been

Nanoscale, 2023, 15, 5083-5091 | 5085
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found in the experiments when molecules are deposited on
the substrate held at RT. A similar sample morphology
was also reported for ClAlPc grown on graphene,**°
graphite,*>*®*>*! and h-BN** at RT. However, it differs from
that of noble metals,***” in which the interaction with CIAlPc
is expected to be stronger, where molecules always form mono-
layers, adopting a mixture of Cl-up and Cl-down configurations
at the same time.

A different scenario is found when the samples in Fig. 2a
and b were annealed at 300 °C for 15 minutes. In both cases,
all the molecules now exhibit a protrusion in their center, indi-
cating that they adopt a Cl-up configuration (see Fig. 2e and f).
No bilayer structures of ClAIPc molecules were found through-
out the entire sample. This effect could be due to thermal-
induced desorption of the molecules in the 2™ layer, which
would explain the much smaller molecular density found over
the Gr/Rh(110) surfaces after annealing, although thermal-
activated diffusion and reorientation processes of molecules
of the 2™ layer into the 1% layer could also occur. Analogous
bilayer-monolayer transition of the CIAIPc molecules caused
by mild temperature annealing was observed for CIAIPc on
graphite,®® graphene®® and h-BN.** On Au(111)* and
Ag(111),*® thermal annealing only triggers a change in the
molecular orientation, forcing all the CIAIPc molecules to
adopt a Cl-up configuration.

Once the arrangement of the CIAIPc molecules deposited at
RT and the post-growth annealing effects are established, the
submonolayer regime of one-molecule thick structures of
ClAIPc on Gr/Rh(110) was further investigated. This means
that, from now on, all the samples were subjected to the post-
growth annealing process. Fig. 3a shows a representative large-
scale STM image of the samples with low molecular coverages
(typically below 0.20 ML), displaying some individual mole-
cules and clusters together with molecular wires of different
lengths. Interestingly, the 1D molecular structures are oriented
in the same direction. Fig. 3b depicts a zoom-in STM image
within the region indicated by the dashed blue square in
Fig. 3a. Apart from the molecular 1D architectures, this image
reveals a stripe-like modulation on the Gr/Rh(110) surface,
indicated by the green line, whose direction is parallel to the
chain’s network. Moreover, the lateral distance between the
adjacent molecules in the wires is measured to be 1.4 + 0.1 nm
and all the molecules show a central protruding feature,
which, as already discussed, is a clear sign that they adopt a
Cl-up configuration. Fig. 3c-e show the representative STM
images of the samples with increasing CIAIPc coverages on the
Gr/Rh(110) surface. As observed, in the low coverage regime
(<0.2 ML), the molecular wires predominate across the entire
surface. Upon increasing the total amount of molecules, the
1D molecular architectures are transformed into a 2D arrange-
ment exhibiting a closely packed square structure (see also
Fig. S2 in the ESIt). For coverages between 0.08 ML and 0.17
ML, the histogram compiling the lengths of different CIAIPc
nanowires is depicted in Fig. 3f, indicating that 1D nano-
structures integrated by as large as 11 molecules were attained.
In both cases, the sampling range was 930 nanowires, analysed
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Fig. 3 1D molecular structure of CIAIPc measured at 40 K. (a) Large-
scale STM image showing different molecular chain lengths of CLALPc on
Gr/Rh(110). (b) Zoom-in STM image, within the region marked by the
dashed blue square in (a), where the substrate moiré pattern is resolved
along with the chains. (c—e) Representative STM images illustrating the
evolution of the CIAIPc chain structure for different coverages. (f)
Histogram of the ClALPc chain length for molecular coverages of 0.08
ML and 0.17 ML. The inset shows a magnified view for length >8 mole-
cules per chain. Tunnelling parameters: (a) Vs = 2.0 V; I, = 40 pA; 100 X
100 nm?2. (b) Vs = 2.0 V; Iy = 40 pA; 22 x 22 nm?. (c) Vs = 2.2 V; I, = 20 pA;
50 x 50 nm? (d) Vs = 2.2 V; I, = 20 pA; 50 x 50 nm?. (e) V; = 2.0 V; | =
20 pA; 50 x 50 nm?.

from the STM images acquired on several different regions of
various samples.

