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ABSTRACT: We report on molecular self-assembly employing a host−guest
architecture to pattern the growth of molecules on graphene model surface.
Under suitable conditions, the 1,3,5-benzenetribenzoic acid (BTB) self-
assembles into an extended honeycomb mesh on graphene on Ir(111), with
the molecules in the network being stabilized by linear hydrogen bonds
between the carboxylic groups. The nanopores of the mesh are used to host
and govern the assembly of cobalt phthalocyanine (CoPC) guest molecules.
We characterize the assembled structures structurally and electronically using
low-temperature scanning tunneling microscopy (STM) and density functional
theory (DFT) calculations. At a coverage higher than one CoPc per pore, the
flexible hydrogen bonds of the host network undergo stretching to accommodate two CoPCs in a single pore. When the pores
are uniformly doubly occupied, the guest molecules arrange into a herringbone pattern. This minimizes the energy cost
associated with the stretching and twisting of the hydrogen bonds between the BTB molecules. The phenomenon observed here
can be used to tailor molecular assemblies on graphene to controllably modify its properties. In addition, it allows the formation
of guest monomers and dimers stabilized mechanically on the surface of graphene, an archetypical weakly interacting substrate.

■ INTRODUCTION

Molecular self-assembly has been typically studied on metallic
substrates and graphite, where the focus has been on
understanding the basics of the assembly process on surfaces
and to investigate in detail the structural properties of the
formed assemblies.1,2 Studies on graphene are much less
advanced, and the work on controlled modification of its
surface properties by molecular self-assembly is just starting.3−5

It is expected that there are strong differences between
molecular networks on graphene and metallic bulk substrates
due to the weak, mostly van der Waals, molecule−substrate
interactions on graphene.6 However, the bulk material
supporting graphene has a strong effect on its surface
properties. The lattice mismatch between graphene and the
substrate results in a periodic variation of the surface
topography and electronic properties called the moire ́
pattern.7,8 If graphene interacts strongly with the underlying
substrate, as in the case of epitaxial graphene grown on
ruthenium or rhodium crystals, the moire ́ is strongly
corrugated. The local work function of the surface can also
vary significantly within the moire ́ unit cell, which together with
the topographic corrugation has a pronounced effect on the
ordering of any molecular overlayer. On the other hand, when
graphene is grown on silicon carbide, iridium, or platinum, the
graphene−substrate interaction is much weaker and the
corrugation and work-function difference across the periodic
superstructure are also small. Thus, weakly coupled graphene
e.g., G/SiC, G/Ir, is quite similar to free-standing graphene and

a very clean model system to study self-assembly on weakly
interacting substrates.9

In addition to forming an excellent model system to study
molecular self-assembly, it has been argued that surface
modification is an essential point in realizing the application
potential of graphene and other 2D materials.10−12 2D
materials consist only of surface atoms, and hence, it should
be possible to strongly modify their properties by using
adsorbed molecular layers. For example, adsorption of
molecules can be used for charge doping depending on the
relative alignment of the molecular orbitals and the graphene
Fermi level.13−15 In addition, it has been suggested that external
periodic potential setup by a molecular layer could be used to
tune the graphene band structure16,17 in analogy with the
effects due to the moire ́ pattern observed on graphene on h-BN
devices.18,19 On the other hand, sensor applications require
tuning the graphene surface chemistry to boost selectivity and
sensitivity,20,21 and similar considerations also extend to
catalysis on the graphene surface.22

On the simplest level, the molecular assembly on graphene is
formed by close packing of molecules without intermolecular
bonds, and the assembly is held together by weak van der Waals
interactions. In more strongly interacting assemblies, one can
utilize hydrogen, metal-coordination, or covalent bonds that

