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Abstract

The properties of 2D supramolecular self-assemblies on surfaces depend on the fine
balance between molecule-substrate and molecule-molecule interactions. In this ar-
ticle, we study the growth of 1,3,5-tri(4’-bromophenyl)benzene (TBB) monolayer on
graphene epitaxially grown on Ir(111) by means of low temperature scanning tun-

neling microscopy and spectroscopy (LT-STM/STS) combined with a fully atomistic
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description of the molecules in interaction with the Gr/Ir(111) substrate, using density
functional theory (DFT). In order to figure out the impact of the underlying metal-
lic layer upon the self-assembling behavior of the molecules and their properties, we
compare our results with those theoretically obtained on pristine graphene or experi-
mentally achieved on HOPG. We demonstrated that the use of the Ir layer allows the
formation of large extended, continuous and two-dimensional supramolecular networks
laying even over Ir step edges like a carpet. In addition, we highlighted the obtention
of two structural polymorphs never observed on HOPG. In the light of DFT simula-
tions, we assumed that the formation of these polymorphs is driven by the balance
between molecule-molecule interactions, due to Halogen bonds (XB), and the tailored

molecule-surface interactions due to the presence of Ir layer.

Introduction

Molecular self-assembly is the spontaneous association of molecules into structurally stable
well-defined aggregates joined by noncovalent interactions. This key concept allows for the
engineering of molecular architectures with novel or targeted optical, electrical and magnetic
properties. In supramolecular assembly, molecular building blocks are interconnected to

each other by virtue of directional intermolecular interactions such as halogen bonding,!
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hydrogen bonding,?? dipolar coupling,*® metal coordination,’® van der Waals forces
or 7-m interactions.'? Nevertheless, on a surface, the resulting molecular geometry does
not depend only on intermolecular interactions but on a subtle balance between molecule-
molecule and molecule-substrate interactions. Therefore, opting for the right combination
composed of a molecular building unit and a substrate would lead to the desired functional
nanomaterial. Moreover, tunability could be obtained by the subtle modifications of the
substrate properties.

In this framework, epitaxial graphene on metal (Gr/M) has emerged as an appealing sup-
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port for molecular self-assembly.'® First, the presence of a moiré nanopattern originating

from a lattice mismatch between the metal and the carbon layer leads to an interesting ad-



sorption energy landscape that can be exploited to grow novel molecular architectures such
as nanoporous*® or Kagomé networks!? that could not be achieved using HOPG?2%2! or other
substrates. In addition, the coupling between Gr and the metal is an extra parameter to
play with in order to modify the molecule-substrate interaction and therefore to obtain vari-
ous and original molecular arrangements. For example, the growth of iron-phthlocyanine on
Gr/Ru for which the carbon-metal interaction is strong leads to a Kagomé lattice whereas
same molecules form densely packed 2D islands on Gr/Pt for which the coupling is weak.??

Moreover, the advantage of using Gr/M substrates relies on the fact that even more
complex Gr/X/M interfaces can be built for fine adsorption tuning by means of controlled
intercalation of a foreign species X (atoms or molecules) between the graphene layer and the
metallic support.?3° Once again, the primary objective behind this interface engineering is
to finely tune the electronic properties of the topmost graphene layer in order to have control
on the resulting molecule-substrate interaction. In this vein, the possibility to manipulate
molecular adsorption at the nanometer scale and to tailor molecular self-assembly using in-

d 31,32

tercalation has been recently demonstrate Finally, the growth of epitaxial graphene

is carpet-like such that the carbon layer continuously covers the metallic step edges.?2?:33:34
Hence, unlike any other substrate, one could expect to avoid the disruption of the molecu-
lar network and therefore, obtain low-defect interface for graphene-based organic electronic
devices with high performances.

Although HOPG has been widely used for molecular self-assembly, there is no straight-
forward way to deduce from these existing studies the self-assembly behavior on Gr/M since
the interaction of graphene with the underlying layers (carbon in the case of HOPG and
metal in the case of Gr/M) plays an important role in the number and nature of phases even
in the case of weakly coupled Gr/M interfaces.?? 2235 Therefore, in order to understand how
molecular properties can be affected by the substrate, it is crucial to determine the impact

of the underlying metal layer below graphene on the self-assembly.

