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Chapter III 

 

Multi-component molecular networks investigated using scanning 

tunneling microscopy 

 

 

 Organic device performances are strongly correlated with the design, the composition 

and the structure of the molecular layer which is at the heart of the device. Improving device 

efficiency requires engineering the molecular layer at the molecular scale to optimize the 

structure and reduce the formation of defects. This requires to wisely select the organic 

components that will be the building blocks of the layer but also to understand and control the 

assembly of the molecules to tailor the molecular layer structure.   

 

In this chapter, we report on the investigation by scanning tunneling microscopy of 

multi-component supramolecular self-assemblies on Au(111) surface. In the case of PTCDA-

melamine self-assemblies, we examined the influence of temperature and molecular ratio on 

the multicomponent supramolecular structures. The ordering of C60 molecules on top of 

PTCDA-melamine layer will be discussed. We also studied if the mixture of PTCDA 

molecule, a symmetrical molecule, with a non symmetrical molecule like adenine can lead to 

the formation of a long-ranged supramolecular architecture.  

 

3.1 Single component supramolecular self-assemblies 

 

3.1.1 Molecular building blocks 
 

3,4,9,10-perylene-tetracarboxylic acid dianhydride (PTCDA) is a prominent 

representative within the class of π-conjugated molecules for use in molecular electronic 

devices. Condensed in a thin film or a molecular crystal PTCDA shows semiconducting 

properties and its adsorption on different metal substrates has been studied due to the interest 

of molecular devices [52]. PTCDA is also a versatile molecular building block for its ability 

to form hydrogen bonds with other molecular species. Mixing differently shaped molecules is 
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expected to lead to the formation of sophisticated supra-molecular structures. Indeed, 

bidimensional (2D) hydrogen-bond networks are formed by mixing PTCDA with DATP and 

TAPT [1 ,2] or with pentacene [3] in an adsorbed monolayer. PTCDA has a rectangular shape 

as shown in Fig. 3.1 (a), and measures 1.2 nm along the long side of the molecule. 

 

 
FIG. 3.1: Chemical structure of (a) PTCDA, (b) melamine, (c) C60 fullerene, (d) adenine. Red 

balls are oxygen atoms, grey balls are carbon atoms, blue balls are nitrogen atoms, white 

balls are hydrogen atoms. 

 

Melamine has often been chosen as one of the molecules to form multi-component 

molecular networks [4, 5, 6, 7] on surfaces due to its triangular shape and N-H functional 

groups at the end depicted in Fig. 3.1 (b), which enables hydrogen bond formation with other 

organic molecules. Melamine has been successfully deposited onto Au(111) [8, 12 , 5 , 6, 7], 

Ai-Si(111) [7] and NaCl(100) [9] surface to form ordered layers by itself or to form 

molecular networks with other molecules.  

 

C60 shown in Fig. 3.1(c) has been successfully grown on various metal, 

semiconductor or insulator substrates It is found to form ordered structures on surfaces as 

different as Pd(110) [10],  Cu(100) [11], Ag/Pt(111) [12] Au(111) and Ag(111) [13], KBr 

[14]. The deposition of C60 as a guest molecule in different molecular networks is also a hot 

topic in recent publications, such as C60 absorbed on a monolayer of hexaazatriphenylene-

hexanitrile (HATCN) [15], and C60 on PTCDI-melamine molecular networks [16].  

 

Adenine, shown in Fig. 3.1(d), has been observed to form highly ordered 

supramolecular structures on a variety of solid surfaces. Adenine molecules have been 

evaporated previously on Cu(111) [17-22], Cu(110) [23, 24], Au(111) [25, 26], Ag 

terminated Si(111) [27] surfaces. In most cases, adenine is absorbed in structures where it is 

lying flat on the surfaces. In the case of adenine molecule grown on Au(111) surface, the 
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STM observations reveal two structures, both having a hexagonal geometry in which each 

molecule forms double hydrogen bonds with three nearest neighbours.  