Received: February 17, 2016
Revised: April 5, 2016
Published: April 7, 2016

Article

pubs.acs.org/JPCC

© 2016 American Chemical Society 8772 DOI: 10.1021/acs.jpcc.6b01638
J. Phys. Chem. C 2016, 120, 8772−8780

pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.6b01638


induce much stronger and directional interactions between the
adsorbates.23,24 Especially, hydrogen-bonded supramolecular
assemblies based on a single (e.g., organic molecules with
terminal carboxylic groups25) or multiple molecular compo-
nents (e.g., PTCDI−melamine on metal26 or epitaxial
graphene27) offer an easy and predictable way to obtain two-
dimensional nanoporous networks with hexagonal symmetry
on a variety of surfaces. In this respect, single-step homomeric
assemblies with the 3-fold symmetric tricarboxylic acids,
trimesic acid (TMA), and benzene−tribenzoic acid (BTB)
have been studied in detail on metal and graphite. Depending
on the deposition conditions, both TMA and BTB have been
observed to assemble into honeycomb networks with a period
of ∼1.7 nm28−32 and ∼3.2 nm,33−37 respectively. Other phases,
both porous and compact, have also been observed in
conjunction with the honeycomb structure. So far, on graphene,
only assembly of TMA at the solid−liquid interface has been
studied. The obtained results were contrastingwhile TMA
was seen to assemble into a close-packed lattice on exfoliated
graphene,38 it was observed to form hexagonal porous network
on graphene on copper foil.39

On a level of increased complexity, porous molecular
networks can be used as templates for patterning the deposition
of subsequent layers.26,40−42 This would allow building up of
multicomponent, hierarchical structures on surfaces. In
particular, using periodic nanoporous arrays is an attractive
way of templating molecular assembly on graphene with the
intermolecular spacing and lattice symmetry of the guest
molecules being tuned by the host network. In this work, we
present low-temperature scanning tunneling microscopy
(STM) and spectroscopy (STS) experiments complemented
by density-functional theory (DFT) calculations on hydrogen-
bonded honeycomb networks of 1,3,5-tris(4-carboxyphenyl)-
benzene (BTB) with excellent long-range order on a graphene
model system (epitaxial graphene on Ir(111), G/Ir(111)). In
addition, we use these networks to pattern the assembly of
cobalt phthalocyanine (CoPC) molecules. Hydrogen-bonded
porous networks have been previously shown to host various
metal phthalocyanine (MPC) molecules.43 In these examples,
the hydrogen-bonded network consisted of large and flexible
molecular building units.41,44 It was shown that depending on
the ratio of the guest and the host molecules, the network could
host MPC monomers or dimers by changing the network
structure and adjusting the pore size. This flexibility was
attributed to the distortion of the long alkyl chains and
switching the position of the hydrogen bond.45,46 In the present
work, we demonstrate how slight deformations of the soft,
hydrogen-bonded template can accommodate two guest
molecules at higher loading of CoPC. Furthermore, the
deformations of neighboring pores are correlated, which results
in a formation of a herringbone pattern of the guest molecules.
Using a simple toy model, this can be understood as arising
from the minimization of the elastic energy stored in the
hydrogen bonds of the template. This novel effect on soft
templates on weakly interacting substrates is expected to be
general, and it can be used to construct assembled structures
that break the template symmetry.

■ METHODS
Experiments. All experiments were performed in ultrahigh

vacuum (UHV) conditions with a base pressure of 1 × 10−10

mbar. The Ir(111) crystal was cleaned by repeated cycles of 2
kV Ne+ sputtering, annealing in 5 × 10−7 mbar of oxygen at

1200 K, and flashing to 1600 K. Thereafter, graphene was
grown on the Ir substrate by a combination of temperature-
programmed growth (TPG) and chemical vapor deposition
(CVD).47 Initially, the substrate was exposed to 1 × 10−6 mbar
of ethene (C2H2) for 30 s at room temperature and heated to
1600 K. Subsequently, with the temperature held at 1600 K, the
substrate was exposed to 1 × 10−7 mbar of C2H2 for a further
30 s, after which the temperature was slowly brought down to
room temperature. All molecules, viz. BTB, TMA, and CoPC,
were bought from Sigma-Aldrich and used as is. BTB was
evaporated onto the G/Ir sample kept at room temperature
from a home-built thermal evaporator kept at a temperature of
500 K. The sample was subsequently annealed for an hour
each, at 340 and 373 K. Well-ordered BTB network was
observed only after the second annealing step. TMA was
deposited at 415 K onto the G/Ir sample kept at room
temperature; the sample was subsequently heated at 373 K for
an hour. Evaporation of CoPC was done at 653 K from a
Knudsen cell. Prior to CoPC deposition, a BTB/G/Ir sample
was annealed at 373 K for an hour to get extended BTB
network. Deposition of CoPC was done with the sample being
held at room temperature; no further annealing was done to the
sample after the deposition.
The STM experiments were done with a Createc LT-STM at