Here, we investigate by means of LT-STM/STS and DFT the structural and electronic



properties of self-assembly of 1,3,5-tri(4’-bromophenyl)benzene (TBB) molecules on Gr/Ir(111).
The particular choice of this molecule is motivated by the fact that it can form self-assembly
driven by halogen- - - halogen bonding on various substrates.3¢3® Moreover, halogen bonded
molecular self-assembly on Gr/M substrates are lacking. As this molecule has been previ-
ously investigated on semi-conducting,® metallic3"4°4% or graphite (HOPG) substrates,37
a direct comparison with our results allows us to elucidate the role of the Gr/Ir interface
in the assembly process. In this work, we demonstrate by LT-STM, the formation of a
supramolecular carpet of high structural quality on Gr/Ir. In addition, the coexistence of
two polymorphs is observed. We show that the two phases are composed of TBB dimers
stabilized by Br---Br and Br---H bonds. The two polymorphs have been determined to be
different than the single one previously obtained on HOPG3" revealing the crucial role of
the layer lying under the topmost graphene sheet. DFT demonstrates that the Ir has only
little influence on the adsorption geometry of the molecule. However, LT-STS and simulated
PDOS reveal that Ir acts on the energies of the HOMO and LUMO states of the adsorbed
molecule via charge transfer with graphene. Finally, the comparison of our results with
previous works shows that the use of Gr/Ir(111) results in original packings with unique

electronic properties.

Results and discussion

System

The substrate is made of one single monolayer of graphene epitaxially grown on Ir(111) and
prepared as described elsewhere.?® At the sample scale (about one square centimeter), low-
energy electron diffraction (LEED) patterns (not shown here) reveal a long-range ordered
and single-domain graphene overlayer. A moiré superstructure resulting from a mismatch
between graphene and Ir(111) lattices is also observed both with LEED and scanning tun-

neling microscopy (STM) (Fig. 1(a)) with a superperiodicity of about 2.5 nm corresponding



to approximately 10 times of the lattice constant of graphene and 9 times that of Ir(111).
This is in good agreement with earlier works.'® As shown in Fig.1(b), this graphene cor-
rugation is responsible for the creation of three regions for possible preferential molecular
adsorption: FCC-, HCP-and ATOP-type. They are named for whether the center of the
carbon hexagons sites above an Ir fce-, hep-hollow or atop site (up triangle, down triangle
and circles circumscribe these regions in Fig. 1(b)). Fig. 1(c) displays a high-resolution
STM topograph showing the graphene overlayer that spreads across an Ir step without visi-
ble defect at the atomic scale. This carpet-like growth has already been described by Coraux
et al.?® As we will show later on, this particular structural property is a key feature to obtain
low defect density 2D self-assembled molecular networks (SAMNSs). Indeed, this property
to cover the Ir edge might lead to a reduction of the Ehrlich-Schwobel barrier and therefore
promote step edge crossing of the molecules during diffusion in comparison with diffusion
on uncovered metallic surfaces such as Ag, Au. The TBB molecule is star shaped (Fig.
1(d)) and possesses a bromophenyl group at the extremity of its arms. In the gas-phase, a
single molecule is not flat : each arm is rotated by a dihedral angle § of about 39° between
the phenyl groups and the central ring as obtained by gas-phase DFT optimization of the

molecule and shown in Fig. 1(d)(bottom view) (see the computational details section below).



Figure 1: (a) Atomically-resolved STM topograph of the moiré structure of the graphene
layer on Ir(111) (Ur=0.15V; Iz =2nA). (b) Schematic illustration of the DFT optimized
C(10 x 10)/Ir(9 x 9) unit cell. Carbon and Ir atoms are represented as green and yel-
low spheres respectively. The dashed white rhombus outlines the supercell of the moiré
superstructure with three different regions marked by a full circle (ATOP), an dashed up-
pointing triangle (FCC) and a dotted down-pointing triangle (HCP) (see text). (c) 3D
rendering of an atomically-resolved STM topograph showing the continuity of the graphene
film across an Ir step edge. Three white hexagons schematically represent sp? bonds of the
graphene film adsorbed on the upper, lower terraces and on the Ir step edge. (17 x 11 nm?
Ur=9mV; Ir=12nA). (d) ball-and-stick model of the 1,3,5-tri(4’-bromophenyl)benzene
(TBB) molecule in gaseous phase. Top: top view showing the three bromophenyl arms
labeled 1,2 and 3 and the central benzene ring labeled C. Bottom: side view showing the
dihedral rotation of the side groups.

