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3 Fundamentals of Molecular Self-Assembly on 

Surfaces 

We will begin this chapter by shortly discussing the fundamental 

mechanisms of molecular self-assembly on surfaces. We then present 

graphene, as it has been used as a substrate throughout half of this thesis. 

We close this chapter with a review of molecular-self-assembly on graphene 

adapted from our previous publication.1 

3.1 Basic Principles of Molecular Self-Assembly 

On the surface, several factors determine the behavior of molecules 

with regard to self-assembly. We will describe them following the outlines 

given by the reviews of Barth2 and Kühnle3. 

For molecular self-assembly to take place, a surface is exposed to 

a beam of molecules (Fig. 3.1a). If the kinetic energy Ekin of the molecules 

on the surface is lower than the binding energy Ebind between surface and 

molecule, the molecule will remain on the surface (Fig. 3.1b). In order for 

the molecule to migrate on the surface through rotation and diffusion, Ekin 

must exceed the rotation and diffusion barriers Erot and Ediff (Fig. 3.1c and 

d). Furthermore, the intermolecular interaction Einter (Fig. 3.1e) must be 

stronger than Ekin for any self-assembled network to form. In case of Ekin 

being bigger than Ebind, the molecule is able to desorb from the surface 

(Fig. 3.1f). In summary, the energetic condition for successful molecular 
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self-assembly reads Ebind, Einter > Ekin > Erot,diff. where the relation of Ebind 

and Einter can vary from case to case. It should be noted, that self-assembly 

requires the surface to be exposed to a low flux of molecules. In this case, 

high diffusivity and thermodynamics govern the on-surface behavior and a 

self-assembled structure is formed in thermodynamic equilibrium. On the 

other hand, a high flux of molecules limits diffusion and kinetics is 

subsequently the driving force. Any structure formed under these 

conditions is referred to as self-organized.4 

Carefully choosing or even tailoring the molecules employed onto 

the surface can achieve the desired functionality of the self-assembled 

structure. This is shown in Fig. 3.2a, where a molecule exhibits two distinct 

binding motifs (cyan and green) at four binding sites. Through molecular 

recognition a 2D network is formed. In contrast, by choosing a molecule 

Fig. 3.1: Processes governing self-assembly of molecules on surfaces. (a) A low
flux of molecules is directed onto the surface. (b) The binding energy Ebind dictates 
how strong surface and molecule interact. A molecule migrates on the surface 
through rotation Erot (c) and diffusion Ediff (d). (e) The interaction between 
molecules is characterized by the interaction energy Einter. (f) For very high kinetic 
energy Ekin, the molecule might be able to desorb from the surface. Based on 
Barth2 and Kühnle3. 
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with two distinct binding motifs but only two binding sites, self-assembly 

leads to 1D chains (Fig. 3.2b). The functional principle can be extended 

by using several different, yet complementary, molecules. As stated before, 

the molecular recognition that facilitates self-assembled structures is based 

on noncovalent bonds. These are (exemplary references given): van der 

Waals forces,5–8 hydrogen bonding,9–14 halogen bonding,15–17 electrostatic 

ionic interaction,18–20 and metal-ligand interaction.20–24 Their bond length, 

energy range, and directionality are listed in Table 3.1.25 

Fig. 3.2: Designing self-assembled structures through tailored molecules. (a) A 2D 
network is formed through self-assembly by using a molecule (yellow sphere) with 
two distinct binding motifs at four binding sites (cyan and green rods). (b) By 
choosing a molecule with two distinct binding motifs but only two binding sites, 
a 1D chain is formed. 
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Table 3.1: Energy range, bond length, and character of several noncovalent 
bond types. Based on Barth2 and Metrangolo et al.25 

bond type energy range [eV] bond length [Å] character 

van der Waals 
forces 

≈ 0.02 – 0.1 < 10 nonselective 

hydrogen 
bonding 

≈ 0.05 – 0.7 ≈ 1.5 – 3.5 selective, 
directional 

halogen bonding ≈ 0.05 – 1.9 ≈ 2 – 5 selective, 
directional 

electrostatic ionic 
interaction 

≈ 0.05 – 2.5 long range nonselective 

metal-ligand 
interaction 

≈ 0.5 – 2 ≈ 1.5 – 2.5 selective, 
directional 
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3.2 Graphene 

Graphene is a monolayer of sp2-hybridized carbon atoms packed 

into a flat, 2D lattice. In the following, we will present the elementary 

electronic structure of graphene. For a detailed theoretical description of 

graphene and its properties, the review of Castro Neto et al.26 and the 

textbook of Katsnelson27 are recommended.26–28 

3.2.1 Electronic Structure of Graphene 

The carbon atoms in graphene are ordered in a honeycomb lattice 

with two sublattices A and B (Fig. 3.3a). Three carbon atoms of sublattice 

A surround one atom of sublattice B, and vice versa. The triangular Bravais 

lattice contains two atoms per unit cell. The lattice vectors are: 

 a1 = a
2

�3,√3�     a2 = a
2

�3,-√3� (1) 
where a ≈ 1.42 Å is the nearest neighbor distance of two carbon atoms. 
The three vectors pointing to the nearest neighbor are: 