T = 5 K. All images were taken with a cut Pt−Ir tip in the
constant current mode. The spectra were taken with standard
lock-in technique employing a SRS 830 lock-in amplifier with a
small sinusoidal voltage of 50 mV peak-to-peak amplitude at
484.4 Hz. Some of the dI/dV spectra were taken in the
constant current mode. The lock-in frequency is much higher
than the bandwidth of the feedback circuit; i.e., the feedback
should not respond to the small ac bias modulation. The STM
images were processed with Gwyddion.48

Computations. All first-principles calculations in this work
were performed using the periodic plane-wave basis VASP
code49,50 implementing the spin-polarized DFT. To accurately
include van der Waals interactions in this system, we used the
optB86P functional.51,52 Projected augmented wave (PAW)
potentials were used to describe the core electrons.53 A kinetic
energy cutoff of 450 eV (with PREC = accurate) was found to
converge the total energy of all the systems to within 10 meV.
All STM simulations were done using the basic Tersoff−
Hamann approach.54 The properties of bulk graphite and
graphene, and available molecular information, were carefully
checked within this methodology, and excellent agreement was
achieved with experiments. Systematic k-point convergence was
checked for all systems, and all atomic forces were relaxed until
less than 0.02 eV/Å. For calculations of the full BTB molecular
layer on graphene (in simulations the metallic substrate was
ignored for simplicity), first the geometry of a pair of relaxed
molecules, H-bonded together on the surface, were used to
construct a unit cell. To match this with the underlying
graphene unit cell, the graphene lattice constant was expanded
by about 6%. To check that this made no significant differences
to the interaction with BTB molecules, we compared
adsorption energies for both the ideal and expanded graphene
layer, and the difference was about 0.1 eV (less than 4% error).
The distorted pore system was modeled by gradually increasing
the lattice constant in one dimension (and correspondingly
reducing it in the orthogonal direction) until it matched the
average experimental distortion (about 5%).
In order to simulate the distortion pattern of the hexagonal

BTB lattice in the presence of CoPC, we built a simple toy
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model of the system. All molecules are represented by two-
dimensional rigid bodies, able to move in the simulation plane,
and rotate around the plane normal. The mass of BTB is
located on three circles, placed in the triangular pattern
corresponding to the phenyl-COOH arms of the molecule.
Similarly, CoPC is modeled as a single circular body, covering
the whole area of the molecule. The scheme is shown in Figure
S6 of the Supporting Information, where the circles are rigid
colliders, preventing their mutual overlap. Additionally,
neighboring BTB in the hexagonal lattice are connected by
two harmonic springs that mimic the H-bonds between their
−COOH terminations, which enforce both the correct
positioning and alignment of BTB. The potential energy of
the system is given by the total elastic energy stored in the
bonding springs. A Langevin thermostat was applied to all rigid
bodies, enabling temperature control. Since the mass, size, and
interactions between molecules are somewhat arbitrary, this
model will not accurately reproduce the dynamics of the system
in general. However, in the regime of small distortions and low
temperature, where the harmonic approximation is valid, the
stretching modes of the BTB lattice should be described
correctly. The simulations were performed with Unity 5
(http://unity3d.com) which implements rigid body dynamics
integration and collision solver algorithms. The model’s source
code is freely available (https://github.com/fullmetalfelix/
Simpleton) and simulated interactively in most Web browsers
(http://fullmetalfelix.github.io/Simpleton).

