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1. INTRODUCTION  

“I do not believe in things, but in the relations in-between things” (“Je ne crois pas aux choses, 

mais aux relations entre les choses”).
1
 These were the words of the painter Georges Braque in a 

definition of imagination. This sentence may be taken as the basis for self-assembly. Consider a 

set of basic elements and a library of interaction forces between them with both attractive and 

repulsive components; the overall system will then generally evolve to form more or less 

complex structures. In nature, many examples involving various kinds of interaction forces can 

be encountered at various length scales. Complex self-assembled patterns generated by collective 

motions, such as bird flocks or fish schools
2
 or colonies of ants,

3
 are more or less spontaneously 

formed. Such adaptive behavior was recently simulated by a swarm of cooperative and 

programmed robots in a two-dimensional (2D) space to achieve shape formation.
4
 At a smaller 

scale, the dynamics of self-assembled patterns with cell and bacterial colonies is governed by 

physical and biophysical interactions between units.
5
 In particular, self-assembled Escherichia 

coli on a 2D support responds to biomechanical forces.
6
  

 At the molecular level, cooperativity is generally expressed with forces that originate 

from electromagnetism. A wide and active field of research focuses on the self-assembly of large 

molecular systems, such as viruses
7
 and peptides. For example, bio-inspired nanomaterials, such 

as silica nanotubes,
8
 peptide nanotubes,

9,10
 and DNA origami,

11
 have been obtained via self-

assembly. One of the most active themes in this field has been the exploration of self-assembly at 

surfaces involving smaller molecules,
12,13,14,15,16,17,18,19

 and this subject will constitute the main 

topic of the present review, with the focus on self-assembly on surfaces in high vacuum 

involving two different molecular species. It is expected that this chemical bottom-up strategy 
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will allow the engineering of functional materials with sub-nanometer precision via self-

organized growth in a fast and parallel fashion to yield relatively robust materials with self-

healing properties.
20

 This objective is driven by a variety of potential applications in growing 

fields such as molecular scale electronics, sensing, catalysis, organic photovoltaic (OPV) cells, 

organic spin valves, and optoelectronics. 

 

1.1 Bicomponent self-assembly on surfaces 

Although the presence of a surface limits the potential to form a wide variety of self-assembled 

three-dimensional (3D) structures, it provides a spatial constraint that opens routes for other self-

assembly patterns in 2D. Binary compounds are drawing increasing attention because they offer 

more flexibility to trigger and control assembly. Structural growth is governed by both the type 

of interaction and the respective amounts of the two species. Experimental and theoretical studies 

of monocomponent self-assembled systems on surfaces have already yielded substantial 

information on intermolecular and molecule-substrate interactions; using two molecular 

components potentially offers more flexibility for the design and synthesis of complementary 

complex supramolecular systems that can self-organize on surfaces in a controlled way. 

Multicomponent self-assembly with three or more species would also be of great interest; 

however, as described below in section 6.2 and considering the restrictions defined at the end of 

this introduction, the number of such systems is still limited. 

 

1.2 Vacuum-solid versus liquid-solid interfaces 

Apart from the pioneering work of Ohtani et al. in 1988
21

 and certain recent studies, the vast 

majority of bicomponent molecular systems at surfaces have been studied at the liquid-solid 
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interface, mainly for the following reason: as scanning tunneling microscopy (STM) is currently 

the tool of choice for characterizing supramolecular architectures, it is much cheaper, much 

faster and more convenient to carry out experiments in liquids on easily prepared surfaces such 

as highly oriented pyrolytic graphite (HOPG), MoS2 or gold.
22,23,24,25,26,27,28,29

 The transfer of 

molecules to the surfaces only requires sufficient solubility in a solvent such as phenyloctane, 

octanoic acid, an alkane, 1,2,4-trichlorobenzene, or a dilute acid, among others. Additionally, 

molecule dosing is also conveniently performed by controlling the solute concentration, and all 

experiments can be carried out in air at approximately room temperature (RT) using relatively 

inexpensive tools. A second appealing aspect is the possibility of operating under equilibrium 

conditions close to those observed in solution and to mimic phenomena observed in Nature. The 

substrate is in general not highly involved in intermolecular interactions, so many concepts of 

supramolecular chemistry in solutions can be applied as a first approximation. 

 In the past ten years, the interest in supramolecular assembly at vacuum-solid interfaces 

has increased considerably for the following reasons: 

a) Whereas at liquid-solid interfaces the number of suitable surfaces is essentially limited to 

graphene, HOPG, MoS2, h-BN, mica and gold, nearly any crystalline conducting or 

semiconducting substrate can be used in ultra-high vacuum (UHV), including reactive and/or 

structured surfaces, thin films on metal, etc. The development of UHV non-contact atomic force 

microscopy (NC-AFM) is expected to extend this list of accessible surfaces to insulating 

substrates and large band-gap semiconductor surfaces.  

b) At RT or below, the desorption of molecules generally occurs at a low rate, with higher 

adsorption energy and with limited
30

 desorption/re-adsorption processes as observed in solution 
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by exchange with the solvent. Furthermore, at high coverage, the mass transport is not high, so 

that in some cases non-equilibrium assemblies can be stable. 

c) Although the dosing of molecules is more complex than in solution, it is nevertheless more 

controllable: the quantity of deposited material can be measured by quartz-microbalance, and the 

two types of molecules can be evaporated successively or by simultaneous co-evaporation using 

crossed beams. The difference in adsorption energies is therefore a less important parameter than 

at the liquid-solid interface, where the weakly adsorbed component can be substituted by a 

strongly adsorbed component, with a direct impact on the relative ratio of the two species on the 

surface. Furthermore, in concentrated solutions, molecules can stack as multilayers. For instance, 

it has been shown using atomic force microscopy (AFM) that trimesic acid (TMA) films at the 

H2O/HOPG liquid-solid interface can form 3-5 multilayers
31

 that cannot be detected by STM, 

which can only image the first monolayer in contact with the substrate. This phenomenon is 

likely to be a common one, but so far, it has not been fully studied.
32,33,34

 

Current developments of adapted electrospray and soft-landing techniques now permit the 

transfer of essentially any molecule or salt from solution to UHV.
35,36,37,38,39

 

d) The spatial resolution of UHV-STM (and now NC-AFM) is much higher than in solution, 

allowing precise characterization of sub-atomic details and conformations and precise 

measurements of interatomic distances. STM manipulation of single atoms and molecules is now 

a routine and precise technique that allows perturbation of the observed system to evaluate its 

stability and to displace molecules. 

e) Many UHV complementary surface spectroscopy techniques are available: scanning tunneling 

spectroscopy (STS), X-ray photoelectron spectroscopy (XPS), photoelectron spectroscopy 
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(PES), angle-resolved photoelectron spectroscopy (ARPES), near-edge X-ray-absorption fine 

structure (NEXAFS), helium scattering, and Kelvin probes, among others. 

f) In UHV, the absence of a solvent (and therefore of solvent-substrate and solvent-molecule 

interactions involving adsorbed gases) permits cleaner and simpler systems for which better 

numerical simulations are possible that take into account only the substrate and the molecules. 

g) In the absence of a solvent, the range of temperature that can be used for deposition, annealing 

and imaging steps is much wider, ranging from 4 K to 500 K. 

h) The resulting self-assembly can be significantly different at liquid-solid and vacuum-solid 

interfaces. For instance, when tetrathiafulvalene (TTF) derivatives functionalized with lateral 

dodecylthio chains are sublimated onto graphene/SiC(0001) in UHV,
40

 the “fastener effect”
41

 

induced by van der Waals (vdW) interactions between the alkylthio chains forces the TTF to 

self-organize in a  stacked edge-on conformation similar to what is observed in the molecular 

crystal. In contrast, at the liquid/solid interface, the TTF lies flat on the surface (face-on 

conformation) as the solvent is involved in the stabilization of the molecular layer.  

i) Finally, perhaps surprisingly, the exploration of molecular self-assembly on surfaces in UHV 

can be considered more suitable for and closer to future technologies. Important recent progress 

has been achieved for organic light-emitting diodes (OLEDs), organic field-effect transistors 

(OFETs), OPV cells, and organic spintronics,
42

 among other devices. The development of such 

devices requires precise control of the electronic properties of the substrate. On-surface self-

assembly allows merging the high carrier mobility of the surface with the advantages of organic 

films in terms of cost, processing and tunability.
43

 Bottom-up self-assembly on ultra-clean 

surfaces is the method of choice to scatter and confine surface states, mix with them, and modify 

the energy level alignment at the interface and the charge carrier injection in the heterojunction. 
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In these systems, bicomponent self-assembly is one of the crucial ingredients because it allows 

the preparation of complex structures that would be exceedingly difficult to synthesize in 

solution and then transfer in ultra-clean conditions to a substrate. For instance, it was reported 

that a photovoltaic device consisting of a heterojunction based on C60 as the acceptor and copper 

phthalocyanine as the donor can reach efficiencies of approximately 5.0%.
44

  

 

 This review is limited to systems for which both components play a key role in the 

formation of 2D supramolecular architectures. Therefore, we will not discuss in detail the 

entrapment of guests in preformed stable supramolecular voids or nanoporous 

networks
45,46,47,48,49 

or systems with admolecules at the top of a supramolecular layer.
50

 Although 

they could be considered bi- or multicomponent supramolecular systems, these types of networks 

will be briefly mentioned only in the context of perspectives. 

 In the first part, we introduce the various interactions present in the structures of 

heteromolecular monolayers that are discussed in this article. The review will then survey the 

different types of bicomponent systems based on their intermolecular interaction energies, i.e., 

starting from strong directional multiple H-bonding to vdW physisorption.  

 

2. BONDS AND INTERACTIONS 

The structure of a molecular overlayer on a substrate is the result of a balance between 

molecule/molecule and molecule/surface interactions.
51,52,53,54, 22,55,56,45,57,58,59,60,61,62,63

 According 

to the relative strengths of these interactions and the presence of a solvent,
64

 various geometries 

can be observed. To a first approximation, two different cases are observed: when the molecular 

surface interaction is strong, the symmetry of the substrate dictates the molecular layer structure; 
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alternatively, in the case of strong directional intermolecular bonds, the molecular layer and the 

surface are independent from each other with their own organizations. However, as we will 

discuss, this picture is only an approximation; many other interactions come into play. 

 

2.1 Intermolecular interactions 

Before describing molecule/molecule and molecule/surface interactions, we will summarize the 

universal form of atom/atom interaction, which is the summation of a repulsion and an attraction 

expressed as , where  is the distance between atom  and atom . 

Here, 
 
is a repulsive potential that can be expressed with a generic form such as a Born-

Mayer form  with  and  as two adjustable parameters, or with a  term with 

. This contribution originates from the first-order Coulomb and exchange energies 

between electrons for covalent bonding with an opposite sign and dominates the potential at 

small distances. In the context of the present review, we will not proceed beyond this 

contribution.
65

 The  term accounts for the attractive interactions ranging from covalent 

attraction to dispersion interaction.
66

 For example, one of the general forms of this later long-

range dispersion energy can be written as the series  with , 

, and , where 

.
65

 The key quantity is , which is the -

pole dynamic polarizability of atom  (  represents a dipole,  a quadrupole,  an 

octopole,  a hexadecapole…). In the case of three or more atoms, there exists a non-

additivity characteristic arising for the N-body interactions.
67,68

 Such contributions are generally 

weak, except for specific nanostructured systems, and the total vdW interaction between two 
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molecules is calculated in a first approximation by summing all possible pairs of atoms and 

excluding the interactions inside each molecule.  

Two-dimensional self-assembly is thus governed by the strength of the 

molecule/molecule interactions, which provides a hierarchy of structures stabilized by an 

attraction/repulsion balance at equilibrium. Generally, weak intermolecular interactions generate 

close-packed molecular layers, whereas directional self-assembly is mainly produced by strong 

intermolecular interactions.
69

 Without being exhaustive, we now describe briefly some of these 

molecule/molecule forces from weakest to strongest. 

 

2.1.1 van der Waals interaction 

The vdW interaction term is a generic appellation gathering various kinds of contributions:
70

 the 

Keesom contribution (between two molecules with fixed dipoles), the Debye term (between a 

rotating dipole and a non-polar molecule), and the London energy or the dispersion energy 

(between two instantaneous dipoles). These three terms have a  dependency according to the 

distance. Among these terms, only the Keesom contribution describes a directional interaction. 

 For large molecules, there are numerous systems in which the long-range vdW 

interactions are responsible for self-organization on a surface, as for instance, in the case of the 

self-assembly of jointed molecules consisting of Lander molecules
71

 on a metallic substrate
72,73

 

or hydrocarbonated or acidic molecules on graphite.
74,75,76,77

 

 

2.1.2 Hydrogen bonding 

Among the various interactions between molecules, hydrogen bonding (H-bonding) is probably 

the most difficult interaction to define and characterize. It is not the purpose of this review to 
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enter the debate on the origin of H-bonding. For an official definition, refer to the IUPAC 

international committee texts.
78,79

 Briefly, the most familiar picture of the H-bond is X-HY, 

where a hydrogen atom is situated between two atoms X and Y. These two atoms are 

electronegative with negatively charged character. According to the nature of these two atoms, 

i.e., their relative electronegativities, many hydrogen-bond types can be observed, ranging from 

strong to weak H-bonding.
80,81,82,83,84,85

 With an energy of 11.5-23 kcal/mol (0.5-1 eV), as 

observed for the conventional N-HO bond, for instance, the H-bonds are considered strong; 

they are moderate for energies in the range 0.5-11.5 kcal/mol (0.2-0.5 eV) and weak below 0.5 

kcal/mol (0.2 eV).  

Generally, the H-bond is considered a directional interaction (in contrast to the vdW interaction). 

Due to its properties and in the case of multiple H-bonding, the concepts of attachment points 

and molecular recognition can explain assembly behavior. 

 Moreover, relatively exotic or unusual H-bonds can be involved in self-assembled motifs: 

using the interaction between H atoms in cyano groups and benzene rings, Yokoyama et al. 

demonstrated the formation of molecular chains and supramolecular aggregates with controlled 

shape and size.
86

 Directional self-assembly was also described in the case of anthraquinone 

molecules on the Cu(111) surface with a H-bond between a carbonyl oxygen and an aromatic 

ring hydrogen atom.
87

  

 Additionally, a particular class of interaction, usually classified as a weak H-bond and a 

type of π interaction, is the CH-π interaction.
88,89,90

 It consists of the interaction between a CH 

bond and a  orbital belonging to an aromatic molecule. This interaction exhibits some 

directional character, which favors linear self-assembled structures. The strength of this 
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interaction is on the order of a few kcal/mol, so that the stability of one-dimensional (1D) 

patterns on a surface is relatively small except when multiple CH-π bonds are engaged.  

 In molecular modelling calculations, H-bonds can be implemented in different ways. 