 δ1 = a
2

�1,√3�     δ2 = a
2

�1,-√3�     δ3 = a
2

(-1,0) (2) 
The reciprocal space with the hexagonal Brillouin zone of graphene 

is shown in Fig. 3.3b. The reciprocal lattice vectors are: 

 b1 = ���� �1,√3�     b2 = ���� �1,-√3� (3) 
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The high-symmetry points K, M, and K’ at the edge of the Brillouin 

zone are of particular interest. Their positions are: 

 K = �2π
3a

, 2π
3√3a

�        M = �2π
3a

,0�      K' = �2π
3a

,- 2π
3√3a

� (4) 
The theoretical description of the band structure of graphene dates 

back to Wallace in 1947.29 Using a tight-binding model that only allows 

Fig. 3.3: Lattice structure, Brillouin zone, and energy spectrum of graphene. (a) 
The honeycomb lattice of graphene. The carbon atoms belong to two sublattices 
labelled A and B. The vectors a1 and a2 (solid, red arrow) generate the unit cell 

including two carbon atoms. δ1,2,3 (dashed, red arrow) point to the nearest 
neighbors of an atom. (b) Corresponding Brillouin zone. The reciprocal lattice 
(dashed, red line) is set up by the vectors b1 and b2 (solid, red arrow). The K and 
K’ point at the edge of the Brillouin zone (solid, black line) are of particular 
interest. (c) The electron energy spectrum of graphene. The shown reciprocal 
space is extended to 1.5 times the Brillouin zone. The π∗ band (blue) touches the 
π band (yellow) at the K and K’ points. Around these Dirac points, the energy 
dispersion is nearly linear. Based on several references.26–28 
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for interaction between π-orbitals of nearest-neighbor carbon atoms, we 

can derive the following Hamiltonian: 

 ℋ = -t ∑ ψ†(k)k h(k)ψ(k) (5) 
 ψ(k) ∶=  (A(k),B(k))T (6) 
where t is the nearest-neighbor hopping parameter. Ab initio calculations 

by Reich et al. give t =2.97 eV.30 The annihilation operator A(k) (B(k)) 

annihilates an electron in sublattice A (B), while its Hermitian conjugate 

A†(k) creates said electron. The Bloch Hamiltonian h takes the form: 

 h(k) = � 0 f(k)
f*(k) 0

� (7) 
 f(k) = -t �exp[-ikxa] + 2exp �ikxa

2
� cos �√3

2
kya��   (8) 

The resulting energy bands derived by diagonalizing h are: 

 E±(k) = ±|f(k)|  
 = ±t�3 + 2 cos�√3kya� + 4 cos �√3ky

a
2
� cos �3kx

a
2
� (9) 

where the plus (minus) sign represents the upper π∗ (lower π ) band. Both 

bands are symmetric around E = 0 as shown in Fig. 3.3c. At the M points 

of the Brillouin zone, both bands have saddle points. At the six high-

symmetry points K and K’, the bands are touching at the Fermi energy 

E = EF. 
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We shall now focus on low energies around the high-symmetry 

points K and K’, by expanding the Hamiltonian around these points. For 

example around K’, we can approximate: 

 f(q) ≈ - 3ta
2

 exp �- 2πi
3

� �qy + iqx� (10) 
where q  = k - K'  is being the momentum vector around K’ with |q|≪�K'�. Eq.(7) then becomes: 

 h(q) = - 3ta
2

� 0 exp �- 2πi
3

� �qy + iqx�
exp �2πi

3
� �qy - iqx� 0

� (11) 
We can exclude the phase 2π/3 by unitary transformation of the basis 

functions, resulting in the effective Hamiltonian and its eigenvalues: 

 h(q) = ħvFq·σ  (12) 
 E±(q) = ±ħvF|q|  (13) 
where vF = 3ta

2ħ
 ≃ 106 m/s  is the Fermi velocity and σ the vector of the 

Pauli matrices. 
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At this point, we shall recall the Dirac Hamiltonian and its 

eigenvalues: 

 ℋDirac  =  c ∑ αipi+βmc2
i  (14) 

 EDirac(p) = ±�p2c2 + m2c4  (15) 
with matrices α and β, speed of light c, and mass m.  

If we compare Eq.(11) and Eq.(14) and identify αi = σi and m = 0, 

we can see that the electrons in graphene are effectively described with a 

2D massless Dirac Hamiltonian where the speed of light c is replaced with 

the Fermi velocity vF. Hence, electrons in pristine graphene are relativistic 

particles with a gapless, linear energy-momentum dispersion around K and 

K’ in contrast to massive particles (Eq.(15)). This leads to new physical 

phenomena, e.g., the anomalous integer quantum Hall effect31,32 or Klein 

tunneling.33–35 

The massless fermionic character of electrons and the associated 

lack of a gap is intrinsic for pristine graphene. However, there are 

mechanisms to alter graphene in such a way that renders the electrons 

“massive” and induces a band gap. The first mechanism relies on breaking 

the sublattice symmetry by introducing different electron densities for the 

A(B) sublattices.36–38 The second one induces Kekulé distortions, i.e., 

modulations of the nearest-neighbor hopping amplitude.39–41 The third one 

enhances the spin-orbit coupling,42–45 while the fourth mechanism uses 

quantum-size effects by reducing the geometry of graphene.46–49 
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3.3 Molecular Self-Assembly on Graphene: The Role of the 

Substrate 

Graphene is a monolayer of sp2-hybridized carbon atoms arranged 

in a two-dimensional honeycomb lattice. Since its successful experimental 

preparation by Novoselov and Geim in 2004,50 graphene has received vast 

scientific interest because of its outstanding mechanical, optical, electronic 

and thermal properties. Due to these properties, graphene holds great 

promise for various future applications.51 

Graphene can be produced in a top-down or bottom-up fashion. 