■ RESULTS AND DISCUSSION

An overview of the self-assembled structure formed after
deposition of 0.2 ML BTB on the G/Ir(111) substrate and
heating the sample to 373 K for 1 h is shown in Figure 1a. The
molecules assemble into an extended honeycomb network with
a pore size of ∼2.5 nm, a pore-to-pore distance of ∼3.2 nm, and
a molecular packing density of 0.18 molecule/nm2. These

observations are close to the literature reports on the self-
assembly of BTB into a chicken-wire structure, either by UHV
deposition on Ag(111)33 or at solid−liquid interface on
graphite.34−37 Under the growth condition, the network
covered major portions of the G/Ir(111) surface with large
domains extending for hundreds of nanometers (Figure 1a).
These domains extend seamlessly over step edges of the
underlying iridium single crystal and wrinkles on the epitaxial
graphene surface (Figure S1). In some cases, two or more
domains of the hexagonal network, either laterally displaced or
rotated with respect to each other, are observed on the same
G/Ir(111) terrace (Figure 1b). The different BTB domains on
the same terrace (i.e., with a single graphene orientation) have a
broad distribution of different angles (a histogram of the
analysis is given in Figure S2). This is in contrast to the strongly
preferred orientation of hexagonal networks on G/SiC.27,55

Hence, lack of a single preferred orientation in the present
study would suggest the lack of strongly preferred angles
between the BTB network and the underlying graphene lattice.
The lack of alignment between the assembled molecular
overlayer and weakly interacting graphene has been noted in
some other studies56,57 and is suggestive of an assembly
dictated by molecule−molecule, rather than molecule−
substrate, interactions.6

The structure of the assembled network as well as the
constituent BTB molecules can be seen more clearly in the
zoomed-in STM image shown in Figure 1c. The 3-fold
symmetric BTB molecules appear as symmetric triangular
spots at the vertices of the porethe shape and size match
those of the molecule lying flat on a surface. Each pore is
surrounded by six such flat-lying molecules, with each molecule
being shared by three adjacent rings. This assignment is
strongly supported by the DFT calculations, showing very good
agreement between simulated (given in Figure 1d) and
experimental images. The calculations predict that the

Figure 1. BTB self-assembly on epitaxial graphene on Ir(111). (a) Large-scale STM image of the BTB network. Inset shows the structure of BTB.
Set-point parameters 1.59 V/5.7 pA. Scale bar 25 nm. (b) Misaligned and misoriented domains of the BTB hexagonal network on the same G/
Ir(111) terrace. The lines indicate the “zigzag” direction of the BTB domains. Set-point parameters 1.68 V/8.1 pA. Scale bar 10 nm. (c) Zoomed-in
STM image of an edge of a BTB network demonstrating that the BTB network is not aligned along a high-symmetry direction of the graphene moire ́
pattern (moire ́ unit cell indicated by the blue parallelogram). Set-point parameters −1.45 V/20 pA. Scale bar 5 nm. (d) Simulated constant-current
STM image of the network at a bias of −1.5 V (see Methods section for the computational details). (e) Atomistic model of BTB network on
graphene predicted in the simulations.
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molecules in the network are not completely flat on the
graphene substrate, with the phenyl groups rotated by angles in
the range of about 3°−10°. The assembly of the network is
facilitated by the formation of two symmetric hydrogen bonds
(O−H···O) between the terminal carboxylic groups of adjacent
molecules. In this way, all three carboxylic groups of an
individual molecule participate in the energetically favorable
linear hydrogen bonding, explaining the excellent stability of
the network. In fact, according to the DFT calculations, two
molecules on graphene have a binding energy gain upon
forming the hydrogen bonds of 1.4 eV (per pair of symmetric
hydrogen bonds), and this reduces slightly to 1.3 eV in the
more constrained network. The arrangement of stabilization by
hydrogen bonds is further illustrated by the atomistic model of
the BTB network on graphene shown in Figure 1e.
While the simulation considers BTB assembly on a flat