There are various molecular mechanics packages with specific force fields, such as the MM3-

MM4 force field,
91,92

 Dreiding,
93

 PCFF,
94,95

 Amber,
96,97

 and CHARMM.
98

 In the MM3-MM4 

code, for instance, the H-bond is described by a set of parameters and a specific formulation that 

takes into account the H-bond angularity and the lone-pair directionality. On the other hand, 

density functional theory (DFT) methods are adapted to address H-bonding. This latter technique 

allows precise self-consistent calculations of the electronic density around the atomic centers 

responsible for the H-bonding and has been applied and checked for small hydrogen-bonded 

complexes.
99,100,101

 Some force fields underestimate the H-bond interaction compared to DFT 

results and have to be reparametrized.
102

 DFT self-assembly studies are limited to relatively 

small systems supported by a surface, such as adenine pairs on Au(111).
103

 

2.1.3 Halogen bonding 

 The halogen bond (X-bond) originates from the attractive interaction between “an 

electrophilic region associated with a halogen atom in a molecular entity and a nucleophilic 

region in another, or the same, molecular entity”, as defined by the IUPAC.
78

 More precisely, 

this interaction appears between a halogen atom, which is covalently connected to a group and 

has an electron-poor region (donor) and an acceptor molecular group with an electron-rich 

region. Similar to H-bonding, X-bonding can also direct assembly efficiently.
104,105,106

 For a 

general review on X-bonding in supramolecular chemistry, see Beer et al.
107

 and Cavallo et 

al.
108,109

 The X-bond is an alternative to the H-bond and presents similar properties, especially in 

terms of directional bonding. It has already been exploited to form porous networks on 
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Ag(111)
110

 and well-ordered supramolecular networks on oxidized Cu(110) surfaces
111

 as well as 

Cu(111),
112

 Au(111),
113

 Ag(111),
114

 HOPG,
115,116,117

 and SiB(111) surfaces.
118

  

2.1.4 Intermolecular π-π  

The π-π interaction is a general term for the interaction between two aromatic molecules, that is, 

two π-electron-rich molecules. This type of interaction is particularly important in many areas in 

biology and chemistry.
119,120

 The origin and strength of the π interaction have generated lively 

discussions in the scientific community (and continue to feed a fertile debate). On the basis of an 

electrostatic model, Hunter and Sanders have described interacting molecules as a set of point 

charges supported by atomic sites.
121

 Typically, each atom of the -skeleton has a charge of +1 

and two charges of -0.5 separated by a particular distance (0.47 Å for carbon). This model 

provides reasonable information and qualitative rules for different geometries in regards of the 

orientation of the two molecules and can be applied to proteins.
122

 The simplest example to 

illustrate such an interaction between arene rings is the benzene-benzene case. In particular, the 

sandwich (face-to-face), T-shaped or parallel displaced (face-to-face displaced) configurations 

have been theoretically studied. The empirical Hunter and Sanders rules specify that - 

attraction is responsible for the T-shaped and parallel displaced geometries, whereas - 

repulsion disfavors the sandwich configuration. Moreover, this prototype example allows the use 

of sophisticated methods, such as high-level ab initio quantum mechanical 

computations,
123,124,125,126,127

 to study the π interaction more qualitatively (the binding energy 

ranges between 2.8 kcal/mol for the parallel-displaced configuration and 1.8 kcal/mol for the 

sandwich configuration). Nevertheless, according to the degree of applied corrections in these 
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methods, the results show large amplitudes of variations, and the balance between the dispersion 

contribution and the π interaction is not definitively established.
128

  

 In terms of self-assembly, the directionality of the π-π interaction favors the growth of 

stacked linear structures. This finding was observed for different molecules, which are stacked in 

one direction on the surface. According to the interplay with the surface interaction, aromatic 

molecules are thus able to self-assemble parallel to the surface,
73,129

 forming molecular columns, 

or perpendicularly by π stacking,
64,130

 generating molecular filaments on the surface. 

 

2.1.5 Electrostatic interactions 

The presence of permanent charges or permanent dipoles/quadrupoles on a molecule generates 

an electrostatic field that influences the generation of 2D films. Let us distinguish the self-

assembly of ions, zwitterions, and donor-acceptor compounds. 

In the case of molecules with ionic character, a construction with alternate anions and cations is 

often found. For instance, co-adsorption of 7,7,8,8-tetracyanoquinodimethane (TCNQ) and Mn 

atoms on Cu(100) leads to dianions of TCNQ
2-

 interacting with Mn
4+

 cations or TCNQ
1-

 with 

Mn
2+

 cations.
131

  

 Zwitterions constitute a class of neutral molecules exhibiting charged centers, which are 

usually designed as acceptor (electron-withdrawing group) and donor (electron-rich group) 

entities, such as “push-pull” molecules or π-conjugated zwitterions.
132

 Such molecules strongly 

adsorb on ionic crystal surfaces by electrostatic interactions; for instance, the 4-methoxy-4’-(3-

sulfoatopropyl)stilbazolium molecule terminated by a negatively charged sulfonato group linked 

to a pyridinium positive ring adsorbs strongly on the negatively charged anion of ionic surfaces, 

such as KCl, RbCl, and KBr substrates, with its electric dipole perpendicular to the substrate 
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surface.
133

 Similar behavior is also observed on metallic surfaces
134,135

 and semiconducting 

substrates.
136,137,138,139

 However, the complexity of managing the driving forces to generate 

bicomponent complexes with two zwitterions is substantial; to our knowledge, there is currently 

no example of bicomponent systems comprising two zwitterions. 

 Intermolecular contributions arising from electron donor-acceptor dyads should also be 

considered in the present discussion. Briefly, charge transfer in a binary donor-acceptor complex 

can occur that modifies the intermolecular interaction.
140,141

 For instance, it was recently 

proposed that such a phenomenon generates a change in the H-bonding between Cu-

phthalocyanine (CuPc, donor) and F16CuPc (acceptor) via a gap-mediated interfacial charge 

transfer on HOPG
142

 or a direct charge transfer inside the sexithiophene (donor) — tetrafluoro-

tetracyano-quinodimethane (acceptor) structure on Au(111).
143,144

 An elegant example is the 

mixing of C60(acceptor) and porphyrins (donor) on Ag(110) reported by Sedona et al.
145

 

Depending on the tetraphenylporphyrin functionalization and the stoichiometry, the self-

assembled monolayer structure varies, giving rise to phases of stripes or pores.  

 Dipolar interactions arise when two molecules exhibit a permanent dipole. For instance, 

for two dipoles of 1 D (recall that a water molecule has a permanent dipole of 1.85 D) separated 

by 0.4 nm, the dipole-dipole interaction is approximately 20 meV (0.46 kcal/mol) when the two 

dipoles are aligned. Such an interaction is thus generally weak and varies as . Interestingly, 

this interaction was implicated as the driving force in the formation of the 2D porous honeycomb 

structure of hexa-peri-hexabenzocoronene (HBC) functionalized by CF3, CN, or NO2 groups on 

HOPG.
146

 The anti-parallel dipole-dipole interaction between HBC-CF3 is sufficiently high with 

respect to the vdW interactions alone to form such 2D structures. Additionally, extra H-bonding 

appears to be necessary to form nanoporous structures with –CN and –NO2 moieties. Similarly, 



1/r 3



 

17 

 

  

but on a metallic surface, anti-parallel [CNNC] dipolar interactions and weak CN···HCsp2 H-

bonding favor the formation of chains from the adsorption of trans-bis(4′-

cyanobiphenyl)porphyrins on a Cu(111) surface.
147

 Aesthetically appealing figures are formed 

with three to six molecules, as are long linear branched chains. 

 A hexagonal porous network was observed recently in a study of hexaaza-triphenylene-

hexacarbonitrile molecules on Au(111).
148

 Here, dipolar interactions involving two CN groups 

are responsible for linear structures along the step-edge and a 2D nanostructure on terraces. 

Three CNCN dipolar interactions are involved, and DFT calculations indicate that an energy of 

70 meV (1.6 kcal/mol) is found per bond. 

 Additionally, a quadrupolar interaction, even though it is weaker than the dipolar one, 

explains the formation of a self-assembled film on a gold surface with functionalized arenethiols. 

Bartels et al. showed how thiophenol molecules and certain specifically substituted derivatives 

(arenethiols with p-bromo-, p-chloro-, p-fluoro-, and pentafluoro-substituted analogues) can tune 

the film properties on Cu(111).
149

 The change of substituent modifies the electronegativity of the 

ending group, which is found to accommodate the intermolecular interaction via the molecular 

quadrupole moment. 

 

2.2. Role of the surface 

As mentioned previously, the other component directing self-assembly on a surface is clearly the 

molecule/surface interactions. The adsorption is generally classified between chemisorption and 

physisorption, dealing with strong to weak interactions. However, the frontier between the two is 

fuzzy, and there is no clear criterion to differentiate the strength of the interactions, although the 

word chemisorption is always used when chemical bonds are created upon adsorption. In any 
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case, when a molecule approaches a metallic surface, various phenomena occur according to the 

nature of the surface. At a certain distance, the adsorbate orbitals can be hybridized with the 

surface states, which generates either a positive or a negative coupling. This effect is mediated 

by the pillow effect, energy level alignment, induced density of interface states, charge transfer, 

and generation of separate bonding and antibonding orbitals at the molecular level.
150,151,152,153,154

 

As clearly explained by Goiri et al.
63

 and by Kolasinski,
155

 the occupancy of the bonding and the 

anti-bonding states governs the nature of the bond; if the bonding states are filled, the bond 

strength is strong (i.e., the interaction is more attractive) and if anti-bonding is partially or fully 

filled, the bond is weaker (i.e., the interaction is less attractive). This state filling is related to the 

d-band position of the metal with respect to the Fermi energy: for noble metals, the anti-bonding 

state is fully filled, so that chemisorption is not favored. Following Hammer and Nørskov,
156,157

 

it is then possible to explain why early transition metals react more strongly than transition 

metals at the right end of a row in the classification: as the d-band size increases for Cu (3d), Ag 

(4d), and Au (5d), the interaction decreases, and the least reactive metal (or the noblest one) is 

thus gold. In the following, we will focus on non-chemisorbed interactions between molecule 

and surface that are more favorable for self-assembly. 

 

2.2.1 Surface molecule van der Waals interactions 

To calculate the vdW contribution between a molecule and a surface or between a molecule and 

its neighboring molecules, it is necessary to address the many-body character of this energy. 

Recently, several DFT-based methods to treat vdW contributions have been 

developed,
158,159,160,161

 including many-body contributions.
162,163

 



 

19 

 

  

 Among the various existing theories, the coupled-modes method
164

 provides a convenient 

framework for describing the dispersion energy between a molecule and a surface. In short, the 

coupled modes between the systems in interaction are the solution of a so-called dispersion 

relation, which includes the dipolar polarizability of each interacting atom (see details in Ref. 
165

 

and 
166

 for the description of the iterative scheme for calculating the many-body vdW 

contribution). This procedure allows the calculation of the dispersion energy between an 

assembly of physisorbed molecules at the many-body order, not only with polarizable systems 

but also with a permanent dipole distribution or with higher poles such as quadrupoles by taking 

into account the presence of the surface atoms. All these techniques are formally able to address 

arbitrarily shaped surfaces (that is to say, various defects on the surface can be incorporated in 

the system), and the sole requirement is the computational power available to tackle such 

calculations. 

 

2.2.2 Charge transfer 

The charge transfer (CT) between a donor and an acceptor may be modified by the presence of 

the substrate. When two molecules approach a metallic surface, a broadening of the frontier 

orbitals and an alignment of the energy levels of the molecules with respect to the surface states 

generate an induced density of interface states, and a charge transfer between molecules and the 

surface is observed. These effects induce a change in the sorption state.
167

 Additionally, such a 

charge transfer induces a distortion of the underlying reconstructed surface, and a surface-

mediated charge transfer is identified as in the case of the mixing of tetrathiatetracene (TTT, 

donor) and tetracyano naphtho quinodimethane (TNAP, acceptor) on Au(111).
168

 Similarly, 

Umbach et al. have shown charge transfer in alternating TNAP/TTF monolayer rows; that is, the 
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TNAP rows are charged due to the presence of TTF rows mediated by the Au(111) surface.
169

 

Fernández-Torrente et al. have reported that a donor molecule (tetramethyltetrathiafulvalene) 

provides a charge transfer that is sufficiently high to modify the adsorption state of an acceptor 

molecule (TCNQ) in stoichiometric mixing on Au(111), resulting in an electronic decoupling of 

the acceptor from the substrate.
170

  

 

2.2.3 Electrostatics  

The adsorption of metallic atoms on a metallic surface directs the structure of a self-assembled 

monolayer which then depends on the charge state of the adatom. If the metal has a natural 

ability to become an anion, such as alkali metal atoms with low electronegativities and ionic 

potentials, molecules with an apparent ionic character interact through these linkers. For 

instance, Stepanow et al. used cesium adatoms with four polyaryl dicarboxylic acids, which 

produces various chiral arrangements of the network structures.
171

 However, a naive 

electronegativity argument does not generally apply for all metallic adsorbates because the 

anisotropy experienced by surface atoms induces a modification in the relative scale of 

electronegativity factors.
172

  

 Another case corresponds to the change in the charge state upon adsorption on the 

metallic surface. As an example, co-deposition of Ni atoms and perylene tetracarboxylic diimide 

(PTCDI) molecules produces three distinct types of nanostructures as a function of the Ni-

PTCDI coverage.
173

 Here, the Ni adatoms acquire a negative partial charge through interaction 

with the substrate, and the Ni-PTCDI interaction is entirely electrostatic, which is consistent with 

the 18-electron rule for transition metal complexes.
174

 A surface coordination network involving 

negatively charged metal centers was reported
175

 in the case of Cu/Cu(111), in which it was 
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shown that a Cu adatom surrounded by three 9,10-anthracenedicarbonitrile molecules exhibits an 

excess of negative partial charge to remedy electron donation from the substrate to the ligand. 

 Thus far, these studies have been limited to atom/molecule binary systems, and ternary 

systems comprising two molecular species and one metallic adatom remain to be explored. Such 

experiments would shed light on the influence of electrostatic parameters on bicomponent 

supramolecular self-assembly.  