Top-down methods include most prominently the scotch tape method, and 

liquid-phase exfoliation. All top-down methods have in common that 

individual sheets of graphene are exfoliated from three-dimensional 

graphite. Thereby, large quantities of graphene transferrable to various 

substrates or devices can be produced. In contrast, the bottom-up approach, 

in particular chemical vapor deposition from a carbon precursor, often 

yields higher-quality graphene especially when grown under ultra-high 

vacuum conditions. While this approach requires a catalytically active 

substrate, it is able to produce high-quality graphene with a well-defined 

graphene-substrate interface.  

Molecular self-assembly in general is a process in which molecular 

building blocks spontaneously and without human intervention arrange into 

well-defined ordered structures stabilized by non-covalent interactions. By 

carefully designing the individual molecular building blocks, the assembly 

process may be steered towards the formation of functional superstructures. 
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These supramolecular architectures can exhibit high complexity and bear 

properties not inherent to its building blocks. 

Two main goals drive the research field of molecular self-assembly 

on graphene. The first one addresses the introduction of a band gap into 

the semimetal graphene. The lack of a band gap poses a challenge on the 

road towards graphene-based electronics, as today’s logic-based devices 

require the possibility to deliberately switch the current between on- and 

off-states. By bringing graphene in contact with self-assembled molecular 

structures, its electric properties could be intentionally changed leading to 

a band gap opening. The second reason is of more fundamental scientific 

interest. In the case of molecular self-assembly on (transition) metal 

surfaces, the molecule-substrate interactions can prevail over the 

intermolecular ones, thereby preventing the formation of self-assembled 

structures. In this regard, graphene can act as a buffer layer: on the one 

side facilitating the self-assembly process while on the other side opening 

the possibility to utilize specific molecule-metal interactions, like magnetic 

ones. 

In this chapter, we will highlight recent work on molecular self-

assembly on epitaxial graphene. We would like to acknowledge several 

reviews on molecular self-assembly on graphene.52–60 Most of these reviews 

mainly address aspects beyond self-assembly, such as functionalization, 

devices, or even liquid-phase exfoliation. In contrast, we focus on the 

influence of the substrate, on which graphene was deposited, on molecular 

self-assembly. The molecules that will be discussed are shown in Scheme 

3.1. 
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3.3.1  Phthalocyanines 

Phthalocyanines (Pc) are planar, fully conjugated, macrocyclic 

compounds that can be either unsubstituted (H2Pc, Scheme 3.1a) or have 

their pyrrolic nitrogen atoms bound to a central metal atom. In the latter 

case, they are referred to as metal-phthalocyanines (MPc), where M 

represents a metal ion in the formal +II oxidation state. Pcs are known for 

their strong light absorption in the visible range of the light spectrum and 

thus have since long been the interest of many studies for their usage in 

opto-electronic devices. Due to their high stability, the ease of preparing 

thin films of them via physical vapor deposition, and the possibility to study 

the influence of their central metal atom on the graphene properties, Pcs 

have been one of the first larger organic molecules to be studied in contact 

with graphene.  

Gao and co-workers studied various MPcs on graphene on Ru(0001) 

(g/Ru(0001)). G/Ru(0001) exhibits a moiré pattern which results from the 

Scheme 3.1: Molecular structure of (a) H2-phthalocyanine, (b) TCNQ and F4-
TCNQ, (c) F6-TCNNQ, (d) BTB, (e) TPA, (f) C60, (g) triazine, and (h) PTCDA.

Fig. 3.4: STM images of phthalocyanines on g/Ru(0001). (a) High-resolution 
image of the moiré pattern of g/Ru(0001). The different regions (top, fcc, and 
hcp) are indicated with a triangle, dashed, and solid hexagon, respectively. (b) For 
low coverages, FePcs preferably adsorbed at the fcc sites. For higher coverages, 
(c) H2Pc and (d) NiPc formed Kagome lattices on g/Ru(0001). (a,b) adapted 
with permission from [61]. Copyrighted by the American Physical Society. (c,d)
adapted with permission from [62]. Copyright 2009 American Chemical Society. 
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strong interaction of graphene with the Ru substrate. This leads to a 

structural corrugation and is also apparent in the electronic structure. Fig. 

3.4a shows a high-resolution scanning tunneling microscopy (STM) image 

of the g/Ru(0001) surface taken at 4.5 K. The moiré pattern is clearly 

visible. Due to the lattice mismatch between graphene and Ru(0001), top, 

fcc, and hcp adsorption sites are possible for graphene´s carbon atoms on 

the Ru surface (denoted with a triangle, dashed, and solid hexagon in Fig. 

3.4a, respectively). 