graphene layer, the experiments have been carried out on
epitaxial G/Ir(111), which exhibits a well-known moire ́ pattern
due to the lattice mismatch between graphene and the Ir(111)
substrate.58,59 The contrast in Figure 1c has been enhanced to
show the hexagonal superstructure formed by graphene on
Ir(111) (moire ́ unit cell indicated), in the left side of the image.
With a periodicity of ∼2.5 nm, closely matching the pore size of
the overlaying BTB network, the moire ́ pattern might guide the
BTB assembly process. However, our observations indicate that
the BTB assembly is not affected by the moire ́ pattern. As seen
in Figure 1c, the symmetry axes of the BTB network and the
graphene moire ́ are not aligned. Furthermore, the angles
between the neighboring BTB domains on the same G/Ir(111)
terrace (i.e., uniform moire ́ pattern) have a broad distribution
(Figure S2). These complementary observations indicate the
lack of a single preferred orientation between the BTB network
and the moire.́ Additionally, we do not observe the signatures
of molecular assembly strongly influenced by graphene moire,́
viz., preferential adsorption at valley sites60,61 and preferred
angle of adsorption.62 It is worth noting that these observations
were made on epitaxial graphene on ruthenium or rhodium
where the graphene moire ́ is highly corrugated (corrugation
amplitude >1 Å), and the local work function of the surface
varies strongly over the moire ́ unit cell.7 Graphene on iridium is
weakly corrugated (<0.5 Å), and the moire ́ is in general not
expected to guide the assembly.
We observe two different typical grain boundaries between

domains of the hexagonal network. The domains which are
rotated with respect to each other resolve through the
formation of pentamer−heptamer cavities (Figure 2a). The
structures closely resemble those predicted and observed for
graphene grain boundaries63,64 and in TMA molecular
networks on Au(111).31 Conversely, the domain boundary
structure shown in Figure 2b forms between laterally displaced
hexagonal domains, in a fashion similar to that reported for self-
assembly of TMA on Au(111) in UHV.31 In some regions a
continuous domain of the hexagonal network is found to have a
series of misaligned rows with embedded topological defects
(Figure S2)some of these defects are identical to dislocations
discussed in relation to topological defects in polycrystalline
graphene.63 The realignment of the rows again indicates the
highly flexible nature of the network.
By controlling the BTB coverage and by annealing the

sample, we can exclusively form the honeycomb phase of the
BTB assembly. Increasing the coverage or lower annealing
temperature results in other structures, as illustrated in Figure
2c−e. On room temperature deposition of 0.2 ML of BTB the

hexagonal network is often found to be interspaced with close-
packed islands (Figure 2c). Closer inspection reveals that these
islands are characterized by a BTB dimer motif consisting of
two tightly packed molecules, as indicated in the inset of Figure
2c. While mostly randomly oriented, sometimes these dimers
are seen to organize in a 1D ribbon structure (indicated near
the top-right corner of Figure 2c) with a periodicity of ∼1.6 nm
along a row; the inter-row distance is ∼2.2 nm. The structure
obtained after deposition of 0.1 ML of BTB on the substrate
kept at room temperature (Figure 2d), although dominated by
small domains of the honeycomb network, is frequently
interrupted by pentamer−heptamer and dislocation cavities
and close-packed islands. Point defects in the form of missing
BTB molecules in the network or extra molecules in the pores
of the network are also observed regularly. Annealing the
sample at 340 K for an hour improves the long-range order of
the assembly with a marked increase in the domain size of the
hexagonal network, along with a reduction in the number of
point defects and amount of other phases. Occasionally, we also
observe another phase of growth, the flower structure, with a
similar hexagonal pore size, but increased pore-to-pore distance
of ∼5 nm. An isolated island of the flower structure is shown in
Figure 2e. Finally, annealing the sample at 373 K for an hour
leads to the exclusive formation of extended domains of the
hexagonal porous network as shown in Figure 1a. These
observations are in stark contrast to those reported for the
effect of annealing on the assembly of BTB on Ag(111).33