These characteristics make PTCDA, melamine and adenine model molecular building 

blocks for engineering new supra-molecular architectures. At low coverage all these 

molecules are very mobile on the surface even at the low temperature. This is the reason why 

adenine first attaches to the step edges at 120 K. Due to the high mobility of the adenine 

molecules at room temperature on Au(111), adenine molecules cannot be imaged using STM 

[26]. PTCDA and melamine instead form stable networks on Au(111) at room temperature. 

 

Electronic properties of the isolated building blocks  

 

The electronic properties of the molecule are determined by the energy difference 

between the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO).  

 

We calculated the electronic properties of isolated single molecules using the software 

Hyperchem and in the semi-empirical AM1 approximation [51]. The surface was not 

included in the calculations. This program allows us to determine molecules HOMO and 

LUMO energy as well as the corresponding electron density distribution. 

 

• PTCDA 

 

Fig. 3.2 shows a PTCDA molecule and the corresponding mapping of electron density 

distribution of the HOMO and LUMO. The HOMO level energy of a single PTCDA 

molecule is calculated to be -9.13 eV and that of the LUMO level amounts to -3.37 eV 

resulting in a separation between the two of 5.76 eV. When the molecules form a crystal the 

orbitals will give rise to narrow bands separated by a band gap and therefore PTCDA exhibits 

semiconducting behaviour. The HOMO and LUMO electron densities representated in 

Fig.3.2 show that for both orbitals the minimum electron density is localized along the main 

PTCDA axis passing through the molecule centre. The maximum electron density results on 

the peripheral carbon atoms of the perylene skeleton and on the four external oxygen atoms. 
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FIG. 3.2: Chemical structure of the PTCDA molecule (red = oxygen atoms, gray = carbon 

atoms, white= hydrogen atoms) and the calculated electron density distribution for the 

HOMO and LUMO levels of the molecule. 

 

 

• Melamine 

 

 

FIG. 3.3: Chemical structure of the melamine molecule(grey = carbon atoms, blue= nitrogen 

atoms, white=hydrogen atoms and the calculated electron density distribution for the HOMO 

and LUMO levels of the molecule. 

 

Fig. 3.3 shows the calculated electron density distribution for the HOMO and LUMO of a 

single melamine molecule The HOMO energy is calculated to be -9.6 eV and that of the 
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LUMO level is 1.27 eV which gives a separation of ~ 10.75 eV. We expect therefore that 

melamine in the solid state exhibits insulating bahaviour. This might imply that recording 

STM images of these molecules will be very challenging. Both the HOMO and LUMO are 

twofold degenerated orbitals.  

 

• Adenine 

 

Fig. 3.4 shows the calculated electron density distribution of the HOMO and LUMO 

energy level in a single adenine molecule. The HOMO level is calculated to be -8.55 eV and 

that of the LUMO level is -0.23 eV which indicates the HOMO LUMO separation of around 

8.32 eV. We expect therefore that melamine in the solid state exhibits insulator behaviour and 

correspondly difficulties in imaging with STM. The electron density distribution in the 

HOMO and LUMO of adenine is very similar. The maximum of density of states is localized 

on the C and N atoms in the HOMO except for on C atom in the LUMO state. 

 

 

FIG. 3.4: Chemical structure of adenine molecule(grey =carbon atoms, blue = nitrogen 

atoms, white =hydrogen atoms) and the calculated electron density distribution for the 

HOMO and LUMO level of the molecule. 

 

• C60 fullerene 

 

Electronic properties of C60 have already been studied extensively. Gas phase 

photoemission data of the HOMO levels from neutral and negatively-charged free C60 give a 

separation of 4.9 eV [48, 49, 50]. This separation corresponds to the sum of the HOMO-

LUMO separation plus the on-ball Coulomb interaction, U, and reduces to 2.7 eV for C60 on 

Au(111) [47] because U is largely screened. Theoretical calculation shows that the map of 

C60 density has a 3D ball shape. [47]  
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 Our calculations show that the electron density is distributed over the whole PTCDA, 

melamine and adenine molecules, hence the electron density distribution mapping of the 

molecules is similar to the molecular shape. In the following section we will investigate 

supramolecular assemblies on Au(111). To assess molecule-molecule interactions involved in 

molecular self-assembly, it is essential to minimize molecule substrate interaction. At room 

temperature molecules can diffuse on the metal surfaces. In that case the resulting 

supramolecular self-assembly is governed by the molecule-molecule interaction. The 

advantage of Au(111) over other metal is that this surface is inert in comparison to the others 

(like Ag, Cu, etc.). This reduces the probability that surface contamination actes as organic 

network nucleation spot. These are the reason why we chose Au(111) to investigate two-

dimensional supramolecular self-assembly. 