The adsorption of FePc on g/Ru(0001) was studied for different 

molecular coverages.61 The sample was held at room temperature during 

deposition and subsequently cooled down to 4.5 K for STM measurements. 

At low molecular coverages, FePc adsorbed preferably at fcc regions of the 

graphene moiré pattern (Fig. 3.4b). Individual FePc molecules can be 

identified in the STM image by a bright central protrusion, surrounded by 

four lobes. Gradually increasing the molecular coverage resulted in FePcs 

occupying all fcc regions, followed by adsorption at the edges of top 

positions instead of hcp regions. Contrary to these experimental findings, 

calculations of the local work function of g/Ru(0001) before and after 

adsorption of FePc indicated the hcp regions as preferable. The authors 

continued to study the lateral electron density field of g/Ru(0001) which 

was found to exhibit effective lateral electric dipoles. The strength of these 

dipoles is different for the top-fcc and top-hcp direction. Combined with 

the large in-plane polarizability of FePc, this lateral dipole field was 

determined to be dominant for the self-assembly of FePc on g/Ru(0001); 
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i.e., the fcc sites were energetically most favorable for adsorption due to 

the strongest dipole in the top-fcc direction. 

Increasing the FePc coverage to 0.75 monolayer (ML), Gao and 

coworkers found the whole surface covered by a regular hexagonal open 

network.62 In this network, FePcs left the top sites empty. Each molecule 

was found neighboring four other molecules with three molecules forming 

a joint, thereby creating a Kagome lattice. The authors found similar open 

networks with Kagome lattice for H2Pc and NiPc (Fig. 3.4c and d). In a 

further study, the same authors compared the self-assembly of FePc, MnPc, 

NiPc, and H2Pc at low coverages.63 In contrast to the preference of FePc 

for fcc regions, MnPc adsorbed at both fcc and hcp regions, forming 

molecular chains. NiPc and H2Pc were found to be indifferent to fcc or hcp 

regions, yet forming small patches of Kagome lattices. The difference in 

adsorption behavior at low coverages corresponded to a changing balance 

of molecule-substrate and molecule-molecule interactions depending on the 

metal core of the Pc. The authors concluded that the molecule-substrate 

interaction decreased in the sequence FePc > MnPc > NiPc > H2Pc. 

In order to study the influence of the underlying substrate, FePc 

was studied on g/Pt(111).63 Due to the lower interaction with the 

underlying platinum surface, graphene exhibits several moiré patterns. 

However, no influence of the respective moiré pattern on the assembly 

structure was observed: FePc always formed close-packed islands. The 

authors noted that the quasi-free-standing nature of g/Pt(111) led to a 

confinement of the free electrons in the graphene plane due to the 
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sp2 hybridization. This in turn decreased the molecule-substrate interaction, 

yielding to the observed closed-packed assembly. 

Peisert and coworkers came to a similar conclusion when 

comparing the adsorption behavior of CoPc on different substrates with 

photoelectron spectroscopy (PES) and X-ray absorption spectroscopy 

(XAS) measurements.64 For CoPc on Pt(111), they observed a charge 

transfer from the substrate into the Co atom. This charge transfer was 

completely suppressed when introducing a graphene layer between metal 

and molecule. In contrast, CoPc on g/Ni(111) still exhibited a charge 

transfer from Ni(111) into the Co atom. Preventing this charge transfer 

was only accomplished when intercalating gold between Ni(111) and 

graphene since the charge transfer from Ni(111) into graphene was then 

lifted. The charge transfer therefore depended on the underlying metal 

substrate. The authors attributed this to the different degrees of chemical 

interaction between substrate and graphene. 

These results highlight two ways to influence the adsorption 

behavior of Pcs on graphene. On the one hand, the choice of metal inserted 

into the Pc core determined the supramolecular architecture for sub-

monolayer coverages on g/Ru(0001) since the molecule-graphene 

interactions were thereby directly varied. On the other hand, switching to 

another supporting substrate for the graphene allowed for influencing the 

molecule-graphene interactions through adjusting the charge transfer 

between metal substrate and graphene. 
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3.3.2 Tetracyanoquinodimethane and Derivatives 

7,7′,8,8′-tetracyanoquinodimethane (TCNQ) and its derivatives 

(Scheme 3.1b, c) are known for their strong electron accepting properties. 

The charge transfer salt from TCNQ and tetrathiofulvalene has been the 

first purely organic condutor. Since this discovery in 1973, TCNQ has been 

used as a strong electron acceptor in a countless number of studies and 

thus has also been of interest as organic dopant on graphene.  

Miranda and coworkers studied TCNQ on g/Ru(0001).65 The 

sample was kept at room temperature during molecular deposition and 

cooled down to 4.6 K for STM measurements. Similarly to Pc on 

g/Ru(0001), TCNQ adsorbed in the valley regions of the moiré pattern of 

graphen (fcc and hcp sites, see Fig. 3.4a) for coverages of 0.3 ML (Fig. 

3.5a). At 0.6 ML coverage, TCNQ covered the whole surface with 

exception of the top sites, effectively forming a porous network (Fig. 3.5b). 