Figure 2. (a) Typical boundary structures between misaligned
domains. Set-point parameters 1.84 V/20 pA. Scale bar 5 nm. (b)
Domain wall structure between domains with the same orientation.
Set-point parameters 1.64 V/15 pA. Scale bar 5 nm. Images in panels a
and b are taken from a sample annealed at 373 K. (c) Close-packed
phase in BTB assembly before annealing. The inset shows the
constituting BTB dimer motif while a close-packed ribbon phase is
indicated near the top-right corner. Set-point parameters 1.68 V/8.1
pA. Scale bar 10 nm. (d) Large scale image of BTB assembly at lower
coverage without annealing. Set-point parameters 1.73 V/9.9 pA. Scale
bar 15 nm. (e) Example of a BTB flower structure obtained after
annealing a sample with low BTB coverage at 340 K. Set-point
parameters 1.78 V/13 pA. Scale bar 10 nm.
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There, heating was seen to drive the assembly from the open
chicken-wire phase to a denser porous phase to a closely packed
compact phase. It is worth noting that the last two phases were
associated with deprotonation of the BTB molecule on the
metallic surface, resulting in increased molecule−substrate
interaction. On graphene, the molecule−molecule interactions
dominate, and heating only makes the molecules more mobile.
This facilitates the assembly of the more porous hexagonal
network which maximizes the energetically favorable linear H-
bonds in the assembly. Two phases commonly found in
previous studies of assembly of BTBthe porous oblique
phase34,36 and the compact phase33,36were not seen in the
present study.
One of the appealing aspects of molecular networks is their

tunability. We demonstrate this by repeating the network
formation with TMA molecules. They have the same binding
motif as BTB but result in a network with a shorter period
(shown in Figure S3). While we can grow honeycomb domains
with ∼100 nm size, we were not able to achieve similar
uniformity compared with BTB networks; multiple phases of
growth are observed even after an annealing step. Therefore, we
focus on the honeycomb BTB network to host suitable guest
molecules. The well-studied π-conjugated molecule CoPC,
which assembles into a compact square lattice on UHV
deposition onto G/Ir(111),65,66 is chosen for this purpose.

Figure 3a shows the result of deposition of 0.1 ML of CoPC
on the G/Ir(111) substrate with the BTB network. The
deposition was done with the sample at room temperature.
Prior to the deposition of CoPC, the BTB/G/Ir sample was
annealed at 373 K for an hour to form the extended
honeycomb networks. Notably, for all coverages of CoPC
discussed here, no annealing was done after deposition of the
molecules. In the image, the CoPC molecules are seen as bright
protrusions, either occupying the cavities of the BTB network
in a random fashion or assembling at the edge of the network in
a square lattice. Significantly no molecules are observed on top
of the BTB molecules or even in the smaller cavities formed
between the laterally displaced domains of BTB hexagonal
network. The CoPC−graphene interaction is dominated by van
der Waals interactions; i.e., the molecule is physisorbed on
graphene. On the basis of orbital imaging and DFT calculations
(see below), we do not expect strong interactions (e.g., due to
hybridization) between the CoPC and graphene.
The CoPC molecules lie flat on the surface and do not

occupy the center of the pore as can be seen in the smaller scale
image given in Figure 3b. In fact, the lobes of the guest CoPC
molecule display a marked preference for the H-bonding site
between two BTB molecules, with two adjacent lobes of a
CoPC molecule lying close to two adjacent H-bonding sites of
the BTB network. Simulations show that there is an increase in
adsorption energy of about 0.2 eV when CoPC is at the edge of

Figure 3. (a) Overview image of CoPC molecules in BTB network. Imaging parameters 1.49 V/3.6 pA. Scale bar 25 nm. (b) Zoomed-in image in
the low CoPC coverage regime. Set-point parameters 1.49 V/3.1 pA. Scale bar 10 nm. (c) STM image at high CoPC coverage; the red lines highlight
the arms of the herringbone pattern formed by CoPCs in the BTB network. Set-point 1.41 V/7.1 pA. Scale bar 15 nm. Deposition of CoPC was
done with the BTB/G/Ir sample at room temperature; no further tempering was performed. (d) Atomistic model showing preference of CoPC
molecules for the H-bonding site in BTB pore under single occupancy. (e) Atomistic model of 2 CoPCs in elongated BTB pores.
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the pore, binding close to the COOH groups (see Figure 3d).
Within this restriction, however, the guest molecules are seen to
be arranged randomly across all six possible adsorption sites in
a pore. Even in this low molecular coverage regime, occasional
pores are seen to have two CoPC molecules in them. The guest
molecules are observed to align themselves along the diagonal
of the pore. In all cases the isolated CoPC molecules could be
imaged with easethis implies that the CoPC molecules are
stabilized by the network, preventing them from being
manipulated by the STM tip while scanning.42,67