 

3.1.2 PTCDA self-assemblies on Au(111)-(22×√3) 
 

Structure I: herringbone structure 

 

When PTCDA is deposited at a flux of ~ 1ML/2min from a crucible at 520 K onto a 

substrate at room temperature, a compact structure is formed, as can be seen in the STM 

images shown in Figs.3.5 (a) and (b). The molecular 2D-ordering exhibits a uniform structure 

with a herringbone-like pattern. The shape and the arrangement of the molecules can be 

identified in the image. The 12.0×20.0 Å2 unit cell of structure I is rectangular, as sketched in 

Fig.3.5 (c), and each unit cell contains two molecules (one completely embedded inside the 

unit cell, and four others contribute ¼ of the molecule each to the unit cell), with their main 

axes oriented at an angle of 86o with respect to each other as was observed previously [28,29]. 

The gold reconstruction under the molecular layer remains visible in the STM image. 
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FIG. 3.5: STM images of a PTCDA structure I domain on Au(111) surface (a) (43×43 nm2; 

Vs = +1.3 V, It = 0.3 nA) (b) (17×17 nm
2; Vs = +1.3 V, It = 0.3 nA). (c) model of PTCDA 

structure I on Au(111). (d) PTCDA-PTCDA building block arrangement consistent with 

structure I. 

 

There are two different PTCDA-PTCDA bindings in the herringbone structure, 

Fig.3.5(d). This highlights that PTCDA oxygen atoms interact with PTCDA H-C functional 

groups. Three O atoms are involved in the PTCDA pair (Fig.3.5A(d), top), whereas there are 

only two O in the second PTCDA pair (Fig.3.5A(d), bottom).  

 

 Structure II: domino structure 

 

PTCDA structure II also appears when PTCDA molecules are deposited on Au(111) 

substrate at room temperature, Fig.3.5B. 
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FIG.3.5B: (a) STM image of PTCDA domain on Au(111) surface (11×7 nm2; Vs = -0.3 V, It 

= 0.7 nA). (b) model of PTCDA structure II on Au(111). (c) PTCDA-PTCDA building blocks 

consist of the PTCDA structure II. 

 

STM image shows that PTCDA molecules arrange into square patterns as shown in 

Fig.3.5B(a). The shape and the arrangement of the molecules can be clearly seen according to 

the image and a 1.59×1.53 nm2 unit cell of structure II is formed. Fig.3.5B(b). Each unit cell 

contains 4 PTCDA molecules and each of the PTCDA molecule contributes to two 

neighbouring unit cells, with their main axes oriented at an angle of 80o with respect to each 

other. This structure is made by one single PTCDA pair Fig. 3.5B(c). Two O atoms interact 

with H-C functional groups. 

 

3.1.3 Melamine self-assembly on Au(111)-(22×√3) 
 

STM image in Fig.3.6(a) shows that melamine, which is deposited 110oC on a room 

temperature Au(111) substrate, forms ordered layers on Au(111) surface. Melamine forms a 

hexagonal chiral supramolecular structure on Au(111), Fig.3.6(a). In the proposed model 

(Fig.3.6(b)) melamine arrangement is stabilized by double hydrogen bonds (N…H-N) 

between melamine molecules Fig.3.6(c). The average melamine hexagon center-center 

separation is measured to be 9.8 Å.  
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FIG. 3.6: (a) STM image of melamine domain, It= 0.5 nA, Us=-1.1V (7×7 nm
2)  

(b) model of the melamine 2D ordering from (c) melamine building blocks consist of the 

hexagonal structure. 

 

Melamine close-packed structures have been observed at the melamine domain 

boundary [8]. 