Only after depositing 1 ML of molecules, TCNQ was found to also adsorb 

on the top sites of the moiré pattern. The g/Ru(0001) surface did not only 

influence the self-assembly of TCNQ, but also affected the charge state as 

revealed by PES measurements. TCNQ adsorbed on the top sites of the 

moiré pattern did not experience a charge transfer; i.e., they remained 

neutral. On the other hand, TCNQ adsorbed in the valley regions were 

negatively charged via charge transfer from the doped g/Ru(0001). 

Scanning tunneling spectroscopy (STS) measurements revealed a magnetic 

moment in charged TCNQ, evident from the Kondo resonance. Uncharged 

TCNQ on the top sites did not exhibit any Kondo feature. In a further 
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study, the authors compared TCNQ and F4-TCNQ on g/Ir(111).66 Ir(111) 

is considered weakly interacting with graphene. Fig. 3.5d shows the 

resulting moiré pattern of g/Ir(111). The inset indicates the hcp and fcc 

Fig. 3.5: Self-assembly of TCNQ and F4-TCNQ on graphene. STM images 
(12 nm x 12 nm) of TCNQ on g/Ru(0001) for (a) 0.3ML, (b) 0.6ML, and (c) 
1ML. For low coverages, TCNQ molecules show a preferential adsorption at 
specific areas of the graphene moiré pattern. (d) STM image of the g/Ir(111) 
moiré pattern (32 nm x 32 nm). Hcp and fcc areas are marked in red and blue, 
respectively (inset, 5 nm x 5nm). (e) TCNQ on g/Ir(111) assembled in a 
closed-packed arrangement (89 nm x 45 nm) and showed a voltage-dependent 
contrast (left inset, -1.5 V; right inset, +1.5 V) (both 7 nm x 7 nm). (f) At 77K, 
the F4-TCNQ molecules adsorbed individually on hcp sites (120 nm x 80 nm) and 
were found rotating (left inset, 18 nm x 18 nm (right inset, 20 nm x 20 nm). (a-c)
adapted with permission from [65]. Copyright 2014 American Chemical Society.
(d-f) adapted with permission from [66]. Copyright 2010 Royal Society of 
Chemistry. 
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region by means of a red and blue triangle, respectively. TCNQ on g/Ir(111) 

showed no adsorption site preference at low coverages and assembled into 

a well-ordered monolayer (Fig. 3.5e).65 This assembly is stabilized by 

attractive electrostatic interactions between the cyano groups and the 

central hydrogen atoms of neighboring TCNQ molecules. In contrast, 

F4-TCNQ molecules assembled individually with molecule-molecule 

distances corresponding to the lattice constant of the moiré pattern (Fig. 

3.5f). STM measurements performed at 77 K showed F4-TCNQ rotating 

(Fig. 3.5f, left inset). The exact adsorption position of F4-TCNQ was found 

to be the hcp areas of the graphene moiré pattern (Fig. 3.5f, right inset). 

The authors assigned this self-assembly behavior to the fluorine 

substituents in F4-TCNQ in comparison to TCNQ. The cyano groups 

together with the fluorine atoms around the central p-quinoid ring 

produced a negative electrostatic potential all around the molecule. 

Therefore, the F4-TCNQ molecules interacted repulsively resulting in the 

non-interacting widely-spaced arrangement of the molecules. 

F4-TCNQ on graphene was also studied theoretically. Briddon and 

coworkers investigated a single F4-TCNQ molecule on graphene in their 

density functional theory (DFT) study.67 They calculated a binding energy 

of 1.26 eV and found F4-TCNQ to be a p-dopant for graphene with 

0.3 electrons transferred from the graphene to the molecule. These findings 

are in line with synchroton-based high-resolution PES data.68 

Combining synchrotron-based PES and XAS measurements with 

first principle calculations, Koch and coworkers studied the influence of the 

underlying graphene substrate on doping of 
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1,3,4,5,7,8-hexafluorotetracyano-naphthoquinodimethane (F6-TCNNQ).69 

F6-TCNNQ was deposited on graphene supported by either copper or 

quartz. The authors found a charge transfer from the graphene to 

F6-TCNNQ in case of g/quartz, resulting in p-doped graphene. In case of 

g/Cu, the graphene was found to be n-doped due electron transfer from 

the Cu substrate. Adsorbing F6-TCNNQ molecules left the graphene doping 

level essentially unchanged while even a charge transfer from the metal 

substrate into F6-TCNNQ through the graphene occurred. 

Similar to what was observed for Pcs, the corrugated g/Ru(0001) 

surface also influenced the self-assembly of TCNQ. In contrast, the moiré 

pattern of g/Pt(111) only showed an influence once the intermolecular 

interactions were lowered by using F4-TCNQ instead of TCNQ. Looking at 

electronic properties, even the strong electron accepting properties of 

F6-TCNNQ were unable to significantly influence graphene when supported 

by Cu. 

3.3.3 Carboxylic Acid Based Molecules 

Both 1,3,5-benzenetribenzoic acid (BTB) and terephthalic acid 

(TPA) (Scheme 3.1d, e) exhibit carboxylic acid end groups which are well-

known to undergo double hydrogen bonding. This can be exploited for the 

formation of extended 2D molecular networks. 