2.2.4 π-π interactions on HOPG 

Molecular self-assembly on graphite and now on graphene has attracted considerable attention 

due to the ease of sample preparation, especially on HOPG, and of STM characterization.
176

 

Many studies have focused on the adsorption of aromatic molecules that adsorb in a flat manner 

and follow the AB stacking of the graphite/graphene substrate. The adsorbed molecules may then 

act as a local dopant by charge transfer, and/or the π-π stacking contributes to modify the 

electronic properties of graphene in a more or less controlled way,
177,178

 as in the case of PTCDI 

and melamine on epitaxial graphene on SiC(0001), in which a nanoporous scaffold was 

generated in UHV.
179

  

 

2.2.5 Substrate-mediated interaction and other related effects 

The (111) face of noble metal surfaces is the site of phenomena involving free electrons and the 

formation of a specific surface state called the Shockley surface state. These free surface-state 

electrons are decoupled from the bulk electrons; they form an electron sea with a free-particle-

like dispersion. This phenomenon was observed in real space using STM through surface wave 

patterns (Friedel oscillations) generated on the surface due to the presence of defects.
180,181,182,183

 

The most spectacular example is the formation of electronic standing waves inside a so-called 

quantum corral.
184,185
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 Interestingly, the surface electrons can participate in molecule-molecule interactions 

through so-called substrate-mediated interactions. In fact, a single adsorbate can be assimilated 

to an electron scatterer to perturb the electron sea underneath by generating an electronic surface 

oscillation with a period determined by the Fermi wave vector. By approaching a second 

adsorbate, this latter feels an indirect substrate-mediated interaction due to this oscillatory 

potential. The interaction range regulates an adsorbate-adsorbate distance typically similar to the 

period of the surface wave oscillations. This phenomenon was observed for atomic adatoms, 

such as carbon on Al(111),
186

 Co and Cu on Al(111),
187

 Cs superlattices on Ag(111),
188

 and 

recently, Gd on Ag(111).
189

 Between two adsorbates separated by , this substrate-mediated 

interaction can be expressed as , where  and  are two 

associated parameters.
180

  

 Observations of molecules are less abundant.
190,191,192

 The strength of adatom-adatom 

interaction is approximately several meV and is 10-100 meV (0.2-2.5 kcal/mol) for molecules, 

which is generally negligible compared to other interactions such as dispersion. Examples 

include benzene on Cu{111}
193,194

 and on Au{111},
195

 5,10,15,20-tetraphenyl porphyrins 

(TPPH2) on Cu(111) and Ag(111),
196

 acetylene on Cu(111),
197

 a dipolar iridium complex [tris(2-

phenylpyridine)iridium(III)] on Cu(111),
198

 pentafluorinated pentacene on Ag(111),
199

 and Co-

phthalocyanine (CoPc) on Cu(111) and Ag(111).
200

 Long-range substrate-mediated repulsion has 

been observed with anthraquinone molecules on Cu(111), with local H-bonding occurring 

between neighboring molecules.
201

 
 

 Another contribution must sometimes be considered when calculating the adsorption of a 

molecule a. When this molecule is surrounded by other molecules b, these molecules can 

specifically modify the interaction of molecule a with the surface. In other words, the local 
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molecular environment is able to reduce the molecule/surface energy. By considering 

coadsorption of C60 and 1,3,5,7-tetraphenyladamantane (TPAD) on Au(111), Franke et al. 

showed that the electronic coupling of C60 with the surface is significantly reduced due to the 

TPAD network,
202

 which provides electrostatic interactions that lift the fullerene, reducing its 

interaction with the surface. Similarly, codeposition of diindenoperylene (DIP) and fluorinated 

copper-phthalocyanines (F16CuPc) molecules on Au(111) represents an interesting system 

combining donor and acceptor character, which decreases the molecule/surface interaction 

compared to separated deposition.
203

 Such an effect has also been observed with copper-

phthalocyanine (donor) and perfluoropentacene (acceptor) codeposition on noble metal Ag(111) 

and Cu(111) surfaces.
204

  

2.2.6 Metal-organic  

The codeposition of organic molecules and metal atoms has been widely explored over the past 

decade. Coordination bonding provides the driving force to build highly ordered networks on 

metallic surfaces from metal adatoms and organic ligands. The metal-organic interaction is 

weaker than covalent bonding but is sufficiently strong to create extended scaffolds on the 

surface with corresponding geometry depending on the metal (generally transition metals such as 

Cr, Fe, Co, Au, Cu, Mn, or Ni
59

) and the coordination geometry. A change of the electronic 

structure of the metallic adatom and the ligand, due to their mutual interaction, can result in a 

modification of the surface-ligand interaction. This subtle interplay and, of course, the 

coordination properties (number and angle) of the metal adatom and the deposition ratio can 

generate a large family of molecular networks on a surface. 

 Examples include, among many supramolecular surface nanostructures involving 

coordination bonds, Cr-p-terphenyldinitrile on Au(111),
205

 Fe-terephthalic acid on Cu(100),
206

,
207
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Fe-biphenolate and Co-dicarbonitrile on Ag(111),
208

 Fe- and Cu-trimesic acid on Cu(110),
209

 

diiron-diterephthalate on Cu(100),
210

 Co-dicyanoazobenzene on Au(111),
211

 Co-dicarbonitrile-

polyphenyl on Ag(111),
212

 Co-4,4’-(ethyne-1,2-diyl)di-benzonitrile on Ag(111),
213

 Cu-1,3,8,10-

tetraazaperopyrene on Cu(111),
214,215

 Cu-thiolate on Cu(111),
216

 Mn-carboxylate on Au(111),
217

 

Au-cyanosexiphenyl on Au(111),
218

 and the coordination between admolecules with alkali 

metals on Au(111),
219,220,221

 Pb-tetracyanonaphtho-quinodimethane on Pb(111),
222

 and Cs atoms 

with aromatic carboxylic acids on Cu(100).
171

 Moreover, the formation of isolated 

organometallic chains on Au(111) was observed. The deposition of iodine-functionalized units 

(2’,5’-diiodo-3,3”,5,5”-tetramethyl-1,1’:4’,1”-terphenyl) on the metallic surface induces the 

release of iodine and allows bond formation between the molecule and diffusing gold adatoms. 

Long and flexible chains can thus be formed.
223

  

 

2.2.7 Image charge 

The image charge is a well-known method to model the electric field created by charges near a 

metal (conductive) surface. The system, consisting of a point charge q located at a distance z in a 

medium with a dielectric constant  above a flat metallic surface characterized by a dielectric 

constant , is equivalent to a system formed by the charge q and another point charge q’ at a 

distance of 2z from q, such as .
224

 The charge q’ is the so-called image charge, and 

these two charges give rise to the so-called image-potential states. A molecule can be modeled as 

a distribution of net charges located on each atomic site, which allows the generalization of the 

charge image method by summing the various contributions of the system of charges. Recently, a 

novel method was developed by Golze et al. to include the polarization between a molecule and 

a metallic surface in hybrid quantum mechanics/molecular mechanics calculations.
225

 For 
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instance, the image-charge contribution represents less than 10% of the adsorption energy for a 

thymine or a guanine molecule on Au(111), i.e., 0.96 kcal/mol (41 meV) and 1.41 kcal/mol (61 

meV) for total adsorption energies of 14.89 kcal/mol (645 meV) and 17.06 kcal/mol (740 meV), 

respectively. Beyond the single-molecule case, this polarization effect has also been studied with 

increasing molecular coverage, such as benzene on Cu(111)
194

 or benzoate on Cu(110),
226

 

exemplifying the role of the local molecular environment and thus the many-body character of 

this contribution. 

 

2.2.8 Crystalline faces 

The basic idea of treating a surface as a solid and inert support is often too simplistic a model; 

incorporating the surface structure generally requires a more refined view. This factor is 

important for metallic surfaces, of course, but even more so for semiconducting surfaces for 

which there is substantial reconstruction, giving rise to various adsorption properties. The 

different surface orientations offer not only different adsorption sites but also different electronic 

properties—the work function, for example. A prototypal example out of many is the 

codeposition of copper(II) tetraphenyl-21H,23H-porphirine (CuTPP) and cobalt(II) 

phthalocyanine (CoPc). On an Au(111) surface, two phases are observed: a well-ordered one of 

CuTPP and a second disordered one comprising the two molecules, whereas on an Au(100) 

surface, a well-organized binary molecular array of CuTTP and CoPc is observed.
227

 In terms of 

adsorption sites, the molecules experience a larger adsorption energy on the tetragonal surface 

structure than on the hexagonal one, resulting in a higher mobility on the (111) geometry. 

Additionally, by replacing CuTPP by copper(II) 2,3,7,8,12,13,17,18-octaethyl-21H,23H-

porphine (CuOEP), Yoshimoto et al. obtained organized structures on Au(111),
228

 an observation 
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that emphasizes the delicate balance between the intermolecular interaction and the diffusion 

barrier on the surface. For a chemisorbed system such as a full monolayer of 3,4,9,10-perylene 

tetracarboxylic di-anhydride (PTCDA) on Ag(111) and on Ag(110), Zou et al. identified, by 

combining various electronic and structural characterization techniques, noticeable changes of 

adsorption properties according to the surface structure.
229

 With a bicomponent system such as a 

ZnPc and ZnOEP bi-molecular array on Au(111) and Au(100) surfaces, Yoshimoto et al. 

demonstrated via STM experiments at the liquid/solid interface that an alternately arranged 

striped structure occurs on Au(100), indicating that the substrate provides less influence in terms 

of intermolecular interaction, whereas a supramolecular structure with a “chessboard” 

arrangement is observed on Au(111).
230

  

 

2.2.9 Comparison between adsorption on noble Cu, Ag, and Au surfaces 

It is generally assumed that the reactivity of noble metal surfaces follows the order of copper > 

silver > gold.
155

 For instance, CuPc molecules are physisorbed on Au(111) and are chemisorbed 

on Cu(111), with an intermediate case in terms of substrate bonding for Ag(111).
231,232

 Similarly, 

a single PTCDA molecule on (111) surfaces exhibits the same trend, with an increasing 

molecule/surface distance of 2.66 Å, 2.86 Å, and 3.27 Å for Cu, Ag, and Au, respectively.
233

 

Similar results have been obtained with diindoperylene (2.51 Å, 3.01 Å, and 3.10 Å, 

respectively).
234

 The distance between two neighboring metallic atoms on the (111) surface is 

2.55 Å, 2.89 Å, and 2.88 Å for Cu, Ag, and Au, respectively. This structural fact alone does not 

explain adsorption tendencies, especially for silver and gold, and electronic contributions, such 

as charge transfer, must to be taken into account.
235

 The electronic coupling between the 

molecule and the surface modifies the adsorption geometry, leading to a deformed admolecule, 



 

27 

 

  

as was reported for F16CuPc.
236,237,238

 Moreover, a study by Heimel et al. has demonstrated the 

fundamental role of the surface nature on the reduction of the electronic gap of semiconducting 

molecules (pentacenequinone and pentacenetetrone).
239

 Once adsorbed, the oxygen atoms bend 

towards the surface, resulting in a deformation of the carbon skeleton and a modification of the 

metal-molecule interfacial electronic structure, to a dramatic level in the case of a copper surface.  

Finally, the different adsorption behaviors of cyano-functionalized triarylamines on the 

three coinage surfaces should be highlighted.
240

 Whereas adsorption on Au(111) and Ag(111) 

produces well-ordered phases with dipolar coupling (H-bonding and metal coordination for the 

former and H-bonding only for the latter), adsorption on Cu(111) generates sparse 2D islands 

formed by metal coordination. The key role of the molecule/surface interaction for the formation 

of the bicomponent assembly is exemplified by the co-deposition of CuPc and PTCDA.
241

 The 

mixing is not favored, and separated islands are formed due to a stronger adsorption interaction 

of the two molecules on Ag(111) than for that of CuPc/PTCDA. The resulting system consists of 

large, densely packed CuPc domains condensed on a compact PTCDA monolayer on Ag(111), 

whereas one observes a highly ordered mixture of these two molecules on Cu(111).
242

 

2.2.10. Diffusion barriers 

As outlined above, the ability of molecules to move on a surface is one of the major factors when 

producing self-assembled structures. The adsorption energy provides information on how and 

whether molecules attach to a surface (in the direction perpendicular to this surface) and is 

distinct from the diffusion energy describing the mobility of an adsorbate on the substrate (in a 

direction parallel to the surface).
243

 The diffusion energy corresponds to the energy to transfer an 

adsorbate from one adsorption site to a neighboring one, e.g., from one hollow site across the 

saddle point of a bridge site on a [111] surface. In the case of low diffusion energy, adsorbates 
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move freely on the surface and can be treated as a 2D gas phase. For instance, thioalkanes 

chemisorbed on a gold surface experience a low diffusion barrier once adsorbed. The strong 

covalent bond between the sulfur atom and the gold surface does not prevent high diffusion, 

giving rise to well-documented organosulfur/Au(111) self-assembled monolayer systems.
12,244

 In 

contrast, when the bonding energy is of the same order of magnitude as the diffusion energy, the 

adsorbate behavior on the surface is more sensitive to temperature effects, and an equilibrium 

exists between a 2D gas phase on the surface and the gas phase itself. Although surface diffusion 

of atoms and of small molecules, such as carbon monoxide, is well understood (and often 

follows a simple single particle hopping model), the problem is significantly more complex in 

the case of larger molecules
245

 because they span several surface adsorption sites,
246

 deform 

during diffusion,
247

 interact with surface defects,
248

 can induce local surface reconstruction (see 

below),
249

 can diffuse only in specific directions,
250

 and can be immobilized or highly mobile 

depending on the orientation with respect to the surface atomic lattice,
251

 among other effects. 

Larger molecules are therefore more likely to be pinned (i.e., prevented from diffusing). 

However, to a first approximation, post-deposition annealing is in general sufficient to provide 

enough energy to allow diffusion of larger molecules.  

In the case of coadsorption of two molecules, at intermediate temperatures and when the 

surface diffusion barriers of the two components are sufficiently different, it is possible that only 

one component is mobile. Such a scenario was recently employed by Amabilino, Kantorovitch, 

Raval et al. to design a bicomponent system comprising a molecular walker moving between 

immobilized molecular fences.
252

 

 

2.2.11. Molecule-induced surface reconstruction 
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Finally, in certain cases, the presence of adsorbed molecules may lead to a reconstruction of the 

surface. For instance, it has been shown that adsorption of Azure A or pentacene (Pen) or 

trimethylphosphine modifies Au(111) herringbone reconstruction and eventually removes 

surface atoms and induces the formation of etch pits.
253,254,255

 In another example, Besenbacher 

et al. showed that hexa-tert-butyl-decacyclene molecules (HtBDC) deposited on Cu(110) 

surfaces create a characteristic trench under the molecule in which 14 Cu atoms are removed 

from the surface layer in two neighboring close-packed rows.
256

 Similarly, the adsorption of a 

Lander molecule on Cu(211) leads to a reconstruction of the surface (311) steps. This effect of 

surface reconstruction induced by molecular adsorption was also observed at the step edge of a 

Cu(110) surface. In this example, metallic atoms diffusing along the lower terrace were trapped 

by molecules adsorbed on the upper step edge and modified the structure of the step by 

aggregation and molding.
257

 The observations of these surface structure modifications 

underneath a molecular adsorbate were obtained by STM manipulation at low temperature by 

displacing the molecules. Although we are not aware of such observations in the case of 

bicomponent self-assembled systems, it is likely that such a phenomenon exists and acts to 

locally perturb molecule-substrate interactions. 

2.2.12 Résumé of the various interactions responsible for molecular self-assembly 

The different ranges of interactions according to their strength are summarized, along with their 

directionality, in Table 1. Such a classification is difficult to establish due to the intricate 

character of some of these interactions. The range of the force strength varies generally by one, 

or sometimes two, orders of magnitude as a result of the diversity of molecular species 

encountered in the context of self-assembly.  

Interaction  Strength Strength Directionality 
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(kcal/mol) (eV) 

vdW 0.2 – 2.5 0.01 – 0.1 No 

Substrate-mediated 0.2 – 2 0.01 – 0.1 No 

CH-π 1 – 4 0.05 – 0.2 Yes 

π-π bond 0.2 – 11.5 0.01 – 0.5 Partially 

X-bond 2.4 – 36  0.1 – 1.5 Yes 

H-bond 1 – 16 0.05 – 0.7 Yes 

Dipole-dipole 1 – 11.5 0.05 – 0.5 Yes 

Cation-π 1 – 18 0.05 – 0.8 Yes 

Image charge 0.2 – 2.5 0.01 – 0.1 Yes 

Electrostatic 1 – 70 0.05 – 3 No 

Ion-dipole 11.5 – 46 0.5 – 2 Yes 

Metal 

complexation 

11.5 – 70 0.5 – 3 Yes 

Covalent 23 – 100 1 – 4 Yes 

Table 1. Strengths of molecular interactions. Values extracted from the literature and adapted 

from Barth, J. V.
56 

 

 

3. SELF-ASSEMBLY BY DIRECTIONAL INTERACTIONS: COMPLEMENTARY H-

BONDING MOIETIES  

As discussed above, the most widely employed non-covalent interaction in supramolecular 

chemistry is H-bonding,
258

 which allows control over the directionality and strength of 

interactions when both components are carefully designed. By co-adsorbing two types of 

molecules with single (or even more with multiple) complementary H-donors (D) and H-

acceptor groups (A), the intermolecular interaction can be reinforced. Thus, it is possible to 

reduce the respective role of the interactions with the substrate, which often governs the 

orientation of the supramolecular arrangement.
259

 The relative importance of the substrate 
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generally increases with decreasing intermolecular H-bond strength. Fig. 1 shows typical 

functional groups often encountered in the literature. 