 

3.1.3 C60 orderings on Au(111)-(22×√3) 
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FIG. 3.7: (a) STM high resolution image of C60/Au(111) , 37 37 nm2, Vs= -1.38 V, It = 0.3 

nA; (b)model of the structure from STM image (a). (c) molecular corrugation of the line 

profile from (a). 



Multi-Component Molecular Networks 

 72 

 

C60 molecule is deposited at a temperature of around 400oC, and sample substrate is 

kept at room temperature during the deposition procedure. C60 can form ordered thin films on 

Au(111) substrate. In Fig.3.7(a), The STM image shows that C60 molecules form a hexagonal 

closed packed structure on an Au(111) surface, a plausible model of the hexagonal structure 

is proposed in Fig.3.7(b). The distance between the two nearest neighbours is 9.8 Å, which 

can be read from the line profile in Fig.3.7(c).  

 

At low C60 coverage, single fullerene molecule rows are observed on the bare Au(111) 

surface as shown in Figs.3.8(a,b).  

 

 

FIG. 3.8: STM images of C60 on Au(111) (low coverage) (a) 116×102 nm
2, Vs=-0.9 V, It= 

0.3 nA, (b) line profile of the clusters in (a) 

 

The images also show that the original double-ridge Au reconstruction remains 

unperturbed with the C60 molecules on top. STM image shows that single C60 molecules 

preferentially adsorb at the elbows of the Au(111) reconstruction resulting in the formation of 

paralleled fullerene rows regularly spaced. It is shown that nucleation and growth of C60 at 

the defect sites are preferred because the diffusion coefficient of deposited C60 molecules are 

very low at the Au(111) superstructure edge locations, which leads to preferential nucleation 

at the elbows of the reconstruction [30].  
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3.2 Tailoring 2-dimensional PTCDA-melamine supramolecular 

assemblies on Au(111)-(22×√3) by controlling the substrate 

temperature 

 

3.2.1 PTCDA-melamine self-assembly at room temperature 
 

PTCDA and melamine molecules are deposited in UHV onto a room temperature gold 

substrate. STM images show that PTCDA and melamine self-assemble into a supramolecular 

network at room temperature on Au(111)-(22×√3), Fig. 3.9. PTCDA and melamine form 63 

nm large rows oriented in the <110> gold crystallographic direction, Fig. 3.9(a). The 

Au(111)-(22×√3) superstructure can be clearly seen under the molecular network domain.  

 

 

FIG.3.9: STM images of large scale PTCDA-melamine(3:2 ratio) molecular networks on 

Au(111)-(22×√3). (a) One single domain of the network 63 ×26 nm2; Vs = -1.0 V, It = 0.3 nA. 

(b) Differently-oriented domains of PTCDA-melamine molecular network 58 ×63 nm2; Vs = -

1.6 V, It = 0.2 nA 
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PTCDA-melamine network can have different orientation on the Au(111) surface, 

Fig.3.9(b). The angle between the two domains is 60°, which corresponds to the gold 

equivalent directions. This shows that the PTCDA and melamine form epitaxial domains on 

Au(111). 

 

Figs.3.10 (a) and (b) show high resolution STM images of the PTCDA-melamine 

supramolecular self-assembly. Molecules form an open network made of parallel rows. Each 

row is composed of PTCDA square linked to each other through melamine pairs as shown in 

Figs.3.10(b,c). The PTCDA molecular axis is rotated by~ 20 o with respect to gold <112> and 

<110> directions, making this structure chiral. 

 

 
FIG.3.10: PTCDA-melamine network (3:2 ratio) on Au(111)-(22×√3),  

(a) 17×18 nm2; Vs = -1.1 V, It = 0.3 nA, (b) 14×3 nm
2; Vs = 0.6 V, It = 0.4 nA.  

(c) Plausible molecular arrangement occurring in (a). 
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STM images of the two enantiomeric PTCDA-melamine networks with the two chiral 

orientations of the network are presented in (a) and (b). Melamine molecules are not visible 

in Fig. 3.10(a). Melamine molecules appear darker than PTCDA molecules in Fig.3.10(b). 