Growth

The growth of TBB on Gr/Ir has been investigated in the submonolayer range. At early

stages of growth, molecules adsorbed on the lower terraces along the Gr/Ir step edges as



shown in Fig. 2(a). At increasing coverages, TBB molecules self-assemble starting from the
Gr/Ir step edges and form one molecule thick nanoislands as pointed by a white arrow in
Fig. 2(b). Large defects on terraces can anchor molecules and act as starting points for
molecules to self-assemble as well. Fig. 2(c) displays an STM topograph of a 2D SAMN of
TBB molecules that spontaneously formed at higher coverage. Molecular patches as large
as 200 nm were observed by means of STM. Two different polymorphs, labeled 2MOL and
4MOL in the following, were identified (Fig. 2(c) and (d)). Their respective occurence and
molecular packing will be discussed in details later in the text. White parallel lines in Fig.
2(c) outline one main crystallographic direction of the first polymorph. Those lines are not
deviated when crossing the Gr/Ir step edge displayed as a vertical black line according to
the color scale in the center of the STM image. This shows the continuity of the SAMN over
the step edge. This feature can be easily understood considering the carpet-like growth of
the graphene film on Ir as mentioned earlier: molecules adsorbed at any places on graphene
independently of the vertical graphene lattice bending caused by the presence of Ir step
edge. This feature is also well illustrated for the second polymorph in the 3D rendering of
an STM topograph in Fig. 2(d) where the molecular network smoothly adopts the graphene

deformation when crossing the Ir step edge.



Figure 2: Early stage of growth of TBB on Gr/Ir(111). STM topographs recorded after
deposition of (a) 0.05 monolayer (ML) and (b) 0.2 ML of TBB. The white arrow in (b) points
at a self-assembled nanoisland. (c¢) STM topograph of 1ML-thick nanoisland of molecules
organized in the 4MOL phase. White dashed lines highlight the continuity of the molecular
lattice across the Gr/Ir step edge. (d) 3D rendering of an STM topograph recorded on
a 1ML-thick molecular nanoisland of the 2MOL phase. Blue and green rhombuses in (c)
and (d) outline the unit cells of the AMOL and 2MOL phases respectively. Parameters are:
(a) (65 x59nm?, Upr=2.22V; Ir=20pA), (b) (70 x 56 nm?,Ur=2.22V; Iy =40pA), (c)
(17 x 11nm? Ur=2.22V; I =0.25nA) and (d) (10 x 10nm? Uz =2.22V; Ir =0.09nA).

Molecular packings

In the next paragraph, we will discuss the occurence and the molecular packing of the two
TBB polymorphs on graphene. For each polymorph, three different domains rotated from
another by 120° are observed, in good accordance with the underlying 3-fold symmetry of
the graphene lattice. The two phases are formed in extended domains in the surface together
with nanoislands composed of the two coexisting phases as shown in Fig. 3(a). On this STM
topograph, the two polymorphs are visible and form three domains separated by two domain

boundaries highlighted with dashed lines.

Submolecular resolution allowed us to identified adsorbed molecules as intact TBB molecules

since under specific tunneling conditions such as in Fig. 3(a) and Fig. 4(a,b): carbon rings

and bright protrusions at the extremity of phenyl arms corresponding to bromine atoms are



clearly visible.

As a consequence, a simple ball and stick model of the molecule can be laid over the STM
image of Fig. 3(a). One can readily notice that the building block of the supramolecular
network is a molecular dimer as schematically drawn in Fig. 3(b). We will show in the
following that dimers are stabilized with C-Br---Br and Br---H bonds. This dimer can be
characterized by the distance between the two central carbon rings C (Fig. 1(d)) together
with the relative angle between the ~ directions made by opposite bromophenyl arms. The
unit cells shown in Fig. 3(a) of the 2MOL (green full line) and 4MOL (blue dashed line)
phases host two and four TBB molecules respectively. The two phases are oriented such that
the diagonal of the 2MOL unit cell corresponds to the shortest side of the 4MOL unit cell.