 

Figure 1. Examples of different combinations of molecules containing hydrogen-donor (D) or hydrogen-acceptor 

(A) functional groups for H-bonded networks: DAD: Melamine (M, 2,4,6-triamino-1,3,5-triazine), guanamine (or 

2,4-diamino-1,3,5-triazine, DAT) derivatives; ADA: cyanuric acid (CA, 1,3,5-triazine-2,4,6-triol), AA: PTCDA, 

carboxylic acid-pyridine, AD: carboxylic acids. 

 

 3.1. Melamine-based structures 

The melamine molecule, simultaneously acting as an H-bond donor by its three amino groups 

and an H-bond acceptor by its three triazine nitrogen atoms, is of special interest in engineering 

2D bicomponent nanostructures. Its small size and high symmetry make it an ideal model for 

advanced theoretical analyses and comparative experiments to understand the geometry and the 

formation mechanisms of supramolecular structures. Melamine alone can form homomolecular 

self-assembled monolayers on Au(111),
260,261,262,263

 Ag-Si(111),
264

 and Ag(111).
265

 On Au(111), 

melamine can assemble in two possible arrangements: a hexagonal structure and a close-packed 

structure. Theoretical studies
261,266

 including vdW interactions have suggested that the closed-

packed regions are transition regions (or domain walls) between the more stable hexagonal 

islands. Another theoretical analysis
267

 indicated that the formation mechanism relies on 

molecule-metal atom pairs that participate in the assembly growth via a specific gating 
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mechanism mediated by cooperative molecular interactions. It is suggested that this formation 

mechanism is not restricted to the melamine gold system. On Ag(111),
265

 melamine forms two 

different structures: first, a metastable honeycomb structure stabilized by three double H-bonds 

per molecule, which is similar to the one observed on Au(111) or Ag-Si(111); then, annealing of 

this phase leads to the thermodynamically stable phase, exhibiting a higher packing density and 

an additional H-bond between the amino groups of adjacent molecules. Melamine has been used 

to prepare monolayers of bi-molecular systems with other molecular blocks bearing hydrogen-

donor and acceptor groups, such as cyanuric acid (CA), PTCDI, PTCDA, 1,4,5,8-naphthalene-

tetracarboxylic di-imide (NTCDI).  

 3.1.1 Melamine and cyanuric acid 

The 1:1 H-bonded adduct between CA and melamine (M) that forms rosettes has long been 

considered an outstanding case of non-covalent synthesis.
268,269,270

 In 2006, a self-assembled 

monolayer CA-M directed by lateral triple H-bonding interactions was prepared through two 

different methods in UHV on Ag-Si(111)3 x 3R30°: sequential deposition of CA followed by 

M (the reverse order did not produce any useful results) and co-deposition of the molecular 

species.
271

 The results were in both cases a structure composed of 3 M and 3 CA molecules that 

formed a 2D array of cyclic hexamers (Fig. 2). 
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Figure 2. Hexameric motif constituting the CA-M binary network stabilized by H-bonding. 

Interestingly, sublimation of M on CA ordered-layer islands led to a honeycomb structure at the 

edges of the CA domains, attributed to the formation of CA-M complexes. After leaving these 

coexisting islands overnight, the CA desorbed, leaving only the more stable complex islands. 

Simultaneous deposition produced the complex directly without traces of single component 

islands. Both methods resulted in networks uncontaminated by the precursor phases due to the 

higher stability of the bicomponent network. The authors observed a subtle change in the lattices 

due to molecule-substrate interactions that led the network to relax in the preferred orientation.  

 In 2008, a similar study was conducted on Au(111) by Besenbacher et al..
272

 Both 

deposition techniques were used on this substrate. This time, the molecular units M or CA were 

deposited separately, and networks of M or CA were imaged; then, the second component was 

deposited to allow the formation of large heteromolecular networks. The H-bond lengths of 1.86 

Å (O
…

H) and 1.96 Å (N
…

H) were in good agreement with those obtained by bulk X-ray 

diffraction (1.93 Å and 2.01 Å, respectively), indicating the molecule-substrate interactions to be 
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negligible.
262

 In addition, theoretical results confirmed that the lattice parameters were consistent 

with measured values comprising a binding energy of 0.82 eV (18.91 kcal/mol) per molecule for 

the stoichiometric network. By carrying out the sequential deposition of M followed by CA, the 

authors could also produce the new stable phase CA1M3. A binding energy of 0.68 eV (15.68 

kcal/mol) per molecule was calculated for this phase, of comparable magnitude to the 0.65 eV 

(14.99 kcal/mol) per molecule of the pure CA network. It was proposed that this CA1M3 is an 

intermediate step in the incorporation of CA into an existing M network towards the 

thermodynamically stable CA1M1 binary mixture phase. A third superstructure has also been 

observed in which hexagonal rings of M are interlinked by CA molecules showing a chiral 

arrangement.  

 A similar CA1M1 hydrogen-bonded network has been observed on thin films of NaCl on 

Au(111),
273

 which indicates that this  stable self-assembly is not significantly affected by the 

isolating NaCl substrate.  

 3.1.2 Melamine and dicarboxylic imides 

Similar to CA, the diimides NTCDI or PTCDI have been key precursors for the elaboration of 

bicomponent architectures.
274,275

 These compounds are photochemically stable dyes whose 

derivatives are considered promising new materials for organic electronics. They include two 

diformylamine (-C=O-N(H)-C=O-) hydrogen acceptor-donor-acceptor units linked through an 

extended aromatic backbone. PTCDI or NTCDI have been deposited alone on several surfaces 

[NaCl(001),
276

 Au(111),
277,278,279

 Ag/Si(111), 
,264,280

 or layered substrates
281 

], and various phases 

have been observed originating from H-bonding between molecules. 
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In 2003, Beton et al. reported
282

 the controlled deposition of M and PTCDI in UHV on 

the silver-terminated silicon surface Ag-Si(111) 3×3R30°. They obtained a honeycomb 

arrangement at RT that exhibited three strong H-bonds per M-PTCDI pair (Fig. 3). 

 

Figure 3. Top: STM image of the PTCDI-M network. Scale bar: 5 nm. Bottom: PTCDI-M H–bond arrangement 

showing the registry with the substrate honeycomb network. Reprinted with permission from Ref. 
282

. Copyright 

2015 Nature publishing group. 

Later, in 2007, same authors reported an analogous study on Au(111)-(22×3): after sequential 

deposition of PTCDI and M and subsequent annealing at 60-80°C, hexagonal networks were 

reported.
283

 Annealing at ~90°C produced a new parallelogram arrangement. The co-existence of 

both phases is possible if subjected to an intermediate annealing. The parallelogram 

arrangements (Fig. 4) are chiral and more compact than the hexagonal ones. Within the rows, 

one end is stabilized by a PTCDI-PTCDI double H-bond plus a single one with M; the other 

PTCDI extremity forms a triple H-bond with M. To summarize, annealing and surface-mediated 
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effects are clearly outlined in these reports, generating in particular a new parallelogram 

arrangement on Au(111).  

 

Figure 4. (a) Parallelogram motif of the PTCDI-M (ratio 3:2) binary network stabilized by H-bonding on Au(111) 

after annealing at 90°C: unit cell vectors b1 and b2 are measured at 30.7 ± 0.4 Å and 19.4 ± 0.3 Å, respectively, with 

an internal angle of 87 ± 2°; (b) schematic representation of the networks with the different parameters of the cell, 

where the pore is depicted by a dashed box. Reprinted with permission from Ref. 
283

. Copyright 2015 Wiley. 

Interestingly, Silly et al. have worked on the same system but with a different PTCDI-M ratio 

(3:4), affording a new close-packed chiral “pinwheel” structure as imaged by STM (Fig. 5).
278

 

After an extensive study of the single molecular species, the authors suggested that the co-

deposition of the new ratio at RT leads to a novel superstructure composed of six internal M 

molecules as a hexagonal center surrounded by PTCDI pairs. The entire nanodomain is stabilized 

by H-bonding, and both chiral forms are observed. Two notable features are the M hexagon 

being rotated by ~15° compared to the unimolecular network and this center domain also 

containing molecular defects. This example nicely demonstrates how a new parameter can 

significantly tune a molecular arrangement to exhibit pronounced complexity. 
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Figure 5. (a) One chiral nanodomain composed of PTCDI-M (ratio 3:4) on Au(111) as imaged by STM, the M 

hexagon showing low resolution due to possible internal rotations or defects; (b) Model of the molecular 

arrangement detailed above. Reprinted with permission from Ref. 
278

. Copyright 2015 RSC. 

The same authors introduced another way to tailor the geometry of the PTCDI-M long-range 

arrangement using a reconstructed Au(111)-(22×3) surface (grown on mica).
284

 After 

deposition of the two precursors and annealing at 80°C for 15 h, the network is composed of a 

succession of double rows of hexagons and a single row of parallelograms (see Fig. 6). 

 

Figure 6. (a) STM image of the supramolecular network of the epitaxial PTCDI-melamine supramolecular network 

on the reconstructed Au(111)-(22×√3) surface. (b) Molecular model with a superimposed high-resolution STM 
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image. Black and gray arrows indicate the two types of parallelogram rows. Reprinted with permission from Ref. 

284
. Copyright 2015 AIP. 

These motifs are ~6.3 nm apart, fitting the periodicity of the Au(111)-(22×3) substrate in the 

[1-10] direction. A sub-substrate interaction in epitaxy was proposed to explain this complexity 

of interactions resulting in such a structure. A first-principles study of these bicomponent films 

on Ag(111) surface was conducted
285

 and revealed strong distortions of the adsorbed molecules 

near the contact points due to the influence of the H-bonds. The calculated charge transfer from 

the substrate to the PTCDI molecule (0.9 e
-
) has an influence on the H-bonds by inducing a 

redistribution of the electronic s-cloud. Although it weakens N
…

H-N bonds and strengthens the 

two O
…

H-N bonds, these dipolar effects are in balance. Another study used functionalized 

PTCDI to induce nanoporous arrays of various geometries and symmetries.
286

 Di(propylthiol)-

PTCDI exhibited two distinctive arrangements when adsorbed on the surface as a close-packed 

array and a honeycomb structure with pores, respectively. Modification with M (deposition time 

of 4 h with a sample held at 60-80°C) resulted in a hexagonal structure with expanded pore size: 

this technique represents a notable example of sequential development of self-assembled 

structures through increasing the pore dimensions by associating di(propylthiol)-PTCDI with M. 

Br2-PTCDI is also reported to produce a porous network with M. The authors highlighted that 

through chemical modification, in situ functionalization of Br2-PTCDI can offer more 

possibilities to tailor the pore properties and geometry. Several other minority phases with more 

complex intermolecular junctions were also observed on Au(111), exhibiting various pore sizes 

amenable to filling with C60 molecules.
260

  

Similarly, co-adsorption of M plus NTCDI was investigated by Beton et al. on Ag-

Si(111)3×3R30° under UHV. The aim was to study the level of control by replacing one 
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component by a similar one possessing the same triple hydrogen-bond system.
264

 The array of 

molecules studied in this paper is expected to give results analogous to PTCDI but with smaller 

unit cell vectors; however, experimental results have revealed more complex motifs, which 

displayed commensurability with the surface. To afford a wider coverage of the mixed phase, 

after primary deposition of NTCDI, M was sublimated onto the surface held at 60-80°C although 

M-M and NTCDI-NTCDI arrangements remained abundant. High-resolution imaging was 

possible, and three characteristic binary structures, in strong contrast to the one observed with 

PTCDI, were identified: triangular, star and melamine tape as a consequence of M-M bonding 

(not observed with PTCDI, except on Au(111) under certain conditions
264

). High 

commensurability between adsorbates and the substrate provides strong evidence of the 

important role played by the surface in the global stabilization of the final assemblies. Typically, 

a surface-mediated effect is probably the source of low intermolecular H-bond interactions in 

this case, avoiding the creation of the expected long-range bi-unit modules. Once again, the 

active role of the surface should be emphasized in this example (Fig. 7). 

 

Figure 7. NTCDI-M on Ag-Si(111)3×3R30°. a) Upper left side corner: hexagonal mesh of the reconstructed 

surface. b) and c) Models of the structure. A row of M maintained by H-bonds is highlighted in the dashed 

rectangle. Reprinted with permission from Ref. 
264

. Copyright 2015 APS. 

 3.1.3 Melamine and PTCDA 

Similar to PTCDI, perylene tetracarboxylic di-anhydride (PTCDA) (see Fig. 1) is a much-
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investigated prototype molecule for organic electronics.
287

 It has been extensively 

studied
288,289,290

 and reviewed
233

 as a homolayer on different metallic surfaces. It has been 

suggested that PTDCA/Ag(111) interactions are mainly driven by chemisorption (with the 

carboxylic O atoms positioned 0.18 ± 0.03 Å closer to the surface than the perylene core),
291

 

while PTDCA is physisorbed on Au(111). In contrast, with the acceptor-donor-acceptor system 

of bis-imides, the PTCDA system includes two hydrogen-acceptor AAA anhydride moieties (-

O=C-O-C=O-).  

Coadsorption of PTCDA at sub-monolayer coverage with melamine
292

 on Ag-

Si(111)3×3R30° leads to two distinct stable phases: a hexagonal lattice and a double-row 

structure completely different from the structure of PTCDA alone.
293

 M's donor-acceptor-donor 

(DAD) coupling motif is not well suited to the AAA interface offered by PTCDA. However, 

STM allows clear visualization of hexagons (in general 30 units) with both period and molecular 

orientations similar to those of PTCDI-M, as previously described. The two N-H⋯O bonds can 

overcome the repulsive character between the central anhydride oxygen atoms and the triazine 

ring nitrogen. The interaction energy was calculated to be 0.13 eV (3 kcal/mol) per PTCDA-M 

couple,
292

 corroborating the model proposed by the authors with weak interaction. Another close-

packed phase (Fig. 8) consists of an alternating double row of PTCDA and M alongside the 

hexagonal network. In contrast, the same blend of molecules on Au(111)(22 × √3) leads to the 

formation of several networks, depending on the PTCDA-M ratio, with a clear intermixing of 

molecules in the superstructures.
294,295
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Figure 8. PTCDA molecules are highlighted with ovals, and melamine molecules are shown as triangles, shaded 

darker for the melamine double row, which is more easily resolved in the images. Inset: STM image. Reprinted with 

permission from Ref. 
292

. Copyright 2015 ACS.  

 

  3.2. Other dicarboxylic imide/anhydride/acid-based self-assembled systems 

  3.2.1 PTCDI or NTCDI and guanamine derivatives 

Guanamine and 2,4-diamino-1,3,5-triazine (DAT) derivatives are molecules analogous to 

melamine in which the functionalization in the position 6 of the triazine ring allows a larger 

number of structures, in particular linear ones, with H-bonding systems similar to those 

described with melamine. 
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Figure 9. Diaminotriazine derivatives involved in bicomponent self-assembled systems.  

The first example of uniaxial anisotropy using phenyldiguanamine (BDATB) was obtained by 

co-evaporation of NTCDI on gold surfaces.
296

 First, on flat Au(111) surfaces, a 2D binary 

supramolecular structure was formed by packing 1D heteromolecular NTCDI-BDATB rows. 