This shows that melamine molecules are less conducting than PTCDA molecules. In addition 

the melamine aspect in STM images depends on tunneling parameters. Each melamine 

molecule is connected to four PTCDA molecules through single hydrogen bonds, and to one 

melamine molecule through a double hydrogen bond. This supramolecular network has a 2.9 

× 2.0 nm2 rectangular unit cell and the PTCDA: melamine ratio is 3:2. The network unit cell 

is outlined in Fig 3.10(c) in blue. 

 

 

FIG. 3.11: Molecular interactions of PTCDA-melamine open structure 

(PTCDA:melamine=3:2). 

 

In this structure, six different kinds of intermolecular interactions are present which 

stabilize the PTCDA-melamine open molecular network. There are two kinds of PTCDA-

PTCDA intermolecular interactions which also appear in the PTCDA molecular network on 

Au(111) substrate, Figs.3.11(a,b). Fig.3.11(a) illustrates the PTCDA-PTCDA interaction 

between the C-H···H-C functional groups by which PTCDA molecules are positioned parallel 

to each other. While Fig.3.11(b) illustrates the PTCDA-PTCDA attractive interactions 

between the C-H···O functional groups by which PTCDA molecules are positioned 

perpendicular to each other. Three different kinds of hydrogen bonds have been formed 

between the PTCDA melamine molecules, Figs. 3.11(c.d.e). Fig.3.11(c) gives a model of 

PTCDA melamine forming double hydrogen bond between an N-H functional group from the 

melamine molecule and two O atoms from the PTCDA molecule. Fig.3.11(d) gives a model 

of a double hydrogen bond formed between two N-H functional groups from the melamine 

molecule and an O atom from the PTCDA molecule. And Fig.3.11 (e) gives a model of a 
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single hydrogen bond formed between an N-H functional group from the melamine molecule 

and an O atom from the PTCDA molecule. Fig.3.11(f) presents a double hydrogen bond 

formed between the N-H···H-N functional groups from two neighbouring melamine 

molecules, this double hydrogen bond also appeared in the hexagonal melamine network.  

 

3.2.2 PTCDA-melamine self-assembly at 72°C 
 

The gold substrate was annealed for 14 hours at 72°C and then cooled down to room 

temperature. STM image in Fig.3.12 shows that another PTCDA-melamine row 

superstructure is formed after this thermal annealing. This means that annealing provides 

sufficient thermal energy for molecules to move on the surface in order to form new 

molecular arrangement. The network rows are separated by 2 nm with respect to another. The 

Au(111)-(22×√3) superstructure can still be seen under the molecular network domain, 

Fig.3.12.  

 

 

FIG. 3.12: PTCDA-melamine network (1:2 ratio) on Au(111)-(22×√3), (115×65 nm2; Vs = -

1.1 V, It = 0.4 nA). 

 

Fig.3.13(a) shows the high resolution image of this row like PTCDA-melamine 

superstructure. PTCDA and melamine form now a structure of ordered single PTCDA rows 

separated by single melamine rows as shown in Figs.3.13(a,b). 



Multi-Component Molecular Networks 

 77 

 

The PTCDA molecular axis is rotated by 50o with respect to the row thereby making 

this structure chiral. The angle between the molecular rows and the gold < 110 > direction is 

~15o. The unit cell outlined in Fig.3.13 (b) in blue has a parallelogram shape, with an angle of 

80o, and 1.1 nm (the periodicity along the PTCDA rows) and 2.1 nm lattice parameters 

(PTCDA-PTCDA separation across two melamine rows). Each melamine molecule is 

connected to three PTCDA molecules through single N-H···O hydrogen bonds and to two 

melamine molecules through two N-H···N hydrogen bonds. The PTCDA: melamine ratio is 

1:2.  

 

 

FIG. 3.13: PTCDA-melamine network (1:2 ratio) on Au(111)-(22 3× ), (a) 21×21 nm2; Vs = 

-0.9 V, It = 0.5 nA). (b) Plausible molecular arrangement occurring in (a). 