The self-assembly of BTB on g/Cu(111) was compared to the one 

on Cu(111) by Stöhr and coworkers.70 Upon deposition on Cu(111) held 

at room temperature, some BTB molecules were found to be deprotonated; 

i.e., they lost the hydrogen atoms of their carboxyl groups. These 

deprotonated molecules formed a closed-packed network, whereas intact 
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BTB arranged in a porous structure. By annealing the Cu sample to 385 K, 

all BTB molecules were deprotonated and the close-packed network was 

formed exclusively. In contrast, depositing BTB on g/Cu(111) kept at room 

temperature never resulted in deprotonated molecules. Whereas the sample 

exhibited disordered areas after deposition (Fig. 3.6a), annealing to 365 K 

resulted in a nearly defect-free, long-range ordered porous network 

stabilized by double hydrogen bonding between the carboxyl end groups 

(Fig. 3.6b, c). This means that graphene as a buffer layer prevented any 

deprotonation of BTB. Graphene on Cu(111) is polycrystalline; i.e., it 

exhibits many rotational domains. This is evident from the LEED pattern 

shown in Fig. 3.6d that exhibits a ring-like shape for graphene. This ring 

showed increased intensity around the Cu(111) diffraction spots, signaling 

the existence of preferred rotational orientations for g/Cu(111).  

The LEED pattern of the BTB network on g/Cu(111) after 

annealing at 365 K also displayed a ring-like shape (Fig. 3.6e).  Additionally, 

six spots of increased intensity were observed within the ring. These spots 

lie on the principal directions of the Cu(111) substrate. From this the 

authors concluded that the self-assembled BTB network aligned with 

regard to the graphene, which in turn aligned with respect to the principal 

Cu directions. 
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Fig. 3.6: BTB on g/Cu(111). (a) BTB assembled into a porous network next to 
disordered areas after deposition at room temperature (75.5 nm x 75.5 nm). (b) 
After annealing at 365 K, BTB formed a near-defect-free porous network 
(65 nm x 62 nm). (c) High-resolution STM image of the porous network 
(7  nm x 7  nm). (d) LEED pattern of BTB on g/Cu(111) after annealing at 
365  K (E = 70 eV) with the diffraction features due to Cu (blue), graphene (red), 
and the BTB network (green) indicated. (e) Main intensity of the BTB diffraction 
coincides with the principal direction of the Cu substrate (E = 16.6 eV). This 
figure is an unofficial adaptation of an article70 that appeared in an ACS 
publication. ACS has not endorsed the content of this adaptation or the context 
of its use. 
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The smaller TPA molecule has been studied on g/Ni(111) by 

means of  PES, XAS, and DFT.71 XAS spectra for a multilayer of TPA 

suggested an average tilt of the molecule by 45° with respect to the surface 

plane. These data are in agreement with TPA bulk data as well as DFT 

calculations. For monolayer coverage, TPA exhibited a flat adsorption on 

the g/Ni(111) substrate. PES data suggested that TPA, similarly to BTB 

on g/Cu(111), was fully protonated on the surface, independent of 

coverage. Additionally, almost identical binding energies for multi- and 

monolayer coverage implied a weak molecule-substrate interaction. 

For carboxyl-substituted molecules, the catalytic properties of the 

Cu(111) and Ni(111) surfaces resulting in the deprotonation of the 

carboxyl groups could be switched off by inserting a graphene layer 

between metal surface and molecules. Furthermore, the Cu(111) surface 

showed an influence on the rotational orientation of the epitaxial graphene 

which, in turn, was mirrored in the orientation of the self-assembled BTB 

domains. 

3.3.4 Buckminsterfullerene and Triazine 

Buckminsterfullerene (C60) (Scheme 3.1), which resembles a 

football on the nanoscale, was discovered in 1985. It displays excellent 

stability as well as electron accepting properties suggesting its usage in 

organic solar cells and medical applications. 

Guisinger and coworkers studied the interaction between C60 and 

graphene prepared on 6H-SiC(0001).72 The buffer layer for g/SiC arranged 

in a (6√3 x 6√3)R30 (red) superstructure while graphene on SiC exhibited 

a 6 x 6 superstructure (yellow) (Fig. 3.7a). The (6√3 x 6√3)R30 
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superstructure is a dominant reconstruction for g/SiC(0001). The 6 x 6 

superstructure arises due to high-symmetry points of the graphene lattice 

with respect to the SiC, i.e., a graphene carbon atom on top of an atom 

of SiC or a graphene hexagon centered above an atom of SiC.73 The SiC 

surface was not fully covered with graphene, so that the authors were able 

to simultaneously study C60/SiC and C60/g/SiC. C60 directly adsorbed onto 

reconstructed SiC showed intramolecular features and small domain sizes. 

In contrast, C60 adsorbed on g/SiC exhibited a single protrusion in STM 

images and large-scale order in a closed-packed arrangement with a subtle 

superstructure (Fig. 3.7b). In the Fourier analysis (Fig. 3.7b, inset) of a 

large-scale C60/g/SiC area features were found for the C60 nearest neighbor 

distance (cyan dotted ring) and the 6 x 6 structure (yellow), but not for 

the (6√3 x 6√3)R30 structure (red). Fig. 3.7c shows the Fourier filtered 

image of Fig. 3.7b when only taking the features around the ones of the 

6 x 6 structure into account (cyan ring in the inset). Some areas in the 

filtered image aligned with the underlying substrate exhibiting a clear 6 x 6 

structure, while other patches showed disorder. This revealed that C60 

domains experienced the surface corrugation of the g/Sic substrate. 