Theoretical calculations showed that the triple H-bonds inside the rows (14.4 kcal/mol, 0.62 eV) 

are much stronger than lateral binding between adjacent dimers (4.6 kcal/mol, 0.2 eV), therefore 

defining a highly anisotropic supramolecular phase. Then, to test a pre-patterning-plus-self-

assembly approach of bicomponent structures, a molecular monolayer was grown on an Au(111) 

vicinal surface with periodic faceting, namely, Au(455) (Figure 10).  
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Figure 10. Coadsorption of 0.9 monolayer (ML) of NTCDI and benzodiguanamine (BDG) on Au(455). A 1D 

multiple-phase separation (dotted blue lines) is observed. The binary, single domain molecular recognition structure 

lined up along step edges (phase I) is shown in the central panel. Black rhomboids mark the regular packing 

sequence of 1D chains on terraces, which is reversed in one of them (red rhomboid). The bottom panels show the 

detailed view of phases II (NTCDI), III (BDG-rich on wide terraces), and IV (BDG-rich on narrow terraces). 

Reprinted with permission from Ref. 
297

. Copyright 2015 ACS. 
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 A comparison with pure phases of NTCDI and BDATB on the latter substrate showed 

that the binary chains are forced along the vicinal steps as expected but also that the ideal 

bicomponent structure was limited to surfaces with relatively large terraces. Steps induce a 

distinct hierarchy of driving forces that can lead to multiple phase segregations. The 

spectroscopic fingerprints of these monolayer assemblies on Au(111) have been obtained by 

XPS, ultraviolet photoemission, STS and NEXAFS and have provided a precise description of 

the electronic states of the N and O species of the amine and imide functional groups that give 

rise to networks with a binary mixture.
298,299

 This work illustrated the bipolar charge 

redistribution induced by the charge polarization in these anisotropic H-bonded systems. 

Moreover, the molecule-substrate interactions are weak for each of the single component layers 

and for the bicomponent one. However, the strong H-bonding in the bicomponent layer affects 

mainly the electronic structure of the s orbitals due to a modification of the bond lengths. Next, 

Fasel, Müllen et al.
277

 published similar results with BDATB and PTCDI on vicinal 

Au(11,11,12). Here, also, the growth of the specific 1D H-bonding network was guided by the 

appropriate template surface. It was also shown that single rows contained more defects than 

double rows, with a larger number of homomolecular pairs; it was concluded that the presence of 

a second row stabilizes the ordering by lateral adsorbate-adsorbate interactions. Similarly, the H-

bonding fingerprints in electronic states were obtained by STM/STS experiments
300

 and 

confirmed these results. 

An in-depth analysis of interplay and hierarchy of interactions in the analogous systems PTCDI-

BDATB/6-phenyl-DAT/6-(4’-cyanophenyl)-DAT has also been published by Fasel et al.
301
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Figure 11. Mono- and bicomponent self-assembly of BDATB, 6-phenyl-DAT (PhDAT), 6-(4’-cyanophenyl)-DAT 

(CPhDAT) (see Fig. 9) and PTCDI. Reprinted with permission from Ref. 
301

. Copyright 2015 ACS. 

 

 As shown in Fig. 11, each of these molecules comprises one (two in the case of BDATB) 

guanamine D-A-D group, and, in the case of CPhDAT, a cyano group that can be involved in 

metal-organic bonds. The comparison between the behaviors of these molecular species allowed 

the author to explore first in homomolecular systems, then in binary systems with PTCDI, the 

interplay and competition of H-bonding, dipole-dipole interactions and metal coordination. The 

presence of the complementary H-bonding units promoted the growth of single, well-ordered 

phases in comparison with homomolecular phases. 

 Notably, these mixed PTCDI-BDATB layers cannot be grown on ultra-thin NaCl films 

on Au(111) but are stable on NaCl/Au(11,12,12).
302

 On a partly NaCl-covered surface, the layers 

grow preferentially on the first molecular adlayer on Au(111) rather than on NaCl, indicating 

that the intermolecular interaction is stronger than the interaction with NaCl, as is frequently 
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observed for insulating surfaces. However, in contrast to what is observed on gold vicinal 

surfaces, the superlattice of bi-molecular wires does not form on thin films of NaCl/ 

Au(11,12,12), and the small molecular domains do not follow the Au step directions but instead 

the NaCl(001) high symmetry directions. Actually, the distortion of the NaCl thin films induced 

by the underlying substrate modifies their electronic structure and generates a superlattice of 

binding sites on these insulating films. 

 This study was also extended to another template surface, the strain-relief pattern formed 

by two monolayers of Ag on Pt(111).
303

 It was shown that this template could also be used to 

control the orientation of the H-bonded rows by strong molecular pinning on the pattern.  

In another example, large molecules equipped with two diamino-triazine and two di-

carboxylic imide functionalities gave rise to 2D and 1D structures on Au(111).
304

 Two Lander 

molecules with diamino triazine (DAT) and dicarboxylic imide (DCI) groups show a 3D 

structure due to the presence of bulky spacer groups on the poly-aromatic board, which act as 

legs. In consequence, the direct H-bonding is altered by the conformational flexibility, allowing a 

stronger vdW contribution with the metallic surface (Fig. 12). This effect is reinforced when 

molecules are on step edges of the surface: short 1D heteromolecular chains are formed via 

complementary DAT-DCI triple H-bonds due to the ability of the DAT groups to rotate with 

respect to the central core of the Lander DAT to optimize the H-bonding. It was shown that this 

effect of adaptation of the DAT group by rotation is responsible for various supramolecular 

architectures not achievable with planar compounds.
305
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Figure 12 (a) Two Lander molecules with DAT and DCI functionalities. (b) STM image of 2D grid-like pattern and 

(c) a model of this structure. (d) top- and (e) side-views of the calculated model showing the H-bonds involved in the 

formation of the 2D network. The arrow in (d) indicates the viewing direction for the side view. Reprinted with 

permission from Ref. 
304

. Copyright 2014 RSC. 

 

  3.2.2 PTCDA and amines 

Another example involving PTCDA in a bicomponent phase has been obtained by co-adsorption 

with the hydrogen donor AA-AA 1,2,4,5-tetraaminobenzene (TAB) on Ag/Si(111),
306

 in which 

PTCDA and TAB form alternating rows stabilized by H-bonding between a dianhydride and two 

-amine groups. The experiment was performed by first depositing a PTCDA layer. After 

subsequent deposition of TAB (requiring several minutes), some of the previous islands were 

converted into parallel rows with alternated brightness as a new intermixed phase. The complete 

transformation was obtained after an overnight deposition of TAB. Interpretation based on the 

lattice of the silver-terminated silicon surface underneath allows precise determination of the 

spatial arrangement: the row spacing corresponds to three times the lattice constant a0 in the [1-
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10] direction (with a0 = 6.65 Å). These results are supported by DFT geometry optimization 

calculations and confirm the presence of H-bond supramolecular interactions between anhydride 

and amine. The complete conversion of all PTCDA domains to this mixed row phase, which is 

not the case, for instance, for PTCDI-melamine despite a stronger triple H-bond, is a 

consequence of the weaker homomolecular PTCDA-PTCDA interaction strength compared to 

the PTCDI-PTCDI one. In the case of PTCDA, heteromolecular PTCDA-melamine interactions 

enter the competition and favor the mixed phase. 

PTCDA has also been associated with 4,4"-diamino-p-terphenyl (DATP) or 2,4,6-tris(4-

aminophenyl)-1,3,5-triazine (TAPT) on Au(111) in detailed theoretical
307

 and experimental 

studies.
308

 

 

Figure 13. Benzene-1,2,4,5-tetraamine (TAB), [1,1':4',1"-terphenyl]-4,4"-diamine (DATP) and 4,4',4"-(1,3,5-

triazine-2,4,6-triyl)trianiline (TAPT). 

 Submonolayers of PTCDA deposited with DATP form an open rectangular H-bonded 1:1 

network stabilized by four NH
…

O bonds at each corner. The authors regard this network as an 

array of regularly spaced, identically oriented PTCDA aligned with the ⟨110⟩ directions of the 
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substrate and, orthogonal to PTCDA, the long axis of DATP lying along the ⟨211⟩ directions. At 

higher coverage, different superstructures were observed in which pairs of DATP aligned along 

the <211> directions separate single or double rows of PTCDA. In contrast, with the 

bicomponent layers discussed so far, these superstructures depend crucially on both homo- and 

heteromolecular interactions, and some phases could be described as nanounits of PTCDA 

separated by DATP spacers. A detailed theoretical analysis of the electronic and geometrical 

structures of this system has shown that vdW-corrected DFT describes more precisely the 

interactions involved in such supramolecular layers on the metallic surface compared to standard 

DFT schemes without a vdW term.
307

 

In contrast, coadsorption of PTCDA with TAPT produced one of the largest superstructures 

observed so far, with a unit cell containing seven PTCDA molecules grouped in a nanoisland 

surrounded by four TAPT molecules. 



 

50 

 

  

 

Figure 14. Overview (A) and detailed STM image with model (B) of array of seven-molecule PTCDA nanoislands 

produced using TAPT as a H-bonding spacer. Reprinted with permission from Ref. 
308

.
 
Copyright 2015 ACS. 

 The five central molecules in PTCDA islands show an ordering similar to the one 

observed in the pure PTCDA herringbone phase.  

 In summary, the H-bonds between PTCDA and these aromatic (mono)amines are in 

competition with PTCDA-PTCDA interaction due to their comparable bonding energies, which 

are significantly higher than that of the amine-amine ones. As a result of this balance, it is 

possible to obtain a variety of phases consisting of homomolecular nanoislands embedded into a 

matrix of the second species.  

 Adenine and PTCDA 
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In contrast, the coadsorption of symmetric PTCDA and the non-symmetric adenine (9-H-purin-

6-amine) DNA base on Au(111) leads to a complex bicomponent chiral supramolecular network 

comprising 10 molecules of PTCDA and 4 molecules of adenine.
309

 This network is composed of 

rows of PTCDA molecules connected by O…H-C H-bonds (along the red dashed line in Fig. 

15.c), forming a large parallelogram pore. At the center of this structure, four PTCDA molecules 

self-assemble in a domino-like manner. The four adenine molecules fill the voids left between 

these two arrangements, but with some randomness and chirality within each void. It is 

noteworthy that this complex packing is the only one observed with this pair of molecules. DFT 

calculations have been performed (without including the presence of the substrate) to understand 

the stability of this network. These calculations indicated that the presence of adenine provides 

significant strengthening to the PTCDA network. 
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Figure 15. a-b) Coadsorption of PTCDA and adenine on Au(111)-(22 x √3) in the ratio of 10:4. The unit cell is 

indicated by dashed yellow lines. c) Model of the bicomponent packing. The outer skeleton of PTCDA is underlined 

by the red dashed red lines. Adapted with permission from Ref. 
309

. Copyright 2016 ACS. 

 3.2.3. Carboxylic acids 

Carboxylic acids self-assemble by double H-bond interactions as exemplified in the case of 

trimesic acid, Fig. 16. To form bimolecular networks, the second molecule must be able to 

establish a bond with the carboxylic group that is strong enough to compete with the acid-acid 

bond, as in the case of the basic pyridyl group. 

 

Figure 16. Trimesic acid (TMA) and basic 4,4'-bis(4-pyridyl)-biphenyl (BPBP) and possible homo (acid-acid) or 

heteromolecular (acid-base) H-bonds. 

TMA, being a carboxylic acid, is prone to self-assemble by acid-acid H-bonding such that the 

homomolecular clusters of TMA compete with the acid-base binary phases. Experimentally,
310

 

two phases with a 1:1 ratio of TMA and BPBP (Fig. 16) were observed: a closed-packed 

herringbone structure and a rectangular porous one. Using these two phases as precursors, the 

authors developed two strategies to modify the TMA:BPBP ratios (Fig. 17). The first strategy 

was to deposit additional BPBP onto the substrate in a step-wise manner to obtain ratios below 

unity, i.e., with an excess of BPBP. The second strategy was to increase the substrate 

temperature, causing the stepwise desorption of BPBP and giving rise to TMA:BPBP ratios 
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greater than unity. As a result, six distinct pore shapes (rectangular, triangular, diamond, 

pentagonal and hexagonal) were observed. A unified structural model was developed to 

rationalize the observed structures and predict as-yet-unobserved ones, in particular using the 

concept of "framework knot units", the TMA oligomers or clusters connected by BPBPs. 

 

Figure 17. Images of a) rectangular pattern with TMA:BPBP ratio of 1:1; b) with a ratio of 8:3; c)-f) with ratios of 

less than unity. Reprinted with permission from Prof. K. Wu. 

Another example of bimolecular networks based in carboxylic acids is the self-assembly of 

croconic acid interacting with 3-hydroxyphenalenone; both are organic ferroelectrics, resulting in 

the formation of 2D features as a function of the stoichiometry and showing a tendency to 

aggregate tetrameric building blocks.
311

  

 3.3. Biology-related compounds 

Efforts in supramolecular engineering have been guided by nature on many occasions; thus, it is 

not surprising that natural compounds such as amino-acids or nucleobases have been studied on 

noble metal surfaces.
312,313,314,315,134,135

  

 For instance, the four nucleobases cytosine (C),
316

 guanine (G),
317

 adenine (Ad),
103

 and 

thymine (T)
318

 form well-organized 1D and 2D structures on Cu, Ag and Au surfaces. The H-
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bonding in these homomolecular systems is sufficiently strong that the role of the surface can be 

idealized as a simple support with minimal influence over the self-assembly process.  

Binary nucleobase sets of complementary G+C and non-complementary Ad+C were studied by 

Besenbacher et al. on the inert Au(111) surface in UHV conditions. In 2008, they first 

reported
319

 that both pairs can be formed after step-by-step deposition at RT. Heating created a 

significant difference in the stability of the hydrogen-bonding of the two systems: after heating at 

373 K for 10 min, the C+G binary systems remained almost unaltered; after 10 min at 353 K, the 

C+Ad mixture appeared as segregated islands of pure C or Ad. Such findings were obtained in 

the absence of water or a phosphate backbone, thus revealing that the triggered recognition of 

base pairing probably does not require the presence of a scaffold. It has been proposed that 

planar surfaces serving as a reservoir for a 2D gas of base molecules and triggering recognition 

between complementary bases could have played an active role in the first steps of the origin of 

life. A similar experiment with a mixture of complementary Ad and T nucleobases did not 

produce any conclusive results, as it was difficult to analyze the images. In 2010, the same group 

developed a strategy for the formation of a porous supramolecular network on the same noble 

metal surface by molecular recognition based on N-aryl-modified G and C nucleobases.
320

 These 

new complementary units may be viewed as mimics of nucleobases when attached to DNA. 

First, deposition of each base led to well-ordered chains maintained by H-bonding. The 

interacting phenyl rings and the methyl groups of the neighboring molecules to form the 2D 

supramolecular array provided weak lateral interchain binding. Sequential deposition (C, then G, 

at RT before imaging at a lower temperature) led to a highly ordered supramolecular 

bicomponent architecture with a flat porous network (Fig. 18). DFT calculations and STM image 

simulations confirmed these experimental results. These findings can be seen as preludes to more 
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sophisticated modifications towards the understanding of molecular recognition in base-pairing 

events. 

 

Figure 18. Binary mixture self-assembly of modified C+G after sequential co-deposition: a) high-resolution image 

and b) DFT-calculated molecular model superimposed on the magnified image. Reprinted with permission from Ref. 

320
. Copyright 2015 Wiley. 