The determination of the orientation of the supramolecular network with respect to
the substrate was not possible neither from LEED patterns nor STM topographs. Indeed,
molecules are damaged under the electron beam probably due to electron-induced dissocia-
tion. Moreover, the set of tunneling parameters (I, Ur) needed to observe the molecular net-
work and the graphene moiré pattern are very different making impossible the simultaneous
observation of the TBB-covered and uncovered Gr/Ir surface. However, the two-dimensional
Fourier Fast Transforms (2D FFT) of an STM topograph recorded on the self-assembly re-
vealed, under certain tunneling conditions, both Gr/Ir moiré and molecular reciprocal unit
cells (see in Supporting Information, Fig. S6) . A 2D FFT of the STM image of a polymorph
can thus extract with great accuracy the information about the unit cell vectors and SAMN
orientation with respect to the moiré superstructure and the graphene lattice, by extension.
Indeed, this method allows to get rid of the well-known experimental artifacts related to
STM such as creep distortion, temperature drift or distance calibration. An example of a
calculated 2D FFT of an STM topograph recorded on the 2MOL arrangement is given in
Fig. 3(c). The six inner spots linked with white dotted lines forming an hexagon correspond
to the moiré superlattice. The outer spots linked with pink dotted lines forming a rhombus

are related to the 2MOL SAMN. On the basis of the superperiodicity of the moiré unit



cell, we could rigorously lattice-correct the STM topograph. Then, the unit cells vectors
_>

could be extracted: @ and by of the 2MOL network are such that ||a3| = 1.51 + 0.05nm,

%

b2

— —
characterized by @; and by such that ||a;|| = 2.53 £ 0.08nm,|bs|| = 2.22 + 0.07nm and

%
| = 1.93 + 0.06 nm and (@3, by) = 103 £ 2°. The 4MOL unit cell is rectangular and

(aj,bj) = 89 4 2°. The vectors a3 and a; make an angle of 4° with the zigzag < 1210 >
direction of graphene. The models of the lattice vectors of the two TBB SAMN are illus-
trated in Fig. 3(d). The molecular density can thus be calculated and is equal to about 0.7
molecule per nm? for each phase.

Starting from the abovementioned lattice vectors, DFT calculations were performed to
obtain the optimized structures of the TBB networks. The graphene-molecule interaction
was taken into account through a starting block made of the optimized structure of a single
TBB molecule adsorbed on pristine graphene as depicted in Supporting Information (Fig.
S7). DFT calculations of the self-assembly on graphene couldn’t be carried out considering
the incommensurability with the substrate that does not allow for the use of a tractable cal-
culation cell. Nevertheless, considering the substrate through the use of the abovementioned
starting block is satisfactory since it leads to computed structures in excellent agreement

with experimental measurements.

10



Figure 3: (a) STM topograph of TBB on Gr/Ir(111) showing molecular domains and domain
boundaries between the two TBB polymorphs that are delimited by white dashed lines.
Full line green and dashed line blue rhombuses outline the unit cells of the 2MOL and
4MOL polymorphs respectively. Ball-and-stick model of molecules are overlaid (14 x 14 nm?,
Ur=2.22V; I; =80pA). (b) Scheme of the TBB dimer building block. Carbon atoms are
green, bromine atoms red, and hydrogen atoms white. The dimer is characterized by the
angle between the two directions 7 in dashed lines made by central C rings and bromophenyl
arms and the distance between C bromophenyl rings. (c¢) 2D Fast Fourier Transform of an
STM topograph recorded on the 2MOL arrangement. White dotted and pink dashed lines
link spots originating from graphene moiré and molecular cell respectively. (d) Structural
model of the growth of TBB on Gr/Ir(111) extracted from the 2D Fast Fourier Transforms of
STM images taken on the 2MOL and 4MOL arrangements. Red, green and blue rhombuses
represent the unit cells of the graphene moiré on Ir(111), 2MOL and 4MOL polymorphs
respectively. Orientations of the unit cells with respect to the graphene moiré have been
respected. A graphene honeycomb lattice corresponding to the red moiré unit cell is overlaid.
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Considering these optimized structures allowed us to model the two phases in very good
agreement with STM images as shown in Fig. 4(a,b) where DFT calculations have been laid
over high-resolution STM topographs recorded on 2MOL and 4MOL phases. The superim-
position of the graphene lattice and the two phases according to their respective orientations
in Fig. 4(c) reveals that the bromophenyl groups are not perfectly aligned with zigzag
< 1210 > or armchair < 1010 > direction. v directions are rotated by an angle of about 4°
with respect to the armchair (zigzag) direction for yellow or black (green) molecules.

The 2MOL phase can be simply described as rows of dimers represented as yellow full
and dashed lines stars in Fig. 4(c). The 4MOL phase is composed of alternative rows of two
distinct pairs of dimers (black and green stars in Fig. 4(c)). Indeed, black and green dimers
are not mirror images: the distance between C-rings and angle between ~ directions are
different for black and green pairs in the theoretical arrangements. This is experimentally
confirmed by high-resolution STM topographs. Moreover, this is made clearly visible in the

3D representations in Fig. 4(d) for which green dimers are flatter than black ones.