As previously reported,*® graphene monolayers grown on
Rh(110) can adopt angular orientations within the intervals of
(—=10°, 0°) and (0°, 10°) as measured between the 2D material
lattice and the [001] direction of the underlying metal, with a
preference for angles around 0° and +10°. Precisely, for twist
angles around 0° (aligned), the surface presents incommensu-
rate quasi-1D moiré patterns, which are parallel, or nearly par-
allel, to the graphene lattice, with a separation of ~1 nm
between moiré fringes. For other possible rotational angles,
the resulting moiré patterns of Gr/Rh(110) are rather complex,
featuring two sets of moiré fringes, with the respective period-
icities of ~ 1 nm and ~4-6 nm.

This journal is © The Royal Society of Chemistry 2023
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Taking the above description into consideration, it results
logically to ascribe the stripe-like modulation, observed in
Fig. 3b, with a moiré pattern of the Gr/Rh(110) surface.
Concretely, it should correspond to the case in which the
lattice of graphene is aligned, or nearly aligned, to the Rh[001]
crystallographic direction, in light of the absence of the
second set of moiré stripes on the surface. Hence, the ClAlPc
molecular nanowires are oriented in the same direction as the
underlying moiré stripes. It suggests a possible influence of
the moiré structure on the formation of the 1D nanostructures,
which will be discussed later.

From Fig. 3c, d and f, it is drawn that the length of the
molecular nanowires can be tuned by increasing the number
of predeposited molecules on the surface. Nevertheless, such a
tuning window is very narrow since, as observed in Fig. 3f,
there is a preference for the formation of short-length wires:
nanowires with a number of molecules larger than 8 only con-
stitute a reduced fraction of the total number, which may
suggest that the interplay between molecule-molecule and
molecule-substrate interactions does not favour the long-range
growth of this chain-like structure. Also, it is interesting to
point out that upon reaching a specific threshold coverage, the
square lattice structure starts to dominate the molecular
arrangement (see Fig. 3e) and ultimately collapses the entire
surface for coverages close to 1 ML (see Fig. S2 in the ESIT).
This means that the chain-like structure of CIAlIPc constitutes
a low coverage phase. Such an idea is further strengthened
because the molecular wires are aligned with the diagonal of
the square lattice structure (see Fig. S3 in the ESIT). Hence, the
square lattice could be obtained via the formation of two
chains next to each other, with a relative shift between them of
half a molecule along the wires.

It is noteworthy to dedicate a few words to the formation
temperature and the thermal stability of these 1D molecular
chains. As has been stated in the Experimental section, it is
impossible to image the CIAIPc molecules at RT (see Fig. S1 in
the ESIY), neither individual molecules nor ordered structures.
This fact has been rationalized in terms of an elevated diffusion
rate of the molecules at RT, being responsible for a high mobi-
lity. Therefore, this led to the conclusion that the 1D molecular
chains should be unstable at RT, and consequently at higher
temperatures. However, when the samples were cooled down to
40 K, the 1D molecular chains do emerge on the surface as can
be observed, for instance, in Fig. 3. Hence, the formation of this
1D structure should occur in the temperature range between RT
and 40 K, with stability guaranteed at least at 40 K.

To gain a deeper insight into the effect of the moiré pattern
of Gr/Rh(110) on the formation of the molecular wires, the
orientation of the high symmetry axes of the CIAIPc molecule
with respect to the moiré pattern was investigated. Fig. 4a-e
show STM images where the molecular axes of ClAlIPc mole-
cules are resolved along with the substrate moiré pattern. As
indicated by the superimposed blue and red crosses, on the
graphene/Rh(110) surfaces, the molecular axes of CIAIPc are
rotated by either 45° (type A) or 75° (type B) with respect to the
moiré direction. In the case of dimers (see Fig. 4b and c), the

This journal is © The Royal Society of Chemistry 2023
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1D nanostructures are formed either by two molecules of type
A or by a mixture of type A and type B. When the number of
molecules per chain is larger than 2 (see Fig. 4d and e), the
nanowires are always formed by an alternating combination of
type A and type B molecules.

To tackle these observations, schematic representations
that could explain these two specific orientations of the CIAIPc
molecules with respect to the moiré fringes are shown in
Fig. 4f-h. For simplicity, it has been assumed in these rep-
resentations that the molecules are placed on the aligned gra-
phene domain. As stated earlier, the moiré patterns of aligned,
or nearly aligned, domains are incommensurate, and the
moiré pattern is parallel, or nearly parallel, to the atomic
lattice of graphene and the Rh[001] direction. Under this
framework, for a twist angle of around 15° between the mole-
cular axis and a high symmetry direction of the graphene
lattice, the resulting molecular axis orientations with respect
to the moiré pattern reproduce the experimental observations
depicted in Fig. 4a-e.