Along these lines, dipeptide chain nanostructures
321

 were studied by 2D co-crystallization 

between di-L-phenylalanine (L-Phe-L-Phe) with an organic linker terephthalic acid (TPA). Pure 

dipeptide did not form any continuous networks, producing only isolated chains characterized by 

a high density of kinks and defects, mainly due to non-perfect matching with the substrate and 

substrate-mediated repulsion between the chains. In contrast, through co-deposition of the TPA 

linker, large, homogeneous and highly periodic arrangements could be formed on anisotropic 

Cu(110) and isotropic Cu(100) (see Fig. 19). The TPA linker molecule does not affect the final 

chiral character of the 1D arrangement. For all of these reasons, this approach is probably 

sufficiently robust for general applicability and could be extended to a larger range of 

biomolecules for potential heterogeneous catalytic systems. 
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Figure 19: Effect of the TPA organic linker on the self-assembly process of L-Phe-L-Phe dipeptide (brighter spots) 

on Cu(110). Adapted with permission from Ref. 
321

. Copyright 2015 ACS. 

Finally, we review the successive deposition of amino acid L-methionine and tetracene 

on Ag(111).
322

 First, the L-methionine produces long and regular rows due to O
…

H interaction 

and generates a nanograting with a distance of 3.8 nm between the trenches. This inter-row 

distance can be tuned (27.5 nm, 19.0 nm, 9.4 nm, 8.5 nm, or 4.4 nm) by adjusting the methionine 

concentration.
134

 This area offers a track for guest molecules such as tetracene molecules, which 

are confined in one dimension. These guest molecules do not decorate the methionine rims but 

instead stay surprisingly near the centers of the trenches. 

The opportunity to integrate natural compounds into molecular devices is a significant 

achievement towards more sophisticated matters. However, more efforts in this direction should 

follow, as the library for potential devices is enormous (e.g., in surface-supported heterogeneous 

catalysis), provided that the problem of transfer in UHV of larger fragile and reactive molecules 

can be completely solved (e.g., by electrospray techniques coupled to soft-landing in UHV).
36

 

 

4. METAL-LIGAND COORDINATION 

Metal-ligand bonding is another elegant way of organizing supramolecular networks at the 

vacuum-solid interface.
59

 On-surface coordination chemistry has developed considerably in the 
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past few decades, in particular thanks to the Kern, Barth, and Ruben groups as well as other 

groups working in the field. So far, most of the architectures have involved only one type of 

ligand, and bicomponent systems, which require significantly different chemical reactivities, 

have only been recently reported. Surface-confined bicomponent metal-organic chemistry relies 

on the interplay between more parameters than for H-bonded systems: different mobility of the 

adsorbates, i.e., a) metal adatoms and ligands, b) chemical reactions of the ligand with the 

surface, which can change its reactivity, and c) modification of the metal center properties by the 

metallic substrate, among other factors. One of the key parameters is the important role of the 

substrate, which acts as a template to direct and stabilize the metal-organic framework.
323,324

  

The importance of surface template effects was illustrated in a study of dumbbell-shaped 

supramolecules obtained by heteroleptic coordination of copper atoms by the pyridyl and 

bipyridyl nitrogen atoms of bis(4-pyridyl)-1,4-benzene (BPB) and (2,2'-bipyridine)-5,5'-

dicarboxylic acid (BDA).
325

 Codeposition of these two ligands on a Cu(100) surface at RT, 

followed by annealing at 400 K, produced a bi-nuclear dumbbell-shaped complex 

Cu2(BPB)(DBA)2 (Fig. 20). 

 

Figure 20. Supramolecular organization of dumbbell-shape complexes from bis(4-pyridyl)-1,4-benzene (BPB), 

(2,2'-bipyridine)-5,5'-dicarboxylic acid (BDA) and copper on Cu(100). 
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 Under these experimental conditions, the carboxylic groups are deprotonated by the 

surface (shown as red ends in Fig. 20) and are good hydrogen-bond acceptors. On defect-free 

terraces, the complexes are interconnected through multiple H-bonds between these carboxylate 

groups and the hydrogen atoms of the pyridyl groups, leading to a close-packed array with a 

brick-wall pattern. Near monoatomic step edges, the steric confinement induced by the step 

modifies the energy landscape of this H-bond network and favors a more linear organization that 

follows the orientation of the steps. Deposition of excess BDA produces a new structure in which 

the brick-wall pattern accommodates additional molecules without destroying the dumbbell 

complex.  

An example of transition from a stable homoleptic 2D coordination layer to a 1D heteroleptic 

coordination network was demonstrated by Kern et al. in 2009.
326

 In the presence of Cu atoms, 

4,4'-bis(4-pyridyl)(2,2'-bipyrimidine (PBP) (Fig. 21) self-organizes on Cu(100), Ag(100) and 

Ag(111) surfaces
324

 to form thermally stable and extended 2D metal-organic open pore 

coordination networks in which each copper atom is bonded to one pyridyl and two pyrimidyl 

nitrogen atoms. 

 

Figure 21. 4,4'-bis(4-pyridyl)2,2'-bipyrimidine (PBP) and terephthalic acid (TPA). 

Subsequent deposition of TPA (Fig. 21) and annealing at 400 K resulted in highly ordered and 

extended domains of a mixed phase of both molecules. In this structure, the PBP molecules form 

linear Cu-pyridyl coordination chains interconnected by TPA molecules (Fig. 22). 
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Figure 22. Tentative molecular model of the PBP-TPA mixed phase. 

 In this geometry, some of the carboxylate groups complete the coordination sphere 

around the copper atoms linked to the bipyrimidine nitrogen atoms, whereas the others maintain 

chain separation by H-bonds with the PBP hydrogen atoms. To sum up, the TPA molecules 

passivate the pyrimidine nitrogen atoms and prevent the growth of a 2D homotropic coordination 

network of Cu-PBP. 

In contrast, the favored coordination geometry around an Fe atom with carboxylate groups and 

4-pyridine groups (in absence of pyrimidine ligand) on a Cu(100) surface is represented by the 

[Fe2(carboxylate)2(pyridyl)2] units shown in Fig. 23. 

 

Figure 23. Heteroleptic coordination around iron. 

Accordingly, codeposition of an oligophenyl dipyridyl ligands as bis(4-pyridyl)-1,4-benzene 

(BPB, 1a in Fig. 24) or 4,4'-di(pyridin-4-yl)-1,1'-biphenyl (BPBP, 1b in Fig. 24), together with 

oligophenyl molecules bearing two carboxylate groups, such as TPA (2a in Fig. 24), BDA (2b in 
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Fig. 24), or [1,1':4',1"-terphenyl]-4,4"-dicarboxylic acid (TDA, 2c in Fig. 24) in combination 

with Fe centers
327

 or Cu centers
328

 on Cu(100) surfaces yield highly ordered arrays of 

coordination networks. 

 

Figure 24. Control of the size and aspect ratio of the supramolecular organization via the lengths of dipyridyl (BPB 

1a, BPBP 1b) and dicarboxylic ligands (TPA 2a, BDA 2b, and TDA 2c) in iron-coordinated networks. Reprinted 

with permission from Ref. 
327

. Copyright 2007- National Academy of Sciences, U.S.A. 

 The internal dimensions of these rectangular compartments are determined directly by the 

lengths of each ligand, leading to open cavities ranging in area from 1.9 nm
2
 to 4.2 nm

2
. 

Interestingly, the authors have discussed the mechanisms of efficient error correction and 

cooperativity and have shown how efficient reversibility of the Fe-pyridine versus Fe-

carboxylate bonds, in addition to the cooperative binding of the components, improved the error 

correction mechanism. 

The same authors reported supramolecular selectivity from a relatively complex mixture of two 

ligands and two metal atoms. In this experiment, PBP and BDA are coevaporated in a 1:1 ratio 

onto a Cu(100) surface at RT. At this temperature, it has been shown
323

 that extended 

coordination architectures are formed by the complexation of mobile copper adatoms. Then, the 

temperature is increased to 450 K, and iron atoms are deposited onto the substrate. This 

annealing process allows the deprotonation of the carboxylic groups and the disassembly of the 

initial structures, provides mobility, and induces a redistribution of the four building blocks, the 
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two molecules, and the Cu and Fe atoms. The system then is allowed to cool to RT. STM images 

show a supramolecular segregation into subdomains of [Cu4(PBP)2]n (marked in Fig. 25 by a 

blue arrow) and [Fe4(BDA)4]n (marked in Fig. 25 by white arrows).
329

 Both structures have been 

separately reported in previous studies.
324,330

 

 

Figure 25. Self-assembly of a mixture BDA + PBP + Cu + Fe/Cu(100) exhibiting phase separation in Cu-PBP (b) 

and Fe-BDA domains (c). Reprinted with permission from Ref. 
329

. Copyright 2015 Wiley. 

 These segregated phases, in which no heteroleptic coordination is observed, differ from 

the ladder-type architectures with the similar ligands dicarboxylic and phenyl and diphenyl 

dipyridyl ligands (BPB and BPBP) and Fe atoms (see above) that were reported by the same 

group.
327

 This dramatic difference can be understood by comparing the different thermodynamic 

stabilities of the systems and—in particular—the stability induced by the presence of the 

pyrimidine chelate. While PBP forms a relatively stable coordination network on its own, the 

phenyl and biphenyl analogues (BPB and BPBP) show only metastable homoleptic coordination 
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on Cu(100). In brief, the segregation can be explained by the stabilization of Cu
I
 by the 

pyrimidine ligand PBP, while Fe
II
 is stabilized by the carboxylate groups of the BDA ligand. 

Furthermore, the formation of Fe
II
-PBP leads to a +4 charge per unit cell, which is unlikely to be 

stabilized by charge screening and therefore induces a destabilization of this hypothetical 

structure. DFT calculations confirmed that the observed parallel assembly of segregated 

homoleptic domains is more stable by 1.2 eV than an assembly with reverse metal-ligand pairing 

or by 2.7 eV for a mixed phase of Fe-PBP-Cu-BDA. This seminal result shows that careful 

design of the layer components can lead to selective assembly with precise architecture by 

specific control of the coordination chemistry.  

When iron atoms on Au(111) are complexed by a mixture of molecules comprising the terpyridyl 

group and molecules with a pyridyl group, the most stable geometry is a linear one, 4',4""-(1,4-

phenylene)bis-2,2'-6',2"-terpyridine–Fe–5,10,15,20-tetra(4-pyridyl)porphyrin (PTpy-Fe-

TPyPH2), shown in Fig. 26. The network expands using PTpy as linear branches and TPyPH2 as 

connection corners between these PTpy-Fe branches. 

 

Figure 26. Chemical structure of 4',4""-(1,4-phenylene)bis-2,2'-6',2"-terpyridine (PTpy) and the free base 

5,10,15,20-tetra(4-pyridyl)porphyrin (TPyPH2) showing the preferred coordination geometry around the iron atom.  
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For instance, codeposition of iron, PTpy and the free base TPyPH2 (or its zinc complex ZnTPy) 

produces open network structures: either a rhombic structure, a Kagome lattice as shown in Fig. 

27,
331

 or closed polygons and cages with four components.
332

 

 

Figure 27. a) STM image of the coexisting rhombic (type I) and Kagome phase (type II); scale bar, 10 nm. b) Model 

of phase I. c) model of phase II. Reprinted with permission from Ref. 
331

. Copyright 2015 ACS. 

 Rhombic structures are formed by connecting four of the units in Fig. 26, the expected 

square structure being distorted by interaction with the Au(111) surface. Similarly, the Kagome 

structure comprises hexagons formed by six units fused to six triangular units. Here, again, the 

three-fold symmetry of the gold surface imposes distortions on the flexible coordination 

geometry around the Fe atoms. It is possible to selectively obtain pure phases of either type I or 

type II by adjusting the self-assembly conditions. When the overall molecular dosage is 

increased with an excess of PTpy, type-I islands cover the surface almost entirely. The fact that 
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this phase is favored can be rationalized in terms of entropy differences between the two phases: 

qualitatively, the Kagome lattice has a lower entropy; thus, its formation is less favored.
333

 The 

proportion of type-II Kagome phase can be increased using a guest-inclusion approach. A sample 

of type-I surface was first prepared as indicated above. Then, additional PTpy was deposited on 

this surface, which was then annealed at 450 K, leading to the appearance of phase II coexisting 

with phase I. By increasing the dosage of PTpy, more than 95% of the surface was occupied by 

phase-II. High-resolution images showed that 1 to 3 guest PTpy molecules appearing as diffusive 

clouds occupied the hexagonal rings of the Kagome lattice. The proposed mechanism is as 

follows: PTpy molecules deposited on a phase-I surface are trapped in the network voids of this 

phase. When the dosage increases, the number of trapped molecules increases, and the repulsion 

between these guest molecules in this confined environment increases. At the annealing 

temperature, the small rhombic voids expand under the "pressure" of the guest molecules, 

forming a phase-II structure with larger voids.  

 As briefly summarized here, metal-organic network research is a lively area because 

these structures offer great potential for designing innovative supramolecular networks on 

surfaces. As described before, most of the studies take advantage of s-, d-, and p-metal (Na, K, 

Cs, Mn, Fe, Co, Ni, Cu, Ag, Au, Pb…) adatoms to bind molecular linkers. Recently, new species 

of adatoms have been used, namely, the lanthanides: cerium,
334

 gadolinium,
335,336,337

 and 

europium.
338

 This case involves the formation of a bicomponent system composed of 

quarterphenyl-4,4"–dicarbonitrile and PTpy ligands. The obtained metallosupramolecular 

structures were based on the 4- and 5-fold coordination sphere of Eu adatoms. 

 

5. ASSEMBLIES STABILIZED BY NON-DIRECTIONAL INTERACTIONS 
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When the intermolecular interactions are weaker and not as directional, the influence of the 

molecule-substrate interaction grows in importance, and this delicate balance often leads to 

several stable/metastable supramolecular assembly possibilities. 

5.1 Porphyrins 

 An illustration of the substrate influence is the self-assembly of two porphyrin species, 

the free base tetraphenyl porphyrin (TPPH2) and its cobalt complex CoTPP, on various 

surfaces.
339

 On Ag(111), an ordered intermixed TPPH2/CoTPP layer is found, whereas phase 

separation occurs on Cu(111). This observation can be rationalized by the fact that adsorption of 

the free base is dominated by molecule-substrate interaction, in particular between the iminic 

nitrogen atoms and the copper surface, whereas the supramolecular arrangement of CoTPP is 

driven by attractive intermolecular interactions.  

 An instructive analysis of the thermodynamic aspects of bicomponent self-assembly of 

two substituted zinc porphyrins has been reported by Wintjes et al.
340

 Both molecules encompass 

alkane chains substituents, and one contains a cyanophenyl substituent at the meso position. The 

analyses of several series of experiments at different coverages and different molecular ratios 

enabled construction of a phase diagram for the bicomponent system and allowed the authors to 

identify the conditions required to obtain an intermixed phase. A remarkable difference between 

systems in solution and at the solid-liquid interface is the strong influence of the total amount of 

molecules on the surface, which can influence the type of bonds occurring, the enthalpy/entropy 

balance (particularly in the case of flexible molecules),
341

 and diffusive mass transport in the 

absence of a desorption/readsorption process. 