Figure 4: DFT models of TBB networks on Gr/Ir(111) overlaid on an atomically-
resolved STM image of the (a) 2MOL and (b) 4MOL polymorph (5 x 5nm?, Ur=2.05V;
I =175pA). Rhombuses outline the unit cells of the two polymorphs. (¢) Graphene lattice
superimposed on DFT models of the 2MOL (left) and the 4MOL (right) polymorphs. (d)
DFT calculated structure of TBB SAMNSs. Colorscale corresponds to the height (z position)
of the atoms. Unit cells are outlined with dotted line.

The 3D representations of the DFT models in Fig. 4(d) help us to understand inter-

molecular interactions governing the self-assembly process. The nature of the C-Br...Br-C
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bond in molecular crystals has only been recently unravelled*® and properties of the halogen
bond has been under debate for a long time.' One crucial property of the halogen bond is its
directionality originating from the electron density of the halogen atom that is anisotropi-
cally distributed whenever the atom is covalently bound to another one. It was shown that a
higher electron density, where the electrostatic potential is negative forms a belt orthogonal
to the covalent bond and a region of lower electron density, where the potential is positive
(the so-called o-hole) forms a cap of depleted electron density in the direction of the covalent
bond. 445 We have shown by calculating the electrostatic surface potential (ESP) map that,
in the case of TBB, an electron density anisotropy exists as shown in Supporting Informa-

L43 we have retained two criteria

tion (Fig. S8). Based on these results and recent works,
for the occurence of the C-Br...Br-C bond: (i) the distance between bromine atoms has to
be smaller than 4.2 A and it also requires that (i) ; ~ 180° and 6, ~ 90° (or, equivalently
0y ~ 180° and 6, ~ 90°) such that |#; — 0| > 50° where 6; and 0, refer to ZC' — Bry...Bry

and ZC' — Brs...Bry angles. According to these criteria, we have identified two and four

C-Br...Br-C intermolecular bonds in the 2MOL and 4MOL phase, respectively (see Tab. 1)

Table 1: Computed interatomic distances (see text and Fig. 4(d) for labels) of the TBB
molecular network.

# dA) 6) 6:() |61 —6a()
1 3.94 92 142 50
2 3.69 90 152 62
3 3.84 88 154 66
4  4.06 85 157 72
5 3.96 92 149 57
6 3.84 94 148 54

Inside the 2MOL packing, dimers are stabilized via one C-Br...Br contact (distance d1
in Fig. 4(d) and see Tab. 1) and neighboring dimers are binded through Br...Br bonds as
highlighted by a circle in the figure (distance d2) and C-Br...H bonds. Each type of dimers in
the 4AMOL packing is stabilized by two C-Br...Br bond (d3 to d6) and inter-rows interactions

are of C-Br...H character.
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In order to fully characterize the molecule/graphene interface, we have investigated by
means of DFT calculations the geometrical conformation of the TBB on Gr/Ir and compared
it with pristine graphene and the free molecule. As a result, a strong flattening of the TBB
molecule is obtained when adsorbed on Gr/Ir(111) such that one of bromophenyl arms
lies totally flat (dihedral angle equals to 0°) (see Tab. 2 and in Supporting Information,
Fig. S7(c)). This flattening of TBB on Gr/Ir is as strong as on pristine graphene (see in
Supporting Information, Fig. S7(b)) suggesting that the carbon layer is solely responsible
for this effect. As a conclusion, TBB gets flat as a consequence of -7 interactions with the

graphene layer overcoming repulsive interactions between hydrogen atoms.

Table 2: Dihedral angles of TBB for adsorption situations described in Supporting Infor-
mation (Fig. S7)

’ # bromophenyl arm \ Gaseous phase \ on pristine Gr \ on Gr/Ir(111) ‘

1 39° 0° 1°
2 40° 17° 18°
3 39° 9° 12°

In order to fully understand the coexistence of the two polymorphs, binding energy calcu-
lations have been performed. First, the binding energies of the two free-standing polymorphs
have been calculated and are equal to —0.52eV. In order to estimate the influence of the
substrate, we have calculated the binding energy of a single TBB molecule adsorbed on Gr/Ir
on FCC and ATOP regions as defined in Fig. 1(b) and for two equilibrium orientations of
the molecule called staggered and eclipsed where the ~ directions are either parallel to zigzag
< 1210 > or armchair < 1010 > directions of the graphene layer (see in Supporting Informa-
tion, Fig. S7(b) for eclipsed geometry), respectively. We show that the binding energies for
all these configurations are equal (—2.5 + 0.1eV). The first conclusion to draw is that there
is no preferential adsorption site i.e. the graphene moiré has no influence on the molecular
packing. The second point is that both orientations are energetically equivalent. One can
understand that from the substrate point of view, positioning black/yellow or green dimers as

depicted in Fig. 4(c) would cost the same amount of energy. These results demonstrate that
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the 4AMOL phase is energetically equivalent to the 2MOL phase explaining the coexistence
of the two polymorphs.