The assumption that the molecules are located on aligned,
or nearly aligned, graphene with respect to the Rh[001] direc-
tion is founded on the presence of only one set of moiré
stripes on those regions where the CIAIPc molecules form 1D
nanostructures (see STM images in Fig. 3 and 4). In contrast,
on the areas showing two sets of moiré stripes, the molecules
are adsorbed randomly on the surface and do not form, in a
uniform way, chain-like or closely packed square structures
(see Fig. S4 in the ESIT). It should be noted that the presence
of two sets of moiré fringes is characteristic of graphene
rotated with respect to Rh(110).

Nanowire formation along the moiré stripes of aligned, or
nearly aligned, domains must be the result of an intricate
balance between molecule-molecule and molecule-substrate
interactions. The rotation angle of 15° between each of the two
ClAlPc high symmetry axes and the graphene lattice, indicated
in Fig. 4f-h, was also reported for CIAIPc grown on the Gr/Pt
(111)*® surface, which is characterized by the coexistence of
multiple moiré patterns with hexagonal geometry. Thus, it
seems that this adsorption configuration is the most stable for
ClAlPc on the graphene lattice regardless the orientation and
geometry of the moiré pattern. Nonetheless, nanowires grow
along the moiré stripes. Then, the effect of the moiré pattern
on the formation of these nanostructures of ClAIPc molecules
could be understood in terms of the symmetry reduction of
the graphene lattice, due to the incommensurate quasi-1D
moiré patterns formed at the Gr/Rh(110) interface. This sym-
metry reduction could induce changes in the surface charge
distribution, resulting in variations of the local polarizability
across the moiré stripes, which would make favourable the
molecular self-assembly along them. Definitively, the quasi-1D
moiré pattern creates an anisotropy, which seems to favour the
packing of ClAlIPc molecules along the moiré stripes. It
explains why molecular wires of CIAIPc are not found to be
orientated along the other graphene lattice directions, which
is the case of the much shorter CuPc, CoPc, and SnPc chains
formed on graphite.**>°
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Dimers

Fig. 4 Molecular orientation of CIAIPc chains measured at 40 K. (a) Orientation of the axis of CIAIPc molecules with respect to the substrate moiré
pattern. (b and c) STM images revealing the two possible orientational configurations of the molecules when they form dimers: 45°-45° or 45°-75°.
(d and e) STM images showing the mixed orientation of 45° and 75° configurations of the molecules when the length (molecules per chain) is >2. (f-
h) Proposed schematic representation for the observed orientation of the CIAIPc molecules on Gr/Rh(110), based on the preferential alignment of
the molecular axis with the graphene lattice direction. Likewise, it has been assumed that the CIAIPc molecules are adsorbed on the aligned domain
of graphene with respect to the Rh[001] direction (see the main text for further reasoning). Tunnelling parameters: (a) Vs = —1.8 V; I, = 30 pA; 8 x
10 nm?2. (b) Vs = 1.65 V; I, = 80 pA; 11 x 11 nm?. (c) V; = 2.0 V; I, = 70 pA; 8.5 x 8.5 nm?. (d) V, = 2.0 V; I, = 30 pA; 12 x 12 nm?. (e) V, = 2.0 V; |, = 60

pA; 20 x 20 nm?2.

On the other hand, from the side of the molecule-molecule
interaction, it comprises a repulsive term due to the dipole-
dipole interaction between adjacent molecules, due to the Cl-
Al group, and the attractive one, which is the result of the dis-
persive interactions between the n conjugated phthalocyanine
rings. Also, it should be taken into account that both the
dipole moment and the phthalocyanine ring can affect the
surface potential landscape of the Gr/Rh(110) surface, which,
in turn, would influence the molecule-substrate interaction.
To disentangle the effects associated with both contributions
to the net molecule-molecule interaction, and to shed light on
the influence of the possible interactions mediated by the
phthalocyanine ring, the behaviour of CuPc, which does not
have a permanent dipole moment perpendicular to the mole-
cular plane, on the Gr/Rh(110) surface has been studied (see
Fig. 5). The planar and non-polar characters of the molecule
can be deduced from the side view in Fig. 5a. This molecule
was deposited on the surface following similar procedures to