 

5.2. Phthalocyanine: penta-tert-butyl-corannulene 
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 The flexibility of networks maintained by weak H-bonds can be used to allow the 

insertion of a second component while maintaining a high degree of order in the monolayer. For 

instance, 2D crystallization of 2,3,9,10,16,17,23,24-octachlorozinc phthalocyanine (ZnPcCll8), 

an electron acceptor, on Ag(111) transitions from low-density (phase I) to compact packing 

(phase III) through two phase transitions.
342,343

 This metastability is a result of the balance 

between attractive intermolecular C-Cl
…

H-C bonding, the molecule surface interactions and the 

substrate-mediated intermolecular repulsions. Deposition of 1,3,5,7,9-penta-tert-butyl-

corannulene (PTBC), an electron donor, into the two non-compact phases I and II leads to well-

organized supramolecular structures of lines of PTBC inserted in compact lines of ZnPcCll8 (Fig. 

28)
344,345

 up to two 1:1 superstructures. 

 

Figure 28. a) STM images of a ZnPcCl8 network (phase I) after evaporation of PTBC molecules at low coverage; b) 

at higher coverage; c) details of the self-assembly showing a vacancy created by STM manipulation of one PTBC. 

The black arrow shows the propagation direction of the insertion of PTBC. d) Bicomponent network obtained by 

evaporation of PTBC into phase II. Reprinted with permission from Ref. 
344

. Copyright 2015 Wiley. 
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5.3. Phthalocyanine: DIP/pentacene 

 Similar behavior has been observed for the codeposition of fluorinated copper-

phthalocyanine (F16CuPc), an electron acceptor, and DIP, an electron donor, on Au(111) 

surfaces. The main difference compared to the previous example is that F16CuPc is a 

perfluorinated phthalocyanine; thus, intermolecular interactions in the single-component layer 

are weaker. Upon self-assembly of the bicomponent monolayer, the ability to form C-F
…

H-C 

between the phthalocyanine and the DIP greatly increases the intermolecular interactions, which 

modifies the molecule-substrate distances, weakens the phthalocyanine-Au interaction and 

reduces the charge transfer to the molecule. This report emphasizes how the control of 

intermolecular interaction, by choosing the correct chemical functions, could be a way to 

modulate the molecule-substrate electronic coupling and therefore to tune charge carrier 

injection in optoelectronic devices. Comparisons with binary networks of DIP with non-

fluorinated CuPc have also been reported
346,347

 that allow the realization of molecular templates 

with tunable symmetry and periodicity.  

When pentacene is used instead of DIP,
348

 coadsorption with F16CuPc on Cu(100), in a ratio of 

2:1, results in a 2D binary layers of a crystalline nanoporous network with two enantiomorphic 

chiral domains. Here, again, the enhanced intermolecular interaction by the formation of C-F
…

H-

C bonds weakens the molecule-substrate electronic coupling. A study of this bicomponent 

system on Au(111)
349

 has focused on the alloying, solid solutions, phase separation and 

segregation as influenced by the molecular ratios. The delicate balance between intermolecular 

and molecule-substrate interactions and its effect on molecular self-assembly has been illustrated 

by studying two similar blends of F16CuPc:Pen and CuPc: perfluoropentacene (F14Pen) on Au 

surfaces (Fig. 29).
350,351
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Figure 29. Asymmetric response towards molecular fluorination in binary fluorinated CuPc:Pen assemblies as 

influenced by substrate faces. Reprinted with permission from Ref. 
350

. Copyright 2015 ACS. 

 

 Deposition of the blend CuPc/F14Pen, a bicomponent system with weak intermolecular 

interactions, on Au(100), a surface with high molecule-surface potential corrugation, leads to a 

disordered monolayer (Fig. 29, center). On Au(111), the corrugation of the molecule-substrate 

potential is smaller, and the molecule-molecule interactions predominate to yield an ordered 2D 

crystal (Fig. 29, left). In contrast, stronger intermolecular interactions in F16CuPc/Pen blends 

produce a 2D crystalline network, even on Au(100) (Fig. 29, right). 

 A complementary study of coadsorption of F16CuPc on HOPG with DIP, Pen and 6P 

demonstrated that control of the molecular ratio can lead to a variety of phases.
352

 In these 

phases, the structural stability is maintained essentially by intermolecular H-bonds, and the 

molecule/graphite interface is dominated by π-π interactions. The smooth potential energy 

surface of HOPG does not induce any interlocking of the molecules with the substrate lattice. 

The self-assembly of F16CuPc and CuPc has also been investigated on HOPG.
353

 At low CuPc 

coverage, the CuPc is randomly embedded in a F16CuPc matrix; as the CuPc coverage increases 

to 50%, the bicomponent system is transformed to form a highly stable 1:1 chessboard-like 

pattern by intermolecular H-bonding. The coadsorption of 1,3,5-tris[(E)-2-(3,5-
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didecyloxyhenyl)-ethenyl]-benzene with coronene or/and HBC on HOPG produces a fine 2D 

molecular sieve.
354

  

 Cu-phthalocyanine (CuPc) has also been codeposited with PTCDA.
355

 Sublimation of the 

latter on Cu(111) followed by PTCDA offered a symmetrical arrangement organized with one 

Cu-Pc and two PTCDA molecules in close vicinity. The exact positions of the molecules on the 

Cu(111) lattice
 
could not be determined by STM, but in this specific case the symmetry is

 

induced by mutual interaction between the molecules and substrate; thus,
 
the CuPc molecules are 

expected to be aligned along the corresponding
 
row of Cu atoms. PTCDA is expected to

 
bind to 

the substrate preferentially by the three oxygen atoms
 
at each side of the molecule. Based on this 

scheme, the authors concluded that the PTCDA molecules form a zigzag chain as part the highly 

stable hexagonal structure observed on a monolayer of pure PTCDA. For the same reason, mixed 

layers of PTCDA and CuPc
 
are not found if the PTCDA is deposited first: the binding strength of 

this homomolecular array is too high to be overcome and leads to a mixed system. 

 To complete the discussion on this family of molecules, it is worth mentioning that 

binary layers combining F16CoPc and NiTPP or CoPc on Au(111) exhibit similar well-ordered 

structures, whereas a mixture of NiTPP and CoPc forms densely packed and well-structured 

architectures but with compositional disorder.
356,357

 The geometric and electronic similarities 

between the two species lead to solid-solution 2D crystallization similar to what has been 

observed in the case of binary layers of CuPc and CoPc on Au(111).
358

  

  

5.4. Sub-phthalocyanine 
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The balance between electrostatic and vdW interactions has been described in the case of the co-

adsorption of chloro[sub-phthalocyaninato]boron(III) (SubPc-Cl, Fig. 309) and C60 on 

Ag(111).
359

  

 

Figure 30. Chemical structure of chloro[sub-phthalocyaninato]boron(III) (SubPc-Cl). 

 The adsorption of SubPc-Cl on Ag(111) has been reported to be dominated by the Ag-Cl 

interaction, with the B-Cl bond pointing towards the surface,
360

 whereas the adsorption on 

Au(111) is via the isoindol system, with the B-Cl bond pointing up;
361

 on Cu(100), the molecule 

can flip between both configurations.
362

 On Ag(111), at sub-monolayer coverage, SubPc-Cl 

forms non-compact 2D periodic islands in equilibrium with a 2D gas of diffusing molecules. The 

permanent dipole moment of the molecule and its image charge in the substrate create an 

important repulsive lateral interaction between the molecules, resulting in the distances between 

these molecules (1.79 nm) being too far for vdW contact. When C60 and SubPc-Cl are co-

deposited on Ag(111), islands of mixed phases appear as stripes with a fixed SubPc-Cl:C60 ratio 

of 2:3, as shown in Fig. 31.
359
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Figure 31. Bicomponent "stripe" phase of C60 (yellow dots) and SubPc-Cl (green dots) with a pure C60 island (left). 

Reprinted with permission from Ref. 
359

. Copyright 2015 Wiley.  

 Higher SubPc-Cl coverage leads to a new hexagonal ("star") phase coexisting with the 

stripe phase, with a molecular ratio of 1:1. STM images also show a 2D gas of diffusing 

molecules between these two patterns. Interestingly, the packing density of SubPc-Cl in the 

"stripe" and "star" phases is 7% and 20%, respectively, higher than in the honeycomb phase of 

pure SubPc-Cl. This observation suggests a higher binding energy arising from increased 

attraction between antiparallel dipole moments generated by the adsorption of the two species, 

intermolecular vdW and anisotropic Coulomb interactions. 

 

 5.5. TTF-TCNQ 

The tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ) molecular solid phase is a well-

known organic metal
363

 with a 1D band structure due to the partial electron transfer between the 

donor TTF and the acceptor TCNQ; thus, it is not surprising that several groups have explored 
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the possibility of tuning organic-metal hybrid bands using this bicomponent system. On 

Au(111),
364

 both TTF and TCNQ lie parallel to the surface in a mixed phase as shown in Fig. 32. 

The molecular layer is bonded to the gold surface through TTF via two S-Au bonds per molecule 

as in homomolecular layers.
365

 In contrast, TCNQ is physisorbed and interacts weakly with the 

substrate. 

 

 

Figure 32. TTF-TCNQ domains on Au(111). Excess TCNQ molecules appear segregated in homomolecular islands. 

Reprinted with permission from Ref. 
364

. Copyright 2015 APS. 

 In the homomolecular layers, the charge distribution upon adsorption of the donor TTF 

generates intermolecular long-range Coulomb repulsion, leading to low-density packing and long 

intermolecular distances, as observed for SubPc-Cl/Ag(111) (see above). In the mixed phase, 

although the interaction of the TTF-TCNQ layer on Au(111) is conducted essentially by the TTF 

molecule, the presence of TCNQ allows tuning of the strength of the donor-metal interaction and 

of the spacing between TTF. This configuration with chemisorption of one type of molecule and 

physisorption of the other species in the same monolayer is unusual in supramolecular 

bicomponent systems and could provide a useful way to control the interface properties.
366
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5.7. C60 and pentacene 

Guest et al.
367

 have described the structures formed when C60 and Pen are sequentially deposited 

on a Cu(111) surface. When C60, an electron acceptor, is sublimated on the highly ordered and 

dense herringbone phase of pentacene, an electron donor, a mostly disordered adlayer of C60 is 

observed with little rearrangement of the dense Pen layer underneath. In contrast, when C60 is 

deposited on a lower density random tiling Pen phase, i.e., when the Pen phase has more space to 

reorganize, rearrangement proceeds through the formation of domains based on supramolecular 

chiral pinwheels as shown in Fig. 33.  

 

Figure 33. Left: STM image of C60/Pen/Cu(111). Center: Model of the heterostructure based on a tiling of both 

chiralities of pinwheels of Pen molecules. Right: Computed charge density difference for the pinwheel structure 

(Cu(111) substrate not included in the calculation). In blue, charge depletion. Reprinted with permission from Ref. 

367
. Copyright 2015 ACS. 

 VdW-corrected DFT calculations confirm that charge transfer occurs between Pen and 

C60 and that this effect is enhanced when the molecules are assembled in the pinwheel geometry 

on the Cu(111) surface to provide stability to the bicomponent system. 

 Similarly, well-ordered C60-Pen layers have been found on Ag(111) with various 

structures.
368

 The 2D crystallization was tuned by temperature; here, the weak Pen-C60 

interaction is dominated by the molecule-silver surface interaction.  
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6. OUTLOOK  

In this last part, we will introduce several research directions along these lines, in particular in 

fields for which well-controlled tuning of bicomponent interfaces is an important challenge, such 

as non-metallic surfaces and organic thin films.  

 

6.1 Towards predicting bicomponent self-assembly: simulations 

Developing the ability to use computational tools to predict the outcome of bicomponent self-

assembly is an essential objective that is expected to aid in the design of suitable components. 

The result of a self-assembly process can be anticipated by examining the balance between the 

energy inside the layer (interactions between the molecules of the coating) and the 

molecule/substrate interaction. If we define EMS as the molecule-surface energy, EMM the 

intermolecular energy, ET the energy associated with the kinetic effect due to a thermostat, and 

Ediff the diffusion energy of a molecule on the surface between neighboring adsorption sites, 

these energies can be ordered as follows:   

EMS > EMM ≥ ET > Ediff. 

 This inequality can be explicated as follows: if EMS is not the largest energy, the system is 

in equilibrium between adsorbed molecules and molecules in the gas phase, so that the condition 

for self-assembly is not fulfilled at all. If EMM >EMS, then the molecules on the surface tend to 

self-aggregate, as it is the usual case for large π-conjugated molecules forming strong aggregates 

by π stacking. Then, the energy provided by the thermal bath has to be lower than these two 

previous ones to ensure that the molecules do not desorb. Finally, if Ediff>EMM, the molecules do 



 

75 

 

  

not diffuse and are pinned on single specific adsorption sites. For a more complete discussion, 

refer to the paper of Hooks et al.
369

  

 However, this approach is oversimplified and applicable in broad terms only because it 

does not incorporate the complexity of the potential energy surface corresponding to the many-

body system (molecules and the surface) and because it provides no information about kinetic 

processes occurring during self-assembly. A recent tutorial review by Palma et al. thoroughly 

addresses these issues.
370

 In particular, the authors emphasize that “self-assembly into large 

extended architectures (2D crystalline motifs) is possible only through strong enthalpy/entropy 

compensation”, this compensation being introduced by the substrate in our case. It is useful to 

describe the thermodynamic equilibrium of these systems to identify the parameters 

(temperature, molecular deposition rate…) that control their ordering, their cohesion and stability 

(reversibility, phase transitions…). However, the domain sizes and the characteristic times of 

ordering are generally inaccessible by conventional simulation methods. Phase transitions and 

superstructures symmetry observed experimentally usually involve several hundred molecules, 

even several thousands. A huge number of parameters are thus required for atomistic 

simulations. Moreover, molecular ordering on a surface may take hours to reach large domains, 

due to a slow release of constraints originating from the incommensurability between the 

molecular scaffold and the registry of the surface. This process occurs, for instance, with 

ZnPcCl8 molecules on Ag(111),
344,342

 for which a maturation process at RT was observed with a 

structural evolution through three extended phases over almost fifty hours. Finally, the structure 

of the surface itself can be an obstacle due to complicated reconstructions (semiconductor 

surfaces), a long-range structure (the well-known 22  3 structure of the Au surface) or the 

presence of defects. Consequently, there is a special need for efficient numerical methods to 
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simulate the self-assembly of mono- or bicomponent systems. The most straightforward and 

broad techniques are the molecular dynamics and Monte Carlo (MC) simulations with classical 

force fields. Simulations of heteroepitaxy have generated notable results by considering the 

growth of organic molecules (PTCDA, titanylphthalocyanine, or pentacene) on inorganic 

surfaces [HOPG, Au(111), or BN] or on organic layers (HBC on HOPG).
371,372,373,374

 An all-atom 

molecular dynamics scheme was developed by Samorì and coworkers and was implemented in 

the program CHARMM.
375,376

 The use of an implicit graphene substrate and periodic boundary 

conditions enabled the simulation of bicomponent self-assembly
377

 with a stoichiometric mixture 

of 80 melamine and bis(N1-hexyl-uracil) molecules and provided a description of the self-

templating of bidimensional Kagome supramolecular networks with a fully planar 

tetracarboxylic acid derivative.
378

 By using standard MC procedures for diffusive particles on a 

substrate,
379

 Taylor and Beton have described the growth of 1D structures on a model hexagonal 

surface by mimicking molecules with a simple uniaxially anisotropic intermolecular 

potential.
76,77,78,79

 

 Similarly, on-lattice kinetic MC (KMC) simulations have attracted interest in the context 

of self-assembly modeling with one and two components.
294,380,381,48,102,382,322,383,384

 Additionally, 

a notable study using KMC simulations showed that the conditions for realizing stable molecular 

networks of a bicomponent system are based on the ratio between the directional and isotropic 

coupling energies for the molecules.
385

 A structural stability diagram was obtained that sets the 

conditions for disordered, compact and network domains according to the temperature and the 

strength of the H-bonding and vdW energies. This framework was validated using the melamine-

PTCDI molecular system on a model hexagonal lattice, for which the complementary H-bonding 

favors the formation of a 2D open honeycomb network. The agreement with experimental results 
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(PTCDI-melamine on Ag/Si(111)-√3×√3R30°) is remarkably good. Although outside the scope 

of the present review, it is worth mentioning a preliminary model of bicomponent network 

formation at the solid/liquid interface.
386

 With the help of DFT calculations, the conditions of 

mixed and de-mixed assembly, of coexistence of multiple segregated phases, or of 

polymorphism according to the relative amount of melamine and four-linear-linker bonding via 

triple H-bonds have been described. The authors indicated that “polymorphism is an intrinsic 

feature of molecular design”. Such a conclusion is expected to be illuminating for UHV studies. 