The 2MOL and 4MOL phases of TBB are strongly distinct from the single phase pre-
viously obtained on HOPG.3" Generally, it is not straightforward to predict whether the
molecular packings will be identical or distinct than on HOPG due to the fact that the
behaviour of molecules depends on both molecule-substrate and intermolecular interactions.
The difference between the two substrates lies in the interaction of the upmost carbon layer
with the neighboring layer (carbon in the case of HOPG and Ir in the case of Gr/Ir). HOPG
is composed of stacked graphene layers with interplanar Van der Waals forces whereas Gr/Ir
is made of one single layer graphene interacting with a metallic substrate. A priori, we would
have expected a weak influence of the metallic layer and therefore same arrangements for
both substrates since Ir presents a weak interaction with the graphene sheet.*%4" In the case
of Co and Fe metallated phthalocyanines, a square lattice is observed on Gr/Ir as well as on
HOPG despite a unit cell slightly contracted. Nevertheless, additional phases are observed
in the case of HOPG. In our case, although the interaction with the underlying layers is weak
like in HOPG, the arrangements of TBB are different than on HOPG. That shows that even
minute modifications of the interface can have a non negligible influence on the molecular
packings.

The building block composed of a molecular dimer has also been observed in other
systems such as in the bulk compound,*® in SAMNs on HOPG as discussed above,3” on
Au(111)** and for related molecules such as 1,3,5-tris(4-iodophenyl)- benzene (TIB) on
HOPG?® where bromine is substituted by iodine and 2,4,6-tris(4-bromophenyl)-1,3,5-triazine
(TBT) on Au(111) for which the benzene ring has been replaced by a triazine core.?® Al-
though the building block is the same, the 4MOL phase has never been reported before. Con-
cerning the 2MOL phase, one can find packing similarities with the phase labeled ”phase I”
in reference? of TBB on Au(111) and the one called "« phase” of TBT at the liquid/Au(111)

interface.® However, in both cases, the two molecules fit in larger unit cells showing once
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again the non negligible influence of the substrate on the molecular arrangement. Larger
distances between molecules can lead to a different bonding scheme playing a role in prop-
erties such as reactivity. Moreover, other coexisting phases which are not observed in our
case are present on the Au(111) surface and are imposed by the so-called herringbone sur-
face reconstruction®® and will surely modifiy the overall properties of the molecule/substrate

interface.

Electronic properties

Finally, we have investigated the electronic properties by LT-STS recorded on bare and TBB-
covered Gr/Ir surface and compared those results with calculated PDOS for free and adsorbed
molecules on different Gr/Ir site (ATOP,FCC) and different orientations with respect to the
substrate (eclipsed or staggered). Experimental dI/dV spectra were averaged over several
unit cells of the two polymorphs. The dI/dV spectrum in Fig. 5(a) of the uncovered Gr/Ir
surface (full red line) reveals one single feature at about -0.280 eV that is attributed to
the Ir surface state that is know to be preserved upon graphene adsorption.*® The dI/dV
spectrum recorded on the 4AMOL SAMN is shown as a dotted line in Fig. 5(a). Note that the
one obtained on the 2MOL phase is identical (not shown here). In the range of +1eV, the
conductance is dominated by the local density of states of the substrate. Above this range,
extra features that can be attributed to molecular states are observed. The conductance
starts to increase faster than the Gr/Ir one below —1.1eV and above +1.6¢eV leading to a
HOMO-LUMO gap of about 2.7 eV.