5088 | Nanoscale, 2023, 15, 5083-5091

those for the ClAlIPc (see the Experimental section), except
that, in this case, annealing was unnecessary since it forms
directly monolayers after deposition. As can be observed from
Fig. 5, the formation of isolated wires comprising more than
two molecular units is hardly observed in this case. Moreover,
from the comparison between STM images as shown in Fig. 5
with the ones displayed in Fig. 3 and 4, it seems that the
electrostatic dipole-dipole interaction between CIAIPc mole-
cules prevents, at low coverages, the formation of neighbour
chains along consecutive moiré stripes of the graphene/Rh
(110) surface, which, otherwise, would result in an arrange-
ment following the square lattice. In contrast, it seems that the
attractive term of the molecule-molecule interaction, associ-
ated with dispersive interactions between the n conjugated
phthalocyanine rings, dominates over the repulsive term along
the moiré stripes, which could be induced by the above men-
tioned anisotropy of the graphene layer due to the moiré
pattern. Nonetheless, for chains comprising more than eight

This journal is © The Royal Society of Chemistry 2023
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a)

Fig. 5 CuPc on Gr/Rh(110) measured at 40 K. (a) Molecular structure of
the planar and non-polar CuPc. (b) High resolution STM image of CuPc
molecules on Gr/Rh(110) measured within the blue square indicated in
(c) where the characteristic cross shape of Pc molecules is resolved. In
contrast to CIAIPc molecules, the center of each CuPc molecule does
not display a bright protrusion, which is consistent with the planar
characteristic of CuPc. Additionally, short chains of CuPc molecules,
aligned with the underlying moiré pattern, can be observed. (c and d)
Representative STM images showing the overall sample morphology of
CuPc molecules on Gr/Rh(110), where only a small portion of CuPc
molecules forms 1D molecular chains. This may suggest that the for-
mation of 1D molecular wires is less favoured for CuPc on the Gr/Rh
(110) substrate. Therefore, the dipole moment of CIAIPc molecules
could play a significant role in the structuring of the molecular chains of
this molecule, as discussed in the main text. Tunnelling parameters: (b)
Vi =15V; I, = 0.1nA; 25 x 25 nm% (c) V; = 1.8 V; |, = 20 pA; 100 x
100 nm?. (d) V. = 1.8 V; I, = 20 pA; 100 x 100 nm?.

units, the stress associated with the net repulsive interaction
along the molecular structure seems to become dominant,
given the fact that the fraction of wires exhibiting larger
lengths is tiny (see Fig. 3f).

Conclusions

In summary, the formation of 1D molecular networks made of
ClAIPc molecules on Gr/Rh(110) substrates has been investi-
gated by STM under UHV at 40 K. The experimental results
reveal that RT deposited molecules, without conducting
further annealing, create bilayer structures of CIAIPc with an
alternating Cl-up and Cl-down stacking configuration, like pre-
vious experiments on graphite and graphene. By performing
mild annealing on these samples, the bilayer structure trans-
forms into a monolayer with all the molecules assuming a CI-
up layout. Depending on the surface coverage, the deposited
molecules in the monolayer adopt two possible molecular

This journal is © The Royal Society of Chemistry 2023
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arrangements. In the low coverage regime (<0.20 ML), the
molecules form 1D molecular chains, in which the cohesive
interaction between the molecular units within the chains is
relatively weak and whose lengths can be tuned by the total
amount of CIAIPc on the surface. As unveiled by STM, all the
chains are oriented in the same direction as the underlying
quasi-1D stripe-like moiré pattern of Gr/Rh(110). Moreover,
high-resolution STM images of the molecular axis orientation
with respect to the substrate suggest an influence of the moiré
pattern on the positioning of CIAIPc on the surface, which, in
turn, has a direct consequence on the formation of these mole-
cular chains. In contrast, for coverages close to 1 ML, the
ClAIPc molecules recover the well-known square lattice struc-
ture. The comparison of the behaviour of ClAlPc on Gr/Rh
(110) with that of CuPc shows the respective roles played by
the intermolecular interaction between permanent dipoles,
the dispersive ones between the phthalocyanine rings, as well
as the anisotropy associated with the moiré pattern, in the for-
mation of the 1D molecular structures. It has allowed revealing
the requisites that a certain molecular adsorbate must fulfill to
give rise to equally oriented molecular wires on Gr/Rh(110)
surfaces. That is, for the group of phthalocyanine molecules,
the presence of a permanent dipole moment is a key factor in
the formation of these 1D molecular nanostructures.
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