Moreover, the description of the first stages of a self-assembled layer formation of C60 on an 

SAM also at the solid/liquid interface
387

 has been approached both experimentally and by 

computation. 

 As already mentioned, a computational limitation exists due to the number of adsorbed 

molecules that can be considered in a total system. An approach to overcome this limitation is to 

consider an alternative method with a coarse-grained model (briefly, the coarse-graining consists 

of neglecting an atomistic description in favor of single and larger beads representing chemical 

functional groups, as described for instance in the MARTINI method
388

), which was applied for 

organic molecules on graphite
389

 or on semiconductor surfaces
390

 with relative success in terms 

of the system size that could be accommodated. We also note a promising methodology 

combining kinetic and thermodynamic properties that is able to simulate the entire molecular 

self-assembling process and is termed self-assembly of nano-objects (SANO).
391

 Based on a 2D 

grand canonical MC approach and fast interpolation of an acute and large grid of pre-calculated 

potential energies (molecule-molecule and molecule-substrate interactions), the SANO code 

calculates various self-assembled arrangements starting from the bare surface and by varying the 

deposition temperature and then the quenching temperature. The authors explain that the 
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calculation of potential energies is achieved either with a suitable force field or with a quantum 

mechanical method. Despite the fact that the internal degrees of freedom of the adsorbates and 

the substrate are not taken into account, this method has produced valuable results for self-

assembled systems such as octachloro-zinc-phthalocyanines (ZnPcCl8) on Ag(111), copper-

phthalocyanines-fluorinated (CuPcF16) on Au(111), and penta-tert-butylcorannulene (PTBC) on 

Ag(111). Recently, the self-assembly of DIP at RT on different reconstructions of the Au(111) 

surface was reported, emphasizing the complex role of the driving force (either cooperative or 

competitive) in producing long-range ordered domains and surface-induced chirality consistent 

with experimental STM results.
392

 Even though the actual studies are devoted to the self-

assembly of a single molecular species, the SANO numerical tool can be extended formally to 

simulate the growth of 2D supramolecular networks with bicomponent systems. 

 

6.2 Towards higher complexity: multicomponent systems 

Proceeding to higher complexity while maintaining control in this field is attractive since 

it would allow precise tuning of supramolecular network properties and molecule-substrate 

interaction. Additionally, one of the possibilities involved in this objective is to increase the 

number of molecular components. However, as can be easily inferred from the above discussion, 

the number of parameters to master and the number of possible meta-stable geometries increase 

rapidly with the number of components, such that it is difficult to predict ab initio a 

supramolecular arrangement or even to rationalize the observations; thus, it is not surprising that 

such examples are scarce. 

 Tricomponent systems have been extensively studied on HOPG in liquid, but only a few 

examples can be cited for metallic surfaces under UHV. In 2008, Bonifazi et al. reported the first 
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example of simultaneous three-component assembly on Ag(111) mediated by triple H-bonding 

interactions at low temperature.
393

 They observed supramolecular linear assembly by three H-

bonds between 2,6-di(acylamino)pyridyl (DAD) and uracil (ADA). The third component, an 

anthracyl unit connected to one uracil group, acts as a molecular stopper with 2,6-

di(acylamino)pyridyl at the end of the “bicomponent chain”. Actually, the chain length is not 

controlled, and the third component is not strictly involved in the network. In 2010, Gardener 

and co-workers reported a three-component network (Fig. 34) by codeposition of uracil, PTCDI 

and melamine on Au(111) at RT,
394

 opening novel perspectives in this field but also highlighting 

the complexity of such systems.  

 

Figure 34. (a) Chevrons based on a combination of M, uracil and PTCDI on Au(111). The unit cell is depicted by a 

white parallelogram, and the dashed line is a symmetry axis of a hexagonal pore. White chevrons overlap the 

cluster of three molecules extending from the hexagonal apex. (b) An image representing a possible arrangement of 

the structure from the same region with the same chirality and pores of several dimensions. Reprinted with 

permission from Ref. 
394

. Copyright 2015 ACS.  

In this three-component network, the assembly consists of large hexagonal pores, each of which 

is surrounded by six smaller triangular voids. This organization is different from what was 

observed for the bicomponent system PTCDI-melamine (see 3.1.2.2 above). Thus, even though 

uracil and melamine could not be distinguished by STM (because of their similar size), this 

change in network organization from adding a new component allowed the authors to deduce the 
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presence of a third component. This network is unique in that it contains two cavities with 

different sizes and could be used to host two different species.  

 

6.3 Non-metallic surfaces 

To date, a large majority of self-assembled systems have been observed on conducting 

substrates. However, when considering future applications in electronics or optics, there is a 

substantial interest in extending this research field to insulating and semiconducting surfaces.  

 On insulating surfaces, such as those of dielectric crystals, the molecule-substrate 

interaction is generally weak, leading to a high mobility, clustering at step-edges
395

 and the 

formation of bulk crystals,
396

 the intermolecular interaction being higher than the molecule-

surface interaction. One article reported the co-adsorption of two molecular species, PTCDI and 

C60, on an insulating surface, namely, CaF2(111).
397

 PTCDI layers are known to grow on 

NaCl(001)
276

 in a bimodal mode. NC-AFM images taken within a few hours of deposition reveal 

square-shaped monolayer islands and multiple layers of needle-shaped islands. At RT, the 

metastable monolayer islands shrink and disappear within days, while the stable multilayer 

islands grow larger, indicating a dewetting of the surface. C60 monolayers islands have also been 

observed at step-edges of KBr(001)
398

 during the initial steps of nucleation of multilayer islands. 

Successive deposition of PTCDI followed by C60 led to PTCDI islands covered by C60, whereas 

deposition of C60 followed by PTCDI produced essentially pure islands of PTCDI. Nevertheless, 

simultaneous deposition of both molecules resulted in a new phase, which has been tentatively 

assigned to islands of intermixed phases. However, the lack of molecular resolution did not allow 

a precise description of packing in this bicomponent phase. 
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 This field is currently burgeoning, and there is a need to develop bicomponent 

supramolecular assembly on insulating surfaces by simultaneously maximizing intermolecular 

(e.g., by complementary H-bonding) and molecule-substrate interactions (e.g., using electrostatic 

forces in the form of dipoles
399,400

 and local charges
401

). 

 Several examples using semiconducting surfaces have been reported in the literature. A 

pioneering work concerns non-covalent self-assembly with two components on a silicon 

surface.
402

 This study employed 1,3,5-tri(4’-bromophenyl)benzene and 1,3,5-tri(4"-bromo-4,4’-

biphenyl)benzene deposited on a Si(111)-B√3√3R30° reconstructed surface. This surface 

exhibits a behavior dictated by depopulated dangling bonds due to boron atoms just underneath 

the top silicon layer, providing relatively weak molecule-surface interactions; as a result, 

adsorbates can diffuse easily and form a supramolecular network with the two aforementioned 

molecules. Interestingly, the network comprises nanopores with a size well suited for a C60 

molecule. 

6.4 Nanopores 

Another recent development has been the exploration of nanoporous networks prepared by 

supramolecular monocomponent, bicomponent and metal-organic coordination assembly (and 

more recently by bicomponent covalent coupling).
403,404,405,282,406

 Such networks, featuring 

periodic empty domains with controllable shapes, sizes and chemical functionalities, are of 

particular interest for a broad range of applications. For instance, chiral nanopores could be used 

for enantioselective adsorption of guest molecules. Nanopores could also be reaction vessels for 

confined syntheses. This active field has been reviewed several times
45,46,310,407,408

 An interesting 

development has been the functionalization of the inner parts of the pores
409,286

 via the addition 

of simple functional groups to the molecular building blocks. The selection of side chains allows 
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control over the trapping properties of the cavities. This result represents important progress 

towards chemical selectivity of the nanopores. 

6.5 Organic thin films 

Over the past decade, organic thin films have attracted attention due to their potential as crucial 

components in low-cost, flexible plastic electronic devices, such as OLEDs, OFETs, POVs and 

organic spintronics. Much research effort has been devoted to the control and understanding of 

multilayers systems in which a second layer of molecules is deposited on an organic "buffer 

layer", which is itself self-assembled on an inorganic substrate. These layers act as structural 

templates for the second layer and modify the charge carrier (or spin) transport and injection 

properties of the device. So far, most of these bicomponent systems involve fullerenes, 

porphyrins and phthalocyanines, and PTCDA for their known electron donor or acceptor 

properties.
410

 In these systems, the deposition of a second layer of molecules on the first self-

assembled film does not deeply perturb this first layer, which can be considered a structural 

template substrate. Elegant examples involve C60 on cyanoporphyrins,
46,411,412

 C60 on 

phenoxyphthalocyanine,
413

 C60 on a-sexithiophen,
414,415,416,417

 the reaction of C60 with a porphyrin 

monolayer,
418

 the assembly of C60 on cerium porphyrin double-decker Ce(TPP)2,
419

 C60 on 

hexaazatriphenylene-hexanitrile,
420

 C60 on acridine-9-carboxylic acid (ACA),
421

 C70 on titanyl 

phthalocyanine,
422

 CuPc on C60 precovered surfaces,
423,424

 PTCDA on HBC
425

 or CuPc,
426

 and 

F16CuPc atop binary DIP:F16CuPc or 6P:F16CuPc.
427

 Recently, Stadtmüller et al.
428,429

 showed 

that upon deposition of CuPc on a monolayer of PTCDA/Ag(111), the enhanced charge transfer 

from the substrate to the bilayer did not involve CuPc electronic states (the second layer) but 

only the PTCDA layer with a strengthening (shortening) of the PTCDA-Ag(111).
241

 The authors 

suggested that the second layer of CuPc molecules can be treated as a polarizable medium, 
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enabling an additional screening mechanism assisting the screening by the surface image 

charges. So far, this exploration has been essentially limited to commercially available 

molecules, but it is likely that this field will reveal its full potential with tuned and customized 

molecules.
412

  

 

7. Conclusion 

In this contribution, we have reviewed a selection of the most important results to date in 

bicomponent supramolecular self-assembly at the vacuum-solid interface. In this field, the 

selection of molecular systems and surfaces has relied on simplified rules of thumb, often 

leading to unexpected geometries. These observations have generated extensive understanding of 

the parameters driving the self-assembly processes and have helped to illustrate the relative roles 

of intermolecular and molecule-substrate interactions and bonds. To go beyond current 

empiricism, it is now important to move towards a more predictive approach aimed at designing 

molecular interfaces with targeted properties. It is only under this condition that on-surface self-

assembly will reveal its full innovation potential. 
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GLOSSARY 

2D Two-dimensional 

3D Three-dimensional 

6P p-sexiphenyl 

A   Hydrogen-bond acceptor 

Ad Adenine 

AFM Atomic force microscope/microscopy 

ARPES   Angle-resolved photoelectron spectroscopy 

BDA   (2,2'-bipyridine)-5,5'-dicarboxylic acid   

BDATB Phenyldiguanamine 

BDG Benzodiguanamine 

BPB   Bis(4-pyridyl)-1,4-benzene 

BPBP   4,4'-di(pyridin-4-yl)-1,1'-biphenyl 

C Cytosine 

CA   Cyanuric acid 

CoPc Cobalt(II) phthalocyanine 

CPhDAT 6-(4’-cyanophenyl)-DAT   

CT Charge transfer 

CuOEP  Copper(II) 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphyrine 

CuPc   Cu-phthalocyanine 

CuTPP Copper(II) tetraphenyl-21H,23H-porphirine 
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D   Hydrogen-bond donor 

DAT 2,4-diamino-1,3,5-triazine 

DATP   4,4’’-diamino-p-terphenyl 

DFT   Density functional theory 

DCI  Dicarboxylic imide  

DIP   Diindeno[1,2,3-cd 1',2',3'-lm]perylene 

F14Pen Perfluoropentacene 

F16CuPc Fluorinated copper-phthalocyanine 

G Guanine 

HBC  Hexa-peri-hexabenzocoronene  

H-bonding   Hydrogen-bonding 

HOPG Highly oriented pyrolytic graphite 

HtBDC Hexa-tert-butyl-decacyclene 

KMC Kinetic Monte Carlo  

L-Phe-L-Phe Di-L-phenylalanine 

M   Melamine (or 2,4,6-triamino-1,3,5-triazine) 

MC Monte Carlo 

ML   Monolayer 

NC-AFM   Non-contact atomic force microscopy/microscope 

NEXAFS   Near-edge X-ray-absorption fine structure 

NTCDI    1,4,5,8-naphthalene tetracarboxylic di-imide 

OEP 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine 

OFET Organic field-effect transistor 
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OLED Organic light-emitting diode 

OPV Organic photovoltaic 

PBP   4,4'-bis(4-pyridyl)(2,2'-bipyrimidine  

PcH2   Phthalocyanine 

PES   Photo-electron spectroscopy  

Pen Pentacene 

PhDAT  Phenylguanamine (or 2,4-diamino-6-phenyl-1,3,5-triazine) 

PTBC   1,3,5,7,9-penta-tert-butyl-corannulene 

PTCDA   3,4,9,10-perylene tetracarboxylic di-anhydride 

PTCDI   3,4,9,10-perylene tetracarboxylic diimide 

PTpy    (4',4''''-(1,4-phenylene)bis-2,2'-6',2''-terpyridine)  

RT Room temperature 

SANO Self-assembly of nano-objects 

STM   Scanning tunneling microscopy/microscope 

STS   Scanning tunneling spectroscopy 

SubPc-Cl   Chloro[sub-phthalocyaninato]boron(III) 

T Thymine 

TAB   1,2,4,5-tetraaminobenzene 

TAPT   2,4,6-tris(4-aminophenyl)-1,3,5-triazine 

TPPH2 Tetraphenyl porphyrin 

TCNQ Tetracyanoquinodimethane 

TDA   [1,1' 4',1''-terphenyl]-4,4''-dicarboxylic acid 

TMA Trimesic acid 
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TNAP Tetracyanonaphthoquinodimethane 

TPA   Terephthalic acid 

TPAD 1,3,5,7-tetraphenyladamantane 

TPPH2   5,10,15,20-tetraphenylporphyrin 

TPyPH2   5,10,15,20-tetra(4-pyridyl)porphyrin  

TTF Tetrathiafulvalene 

TTT Tetrathiatetracene 

UHV   Ultra-high vacuum 

vdW  van der Waals 

XPS X-ray photoelectron spectroscopy 

ZnPcCll8 2,3,9,10,16,17,23,24-octachlorozinc phthalocyanine 
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