The observation than dI/dV spectra are identical for both polymorphs is in good agree-
ment with the fact that the projected density of states (PDOS) of TBB on Gr/Ir varies only
slightly with the adsorption site or the orientation of the molecule as shown in Supporting
Information (Fig. S9 and Fig. S10). In order to measure the impact of the underlying Ir
substrate upon the electronic properties of the system, we have compared the calculated

PDOS of TBB adsorbed on Gr/Ir (Fig. 5(b)) and on pristine Gr (Fig. 5(c)). As a result,
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Figure 5: (a) Spatially averaged tunneling spectra recorded over Gr/Ir and on a monolayer
of 4AMOL polymorph on Gr/Ir(111). The arrow points at the Gr/Ir surface state. Pro-
jected densities of states (PDOS) of one single TBB molecule adsorbed (b) on a FCC site of
Gr/Ir(111) and (c) on pristine Gr. PDOS are projected on different rings 1, 2, 3 and C as
labelled in Fig. 1(d) and on bromine atoms.

the addition of Ir layers leads to a rigid shift of the HOMO and LUMO states leaving the
HOMO-LUMO gap unchanged. This can be simply explained by the fact that Ir induces

a charge transfer resulting in a p-doped graphene as obtained theoretically here and exper-
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imentally. 4647 The measured HOMO-LUMO gap of 2.7 eV is much smaller than the one
of a single molecule in gas-phase for which our DFT calculations gives a value of 3.5 eV
(Note that, it is well known that DFT calculations based on semi-local exchange correla-
tion functional severely underestimate HOMO-LUMO gaps.®?). This comparison highlights
the fact that the presence of the substrate has a non negligible influence on the electronic
properties of the molecule. The experimental value is in good agreement with our calculated
value of 2.8eV of TBB on pristine Gr and Gr/Ir (HOMO-LUMO gaps are summarized in
Tab.3). We obtain theoretically for TBB inside a 4MOL SAMN without any substrate, a
HOMO-LUMO gap higher than 3 eV and an electronic state close to the Fermi level (see
in Supporting Information Fig. S11). These two last features are not in agreement with
our STS measurements for which an energy gap between the LUMO and HOMO states of
2.7eV has been measured and no conductance peak at zero bias (Fermy energy) is observed.
Once again, this leads to the conclusion that the substrate is responsible for a drastic change
in the electronic states. On the contrary, we obtain a very good agreement when consider-
ing the TBB molecule adsorbed on pristine graphene (see in Supporting Information, Fig.
S11(b)) or Gr/Ir (Fig. 5(b)) regardless the adsorption site or the orientation of the molecule
with respect to the graphene underlayer (see in Supporting Information Fig. S9 and Fig.
S10). According to the corresponding PDOS, these states are mainly of p, character (see
in Supporting Information Fig. S12). Experimental determination of HOMO and LUMO
energies or HOMO-LUMO gaps of adsorbed TBB are lacking in the literature and do not
allow for a comparative study with other substrate. Nevertheless, a HOMO-LUMO gap of
1.4 eV of TBB adsorbed on boron-doped Si (111) has been calculated.® It is smaller than
the one obtained in our work for TBB on graphene leading to the conclusion that the Gr/Ir

provides weaker molecular-substrate interactions than SiB.
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Table 3: Experimental and computed HOMO-LUMO gaps of the TBB adsorbed on X/(Y)
where X is the adsorption site and Y the surface. The symbol ./ is used when the adsorption
site is not specified.

Experimental

./ (Gr/Ir) 2.7eV
DFT

gas-phase 3.5eV

./(pristine Gr) 2.8eV
FCC/(Gr/Ir)  2.8eV
TOP/(Gr/Ir) 2.8eV

Conclusions and Perspectives

In summary, low-temperature scanning tunneling microscopy (LT-STM) and density func-
tional theory (DFT) were used to investigate the structural formation of 1,3,5-tri(4’-bromophenyl)benzene
(TBB) self-assembled monolayers on epitaxial graphene on Ir(111). The molecules adsorb
on the Gr/Ir(111) substrate at room temperature and give rise to two distinct and coex-
isting well-ordered phases. Submolecular resolution STM topographs show that the molec-
ular building block of these packings is a pair of TBB molecules. DFT calculations reveal
that in both phases, intermolecular interactions are of C-Br---Br and C-Br---H type. The
advantages of using Gr/Ir as a support lies in the obtention of highly-ordered molecular
arrangements unperturbated by surface step edges. The high interfacial uniformity is a key
criterion to optimize operation and performances of organic devices. Moreover, the pres-
ence of the graphene moiré pattern induced by the presence of the Ir layer helped us to
determine the molecular lattices with great accuracy. In addition, we show that the TBB
HOMO-LUMO gap is highly reduced when adsorbed on graphene revealing the non negli-
gible interaction with the substrate. The presence of Ir below graphene induces a charge
transfer from graphene resulting in a rigid shift of the HOMO-LUMO states compared to
pristine graphene. Nevertheless, Ir has only little influence on the adsorption geometry of
the molecule. DFT reveals that the molecule flattens on graphene and that this flattening