Additional STS measurements showed an energy gap between the highest 

occupied and lowest unoccupied molecular orbital (HOMO-LUMO gap) 

close to solid C60 indicating a weak molecule-substrate interaction. 
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1,3,5-triazine (Scheme 3.1g) is a heterocycle containing three 

nitrogen atoms. Triazine is a prototypal molecule that has together with 

its derivatives wide commercial use, e.g., in resins, dyes, herbicides, or as 

sulfide removal agents. 

Fig. 3.7: STM images of C60 as well as triazine adsorbed on graphene. (a) 
Graphene grown on SiC exhibits two  types of superstructures: one due to the 
underlying SiC reconstruction (red) and the other due to the graphene overlayer 
(yellow). (b) C60 deposited on g/Sic with primary axes of the C60 domain indicated 
in cyan. In the FFT image (inset), dotted rings mark the C60 nearest neighbor 
distance (cyan), 6 x 6 (yellow), and 6√3 x 6√3 (red) superstructures. (c) Fourier 
filtered image containing only the information marked with cyan rings in the FFT 
inset. A superstructure is visible which matches well with the 6 x 6 substrate 
superstructure. (d)-(f) STM images of triazine on g/Pt(111). The same area is 
shown at different levels of detail. (a: 300 nm x 300 nm; b: 34 nm x 34 nm; 
c: 2.9  nm x 2.9 nm). (a-c) adapted with permission from 72. Copyright 2012 
American Chemical Society. (d-f) adapted with permission from 74. Copyright 2011 
American Chemical Society. 
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The self-assembly and diffusion of triazine was studied on both 

g/Pt(111) and highly oriented pyrolytic graphite (HOPG).74,75 Triazine was 

deposited onto g/Pt(111) held at low temperatures during deposition. 

Fractal shaped islands were found, as shown in Fig. 3.7d,e. A high-

resolution STM image (Fig. 3.7f) revealed flat-lying triazine molecules 

assembled in a rhombic network with lattice constant of 6.25 Å and 

stabilized by C-H ··· N bonds between neighboring molecules. As previously 

mentioned, graphene on Pt(111) can display several moiré patterns. 

However, the arrangement of triazine showed no correlation with the 

underlying moiré pattern. Various depositions of triazine on pristine 

g/Pt(111) held at different temperatures resulted in an increase of island 

size with temperature. From this the authors were able to deduce a value 

of 68 ± 9 meV for the diffusion barrier of triazine on g/Pt(111). A similar 

study was carried out for triazine on HOPG. In that case, the diffusion 

barrier was lower (55 ± 8 meV).75 Therefore, while the self-assembled 

triazine network seemed unaffected by different moiré structures of 

g/Pt(111), the diffusion of triazine was clearly influenced by the metal 

surface. 

Both C60 and triazine are cases for which the substrate, onto which 

graphene was placed, exerted a subtle influence on the molecular self-

assembly properties. While in the case of C60 on g/SiC the self-assembled 

layer showed a super-lattice pattern stemming from the g/SiC substrate, 

the self-assembly structures of triazine on g/Pt(111) showed no 

dependence on the Pt substrate. However, since diffusion was lowered in 
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comparison to HOPG, the underlying Pt(111) surface still influenced the 

triazine dynamics. 

3.3.5 Perylenetetracarboxylic Dianhydride 

Perylenetetracarboxylic dianhydride (PTCDA, Scheme 3.1h) is a 

red dye and an n-type organic semiconductor. It received considerable 

attention in the research community due to its possible usage in 

opto-electronic applications. Nowadays, PTCDA can be seen as the 

prototypical large organic molecule. Submonolayer to multilayer coverages 

of it have been studied on various surfaces (metals, semiconductors, and 

insulators) with almost each possible (surface science) technique. Thus, 

PTCDA has been also one of the first molecules to be investigated on 

graphene. 

Wang and Hersam reported the self-assembly of PTCDA on 

graphene grown on 6H-SiC(0001).76 They deployed room temperature 

STM to study the assembly in the monolayer regime. PTCDA adsorbed 

flat lying and assembled into a herringbone structure (Fig. 3.8a). This 

herringbone assembly was also observed for PTCDA adsorbed on different 

coinage metal surfaces and was found to be stabilized by intermolecular 

C-H ··· O-C bonds. The PTCDA films were observed to grow across step 

edges as well as defects in the underlying substrate. For a coverage of 

1 ML, rotational domains having arbitrary rotations with respect to each 

other were reported. 

Wee and colleagues compared PTCDA adsorbed on g/SiC and 

HOPG using STM operated at 4.7 K and PES.77 On HOPG, PTCDA again 

assembled into a herringbone structure (Fig. 3.8b) consistent with previous 
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reports of PTCDA on HOPG. PTCDA films on g/SiC showed less apparent 

uniformity due to corrugations of the underlying substrate. The growth 

across step edges seen for PTCDA on g/SiC was not observed on HOPG. 