The observation of two molecules in a single pore is
surprising as the pore diameter is slightly too small to
accommodate two CoPC molecules. However, due to the
flexibility of the BTB network, CoPC dimer adsorption is
associated with a slight elongation of the pore along the
diagonal. This is mirrored by the DFT calculations: they predict
that it is unfavorable to adsorb two molecules in an undistorted
pore (adsorption energy of 3.0 eV per molecule in a pair
compared to 3.5 eV for a single molecule). However, the pores
are soft, and elongating them slightly is not energetically too
unfavorable. Reproducing the slight elongation of the pore seen
in experiments, the difference in the adsorption energies per
CoPC molecule in a singly or double occupied BTB pore
reduces to less than 0.1 eV and both configurations are
probable.
Further deposition of CoPC on the same substrate again

leads to a random distribution of the guest molecules in the
pores of the host network. The numbers of empty pores and
pores with one or two CoPC are consistent with random filling
of the pores with CoPC (Figure S4). No more than two CoPC
molecules are seen in the pores. Finally, after the deposition of
about 0.8 ML of CoPC the pores are mostly doubly occupied,
as can be seen in Figure 3c. Closer inspection of the image
reveals a periodic arrangement of the guest molecules. As
indicated in the figure, they form a herringbone arrangement
with each arm of the pattern consisting of two CoPC molecules
in a pore. The angle between the arms is slightly less than 90°,
while the perpendicular distance between a parallel pair of
molecules is ∼3.2 nm. The elongation direction of the pores
can be visualized in the occasional vacant pores. Some of the
vacant pores are more elongated than the others, indicating a
relaxation of the network at these sites. Notably, although
elongated, the network does not suffer from a complete
distortion due to incorporation of the guest molecules, as
reported in host structures stabilized by van der Waals
forces41,68the stronger hydrogen bonds between the BTB
molecules accommodate the stretching without being broken.
Capturing the herringbone pattern in a DFT calculation

would require using a much larger simulation cell, which
renders this approach impractical. Instead, we have constructed
a very simple model of the flexible network. The molecules are
simulated by two-dimensional rigid bodies (no overlap
allowed) with translational and rotational degrees of freedom
on the simulation plane. The H-bonds between neighboring
BTB molecules are simulated by two harmonic springs, and the
energy of the system is calculated as the sum of the elastic
potential energy of these springs. Further details can be found
in the Methods section and the Supporting Information. Using
this classical toy model of the BTB hexagonal lattice, we can
easily estimate the energy of a large network stretched by
CoPC molecules. We start by considering a small subset of
pores and carefully place two CoPC inside each one, so that the
pores are stretched along the same axis (Figure 4a). The

resulting lattice stretching energy is about 9.7 au (arbitrary
units), and the structure appears to be stable. However, upon
annealing it undergoes a phase transition, and the herringbone
pattern appears (Figure 4b). After cooling the system, the
energy is lowered to about 8.4 au, indicating that the new
structure is preferred. This simple calculation demonstrates that
the herringbone pattern formation can be driven by the
reduction of the elastic energy of the BTB network. The
herringbone pattern minimizes the energy cost associated with
stretching and twisting the hydrogen bonds between the BTB
molecules.
Having investigated the structure of the BTB network and its

application as a template for deposition of CoPC, we probe the
electronic properties of the network and its electronic effects on
the guest molecules using STM and STS. The spectra obtained
on different regions of the empty BTB network on G/Ir(111)
are shown in Figure 5a. These spectra are taken at a constant
current (i.e., the bias is changed while keeping the tunneling
current constant) to maximize the dI/dV signal while limiting
the current to maintain stable tip−BTB−substrate junction.
The spectrum obtained on graphene in the pore is found to be
similar to bare graphene and is featureless. The one obtained at
the center of the BTB molecule show two peaks at 2.1 and 2.8
V and can be interpreted as resonances originating from the
lowest unoccupied molecular orbital (LUMO) and the LUMO
+1, respectively. The highest occupied molecular orbital
(HOMO) of the molecule, corresponding to a peak in the
spectra at negative bias, is not observed at biases down to −3 V.
DFT calculations predict energies of −2.0, 1.2, and 1.8 V for
HOMO, LUMO, and LUMO+1, respectively (Figure S5). This
difference between the observed and simulated orbital energies
stems from the fact that measured values correspond to
temporary charging of the molecule. That is, the peaks in the
experimental dI/dV spectra correspond to the positive and
negative ion resonances, and the energies differ from the
calculated single-particle energy levels by the charging
energy.69,70