 

The PTCDA melamine row-like structure is made of five different kind of 

intermolecular interaction between the PTCDA-PTCDA, PTCDA-melamine and melamine-

melamine molecules, Fig.3.14. Fig.3.14(a) illustrates the PTCDA-PTCDA interaction 

between the C-H… H-C functional groups by which PTCDA molecules are positioned parallel 

to each other. Three different PTCDA-melamine hydrogen bonds are shown in Figs.3.14 

(b,c,d). Fig. 3.14(b) illustrates the paired single hydrogen bond between an N-H functional 

group from a melamine molecule and two O atoms from a PTCDA molecule. Figs.3.14(c,d) 

illustrate the single hydrogen bond both between an N…H functional group of a melamine 

molecule and an O atom from a PTCDA molecules. However, the different orientation of the 

two hydrogen bonds makes the PTCDA-melamine positioned differently. Fig.3.14(e) presents 

a double hydrogen bond formed between the N-H…N functional groups from two 
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neighbouring melamine molecules. In comparison with the molecular interactions from the 

open PTCDA-melamine supramolecular network, the PTCDA-PTCDA and melamine-

melamine molecular interactions appear the same while the PTCDA-melamine hydrogen 

bonds are new. 

 

 

FIG. 3.14: Molecular interactions in the PTCDA-melamine raw structure 

(PTCDA:melamine=1:2). 

 

Our STM observations show that thermal annealing can be used to change PTCDA-

melamine supramolecular self-assembly. The open network (fig.3.10) and the row network 

(Fig.3.13) were observed at room temperature and the molecular ordering was not evolving 

with time(after days testing). This means that these two structures are stable. We didn’t find 

annealing temperature permitting to switch back the row structure to the open structure. The 

thermally induced transition from the more open PTCDA-melamine structure to the row-like 

structure seems therefore irreversible. This also suggests that the molecular row structure in 

Fig.3.13 is the lowest energy structure.  

 

These observations highlight that PTCDA and melamine are mobile at 72°C on 

Au(111) and that different hydrogen bonding is possible, depending on the temperature.  

However, our experimental setup does not allow us to record high temperature STM images 

of the surface in order to explore the kinetics of the supramolecular structure transformation 

process. Our observations also show that in addition to the supramolecular structure, the 

molecule ratio composing the organic architecture is also changing after annealing. This 

seems to indicate that the ratio of molecules deposited on the surface may also influence the 

multi-component supramolecular assembly.  
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3.3 Tailoring PTCDA-melamine supramolecular assemblies on 

surfaces by controlling the molecular ratio 

 

We just show that PTCDA-melamine supramolecular self-assemblies having different 

molecular ratio can be created on Au(111) by thermal annealing. The open structure has a 3:2 

PTCDA: melamine ratio whereas the row structure has an 1:2 ratio. Molecular ratio and 

concentration seem therefore to be additional key parameters driving multi component 

supramolecular self-assemblies.  

This has been shown in [31], where they show that at the solid liquid interface the 

molecular concentration can influence the 2D molecular self-assembly. In UHV, PTCDI-

melamine self-assembled structures having 3:2 [32], 3:4 [33], 13:10 [34] molecular ratio have 

been observed. This suggests that molecular ratio may be used to drive molecular self-

assemblies like temperature does.  

 

In this section we investigate the ratio-dependent PTCDA-melamine supramolecular 

self-assembly on Au(111)-(22×√3) at room temperature.   

 

3.3.1 PTCDA-melamine self-assemblies: 3:2 →1:2 ratio 
 

First, PTCDA molecules were deposited on a room temperature Au(111) surface. 

STM images show that PTCDA preferentially forms a herringbone network, Fig.3.15(a). 