Fig. 3.8: Self-assembly of PTCDA on graphene. (a) STM image of PTCDA 
monolayer on g/SiC. The unit cell together with  molecular structure is shown. 
(b) PTCDA on HOPG (30 nm x 30 nm). Six molecules are overlaid to act as a 
guide to the eye.  Atomic resolution of HOPG is shown in the inset (4 nm x 4 nm). 
(c,d) STM image of PTCDA on g/Pt(111) exhibiting intramolecular resolution. 
DFT calculated HOMO (c, left inset) and LUMO (d, right inset) of free PTCDA 
coincided with the observed features. (e) PTCDA on g/Ru(0001). Holes in the 
molecular adlayer coincide with atop sites of the moiré pattern of graphene. (f) 
Calculated self-assembly of PTCDA on graphene. (a) adapted by permission from 
Macmillan Publishers Ltd: Nature Chemistry76, copyright 2009. (b) adapted with 
permission from 77. Copyright 2009 American Chemical Society. (c,d) adapted 
with permission from 78. Copyright 2014 American Chemical Society. (e) adapted 
from 79, copyright Roos et al, licensee Beilstein-Institut. (f) adapted with 
permission from 80. Copyright 2010 American Chemical Society. 



3.3 Molecular Self-Assembly on Graphene: The Role of the Substrate
    

60 

The authors deployed synchrotron-based PES to study the electronic 

interaction between PTCDA and g/SiC. A weak charge transfer from the 

graphene into the molecule was observed suggesting a weak molecule-

substrate coupling. 

PTCDA on g/Pt(111) has been studied by Gómez-Rodríguez and 

coworkers.78 Just as on the other substrates, PTCDA on g/Pt(111) 

displayed a well-ordered herringbone structure. High-resolution STM 

images revealed distinct, bias-dependent intramolecular features. Fig. 3.8c 

shows the PTCDA assembly at U = -2.3 V and Fig. 3.8d at U = 1.24 V. 

The observed features coincide with the calculated HOMO and LUMO of 

PTCDA in the gas phase (left inset in in Fig. 3.8c and right inset in d). 

The authors also simulated STM images based on DFT calculation for 

PTCDA on g/Pt(111). The features observed in these images corresponded 

with the experimental STM data as well as gas phase calculations, 

suggesting a weak electronic coupling between molecule and substrate. 

Despite the high corrugation of graphene on Ru(0001), PTCDA 

still self-assembled into a herringbone network, as reported by Behm and 

colleagues.79 However, the molecular film presented more defects than on 

the previously mentioned substrates as some top sites of the moiré pattern 

were not covered with a PTCDA molecule creating local voids. 

PTCDA on graphene was theoretically studied by Wang and 

colleagues.80 In their DFT study, PTCDA assembled in the herringbone 

fashion shown in Fig. 3.8f. This structural conformation was virtually 

unaffected by artificially introduced defects like the Stone Wales defect, 

single or double vacancies. Increasing the coverage from mono- to 
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multilayer revealed a phase transition, which set in when a coverage 

between 2 and 3 MLs was reached. The flat lying surface phase then turned 

into the bulk-like phase. Studying the electronic properties revealed a 

charge transfer into the molecules, leaving the graphene p-doped. 

For the metal substrates so far used for depositing graphene, no 

influence on the self-assembly of PTCDA was observed. PTCDA was 

always found to arrange in the herringbone structure. This marks a 

difference in comparison to the other molecules discussed. It may be 

explained by the strength of the intermolecular interactions between 

PTCDA molecules that is supposedly larger compared to the other 

molecules and thus prevails over the molecule-substrate interactions. 

3.3.6 Conclusion 

In conclusion, we summarized the work on 2D molecular self-

assembly with special attention on the role of the graphene substrate. 

Some supporting surfaces such as Ru(0001) interact so strongly 

with graphene, that effects like significant corrugation occur. The resulting 

g/metal substrate in turn can then easily influence the molecular self-

assembly, as seen for Pcs, TCNQ, and even PTCDA. Other substrates 

interact less with graphene and the molecule-substrate interactions are 

energetically in the range of molecule-molecule interactions. In this case, 

the self-assembly might only be subtly influenced, as for C60/g/SiC and 

BTB/g/Cu(111), or only after reducing the molecule-molecule interaction, 

as seen when replacing TCNQ with F4-TCNQ on g/Ir(111). 

Therefore, in the case of molecular self-assembly on graphene, it is 

not only the graphene layer, which affects the outcome of the self-assembly 
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process, but also – and most likely even more - the substrate onto which 

graphene is placed. The outcome of the self-assembly process is determined 

by the interplay of molecule-substrate and intermolecular interactions. 

That means, when determining the molecule-substrate interactions, it is 

not sufficient to only analyze the molecule-graphene interactions. Instead, 

the full system consisting of molecules, graphene, and metal substrate 

needs to be considered. This is especially important when comparing 

experimental to theoretical data: in cases, for which the calculations did 

not take into account the substrate onto which graphene was deposited 

care should be taken to not draw hasty conclusions. On the one side, 

molecular self-assembly on graphene is more difficult to understand as well 

as predict compared to molecular self-assembly on only one substrate type. 

On the other hand, that offers the opportunity of precisely tuning the 

properties of the sandwich structure molecules/graphene/substrate. For 

example, certain properties, like charge transfer between metal substrate 

and molecules, can be switched off while at the same time magnetic or 

spintronic properties could be switched on. 
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