The spatial dependence of the molecular orbitals can be
probed by recording the spatially resolved dI/dV signal at the
aforementioned voltages. These maps in the constant-height
mode are shown in Figure 5b. The in-gap map at 1.2 V is akin
to the topographical image, and contrast over the molecule
corresponds to the modification of the tunneling barrier height
due to the molecules. In the map taken at energy corresponding
to the LUMO (2.1 V), the contrast is localized around the
benzene rings, and the backbone is visible as darker region in
between. The contrast gets further accentuated in the map at
LUMO+1 (2.8 V). In all three maps, no special features are

Figure 4. (a) Toy-model starting configuration, with seven doubly
occupied pores aligned along the vertical direction, and (b) the one
obtained after annealing and cooling.
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seen on the graphene region enclosed by the pores. These maps
are reasonably well-reproduced by the DFT results (Figure S5)
with no features in the graphene region.
Trapping a CoPC molecule in the pore of a BTB network is

a convenient means of doing spectroscopy on a single molecule,
as room-temperature deposition on G/Ir(111) usually results in
close-packed assemblies. In addition, it serves to mechanically
stabilize the molecules, in contrast to individual molecules on
graphene that require exceedingly small set-point currents to be
used for stable imaging and spectroscopy. The spectra taken
(with the feedback loop open) on a CoPC molecule trapped in
a pore, seen in Figure 5c, bear remarkable similarity to those
obtained on molecules on bare graphene and h-BN.66,71,72

Spectra on the central metal core show peak corresponding to
LUMO and LUMO+1 at 0.94 and 1.68 V, respectively, whereas
those on the organic lobes show peaks corresponding to
HOMO−1, HOMO, and LUMO+1 at −1.93, −0.87, and 1.69
V, respectively. The positions of the peaks show some variation
across the network. The variation has a similar magnitude as in
close-packed CoPC on G/Ir(111).66 Therefore, we conclude
that the variation is due to a slight gating of the resonances due
to adsorption at different sites of the moire ́ and not due to the
presence of the BTB network. Importantly, no major variation
in either the position or the line width of the peaks is observed
for CoPC molecules lying at different orientation in the pores
or in those in doubly occupied pores. Constant-height dI/dV
maps of a CoPC molecule in a pore at voltages corresponding
to the resonances are shown in Figure 5d. They are similar to
the shape of an isolated CoPC molecule on h-BN.72 The
spectra and the maps prove that the network does not affect the
electronic properties of the guest molecule and only serve to
stabilize them mechanically.

■ CONCLUSIONS
In summary, we have demonstrated large-scale, high-quality
honeycomb networks of BTB on a graphene model surface.
The networks can be used as soft, flexible templates to pattern
the adsorption of guest molecules. In addition to potential
applications in templating, e.g., dopant molecules in graphene
devices or spatially arranging catalytically active molecules on
graphene, the networks can be used to isolate individual
molecules on “slippy” surfaces, which is important for a range

of high-resolution spectroscopic studies of molecule−graphene
interactions.
Deposition of more than one CoPC molecule per pore

causes a reorganization of the template to minimize the elastic
energy stored in the hydrogen bonds of the BTB network. This
causes the guest CoPC dimers to form a herringbone pattern,
showing how the template symmetry can be broken in these
soft, flexible templates to accommodate the guest molecules.
This phenomenon is expected to be general and to occur on
flexible networks on weakly interacting substrates. In addition
to the general interest in formation of host−guest networks
with a controlled packing and symmetry, the adsorption of two
molecules per pore could be used to build controlled
heterodimers on graphene. This would allow the study
intermolecular interactions in dimers on graphene, including
for example charge transfer and magnetic interactions.
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