 

 

FIG. 3.15: STM images of PTCDA-melamine networks on Au(111)-(22×√3), (a) PTCDA: 

structure, (7×7 nm2, Vs = +1.05 V, It =0.5 nA), (b) PTCDA: melamine = 3: 2 (8×8 nm
2; Vs = 

-1.1 V, It = 0.3 nA). (c) PTCDA: melamine = 1: 2 (10×11 nm
2; Vs = -0.9 V, It = 0.5 nA). 
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  Melamine molecules were then deposited on the surface sequentially. Our STM 

images show that the PTCDA-melamine open structure (Fig. 3.15(b)) progressively appears 

on the surface. The detailed interpretation of this structure has been given in section 3.2, 

Fig3.10. This multi-component structure is coexisting with the PTCDA network. At a 3:2 

PTCDA: melamine ratio covering the surface, the PTCDA-melamine open structure is the 

dominating structure covering the surface.  

 

 

FIG. 3.16: STM images of PTCDA-melamine network on Au(111)-(22×√3), 19×19 nm2, Vs = 

-1.42 V, It =0.22 nA. 

 

Increasing the amount of melamine deposited on the surface leads to the formation of 

the row-like PTCDA-melamine network having a 1:2 ratio. When the concentration ratio of 

PTCDA: melamine is between 3:2 and 1:2, the PTCDA network is not observed anymore and 

the PTCDA-melamine open structure and the row structure are coexisting, Fig. 3.16. At a 

ratio of 1:2, the open structure is only locally observed and the 1:2 ratio structure is the 

dominant molecular ordering covering the surface, Fig.(3.15(c)). The coverage of substrate 

surface is kept below 50% to ensure enough free space for structural arrangement.  

 

3.3.2 PTCDA-melamine 1:4 ratio structure 
 

Fig. 3.17(a) shows the molecular superstructure formed after additional deposition of 

melamine. Melamine is now in large excess in comparison of PTCDA (~1:4). The PTCDA-
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melamine structure now observed is composed of PTCDA rows separated by melamine 

double rows. The structure model is shown in Fig. 3.17(b). PTCDA rows are oriented along 

the <110> Au direction. The unit cell outlined in Fig. 3.17(b) has a parallelogram shape, with 

an angle of 80o and 1.1 nm (the periodicity along the melamine rows) and 3.3 nm lattice 

parameters (melamine-melamine separation across two melamine rows). 

 

 

FIG. 3.17: (a) PTCDA-melamine network (1:4 ratio) on Au(111)-(22×√3) surface at room 

temperature (23×19 nm2; Vs = -0.8 V, It = 0.4 nA).  

(b) Plausible molecular arrangement occurring in (a). 

 

This network is chiral. Melamine molecules are connected either to two PTCDA and 

two melamine molecules or to a single PTCDA and three melamine molecules by hydrogen 

bonds. Within one unit cell, there is one PTCDA molecule connected with four melamine 

molecules. From the modeling we can see the PTCDA: melamine ratio is 1:4. As the 

melamine is less conductive molecules, a high molecular concentration of the melamine 

makes this structure tricky to image by STM. 

 

3.3.3 PTCDA-melamine ratio: melamine is excess (> 1:4) 
 

Fig.3.18 shows an STM image of the Au(111) surface after further deposition of 

melamine. The molecular concentration ratio of PTCDA: melamine is much more than 1:4. 

The PTCDA-melamine 1:2 network is locally observed in the image. Small PTCDA rows are 

now observed in the melamine network, which is not covering entirely the Au(111) surface, 
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Fig.3.18. At this ratio there is not longer multi-component long-range ordering of the PTCDA 

and melamine molecules. 

 

 

FIG. 3.18: STM images of PTCDA-melamine network (>1:4) on Au(111)-(22×√3), 

(a)175×175 nm2, Vs = -1.1 V, It =0.4 nA. 

 

STM images reveal that molecular ratio is an additional key parameter with 

temperature driving PTCDA-melamine supramolecular self-assembly. Deposition of PTCDA 

in excess in comparison with melamine on Au(111)-(22×√3) at room temperature leads to the 

formation of a chiral supramolecular network having a PTCDA: melamine ratio of 3:2, 

Fig.3.15(b). Additional deposition of melamine leads to the formation of a chiral close-

packed network having a PTCDA: melamine ratio of 1:2, Fig.3.15(c). This observation shows 

that the supramolecular ordering strongly depends on the molecular concentration ratio. 