is goverened by m-7 interactions. As a perspective, more systematic investigations such as
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the influence of the underlying metal using intercalation for example or the dependence of
the halogen atoms on the molecular arrangements are now required. In addition, molecules
with different symmetries and number of halogen termination could be used to grow novel
molecular architectures. Considering the importance of halogen- - - halogen interactions in
the growth of molecular crystals and the fact that graphene is a promising candidate for fu-
ture electronic devices, this work opens up new routes for the fabrication of next-generation

organic devices.

Experimental section

DFT calculations. In the present study, we have investigated using Density Functional
Theory (DFT) as implemented in the Vienna ab initio simulation package (VASP),5*%5
the structural and energetic properties of the two main self assembly TBB structures on
Graphene@Ir(111). The corrugated Graphene@Ir(111) structure was modeled with a (10x10)
Graphene structure over a (9x9) Ir(111) surface cells with 4 atomic layers, as proposed in
different recent studies.®®®® A (10x10) graphene cell was used for the study of the TBB
molecule on the free standing graphene. As usual in this type of calculations, we have ap-
plied a supercell approach, with a vacuum region of more than 20 A to avoid interaction
between periodic images in the z direction. To obtain the reference energy and the opti-
mized structure of a single TBB molecule in gas phase we have used the same cell as the
free standing graphene layer. It has a lattice constant equal to ay = 2.46 A, close to the
experimentally obtained value (2.459A) for a graphite at low temperatures.®

Tons cores were modeled with projector augmented wave (PAW) pseudopotentials.® The
2s and 2p states of carbon, 1s state of hydrogen and 4s and 4p states of bromine were
treated explicitly in the valence. The plane-wave basis set cutoff energy is set to 400 eV with

a Gaussian smearing method of 0.1 eV width, in order to assure well converged total energy

and force values. To include van der Waals interactions in our calculations, we have used
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the optB86b-vdW scheme. %52 This particular choice of exchange-correlation functional is
based on several previous works. %57 All the atoms were allowed to relax until the maximum
of all forces acting on them became smaller than 0.02 eV.A~'. The k-point sampling was
always based on a I'-centered grid for all types of calculations. We have used, to optimize
the structures, a single k-point calculation for the TBB molecule, a (4 x 4 x 1) grid for the
TBB-graphene system, a (4 x4 x 1) grid for 2-TBB, a (3 x 3 x 1) grid for 4-TBB case, when a
(2 x 2 x 1) grid for the single TBB on graphene@Ir(111) system was used. To determine the
density of states (DOS), the tetrahedron integration method with Blochl corrections® was
used, with a (6 x 6 x 1) grid for the TBB-graphene and for the TBB on Graphene@Ir(111),
a (7 x7x1) grid for 2MOL and a (5 x 5 x 1) grid for 4MOL.

We have compared the energy stability of two structures, 2MOL and 4MOL, via the
cohesion energy F.., of n TBB molecules. This energy can be calculated from the following

equation :

Eeon = Ennvorn, — nErg, (1)

where E,\or, is the total energy of nMOL system and Ergg is the energy of single free TBB
molecule.

Molecule and substrate preparation. The experiments were carried out in an ultra
high vacuum system with a base pressure of 1x107!° mbar equipped with an low-temperature
STM Omicron. The Ir(111) single crystal was cleaned by repeated cycles of Ar™ sputtering at
an energy of 1.5keV followed by a flash annealing to 1100 K. An ordered graphene monolayer
(ML) was prepared by cracking on Ir(111) held at 1100 K under a propene pressure of
3 x 107" mbar for 5 min. 1,3,5-tri(4’-bromophenyl)-benzene was purchased from Aldrich and
then purified by column chromatography on silica gel. Then, the molecules were sublimated
using a Knudsen evaporation cell onto a substrate held at room temperature.

STM/STS experiments. All microscopy and spectroscopy measurements were per-
formed at 77 K. The STM images were recorded at a tunneling current /1 and a bias voltage

Ur where its sign corresponds to the voltage applied to the sample. STS spectra were ac-
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quired with a PtIr tip and a lock-in current detection (bias modulation of 70 mV, frequency

1100 Hz) , in open feedback loop conditions.
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