Increase of melamine concentration induces a different reorganization of the molecular 

structure at room temperature. The formation of the PTCDA-melamine open network only 

appears when PTCDA is in excess. When melamine is in excess, the PTCDA-melamine 

supramolecular structures are composed of rows of single PTCDA separated by rows of 

melamine (PTCDA: melamine = 1:2). Increasing the melamine concentration permits to tune 

the PTCDA rows separation by inserting additional melamine rows, as shown in Fig. 3.17 

(PTCDA:melamine=1:4). In Fig.3.15(c), one melamine row separates the PTCDA rows, 

whereas two melamine rows separate the PTCDA rows in Fig.3.17. Keep increasing the 
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melamine concentration leads to inserting melamine rows between PTCDA rows until the 

long range ordering is lost when melamine: PTCDA ratio is >> 4:1.  

 

3.3.4 Influence of the deposition sequence in the PTCDA-melamine self-
assembly 
 

We will now investigate the influence of the molecule deposition sequence on 

PTCDA-melamine supramolecular self-assembly. Until now, PTCDA molecules were 

deposited first, followed by melamine deposition.  

 

 

FIG.3.19: STM image of PTCDA-melamine network, in the circle is the 1:2 structure, and in 

the circle is the new molecular network; 175×115 nm2, Vs = -0.5V, It = 0.8 nA. 

 

STM image in Fig. 3.19 is recorded after deposition of 1 monolayer of melamine 

followed by deposition of PTCDA molecules onto a room temperature Au(111) surface. A 

new structure appears. This structure is coexisting with the 1:2 structure and the single 

PTCDA rows. 
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FIG. 3.20: STM images of PTCDA-melamine network on melamine/Au(111)-(22×√3), 

(a)35×35 nm2, Vs = -0.5 V, It  = 1.0 nA (b) plausible model of the network. 

 

Fig. 3.20 (a) shows that PTCDA forms a superstructure in the melamine molecular 

layer. The PTCDA supramolecular network is an open structure, Fig. 3.20(a). This structure 

was only locally observed. The network model is presented in Fig. 3.20(b). The unit cell 

outlined in Fig. 3.20 (b) in blue has a parallelogram shape, with an angleθ  of 42o (the angle is 

resolved from the STM images while there can be an error in the model in Fig. 3.20(b)) and a 

3.8 nm lattice parameter (PTCDA- PTCDA separation outlined by the lines). Each PTCDA 

molecule in the centre of the unit cell is connected to four other PTCDA molecules through 

two O atom and H-C functional group interactions. The unit cell is composed of three 

PTCDA molecules  

 

 

FIG. 3.21: Molecular interactions (PTCDA open structure). 
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In this structure only one molecular interaction appears between the PTCDA-PTCDA 

molecules, Fig. 3.21. The structure is stabilized by an attractive molecular interaction 

between a C-H functional group and an O atom from the PTCDA molecules, Fig. 3.21. This 

PTCDA-PTCDA molecular interaction doesn’t exist in the PTCDA network. 

 

3.4 C60 on PTCDA-melamine molecular network 

 

Fullerene molecules form a close-packed structure on metal surfaces[35], this is the 

reason why 2D open supramolecular networks have been used to trap fullerene molecules and 

form long range ordering of single fullerene or cluster of fullerene on metal surfaces[36] 

 

 

FIG. 3.22: (a) STM image of C60 on PTCDA-melamine network on Au(111), 72×61 nm
2, Vs= 

-1.4 V, It=0.3 nA; (b) line profile from (a). 

 

C60 molecules have been deposited at room temperature onto the Au(111) surface 

covered with the 3:2 PTCDA-melamine supramolecular open network. STM images show 

that C60 molecules prefer to grow on top of the bare Au(111) surface rather than the PTCDA-

melamine molecular networks.  

 

When larger quantities of the C60 molecules are deposited on the surface, C60 domains 

grow on the PTCDA-melamine network. However, STM images show that C60 form close-
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packed hexagonal domains on the organic layer. The distance separating C60 nearest 

neighbors is around 0.98 nm which corresponds to the C60 separation on bare Au(111). This 

means that the size of the PTCDA-melamine cavities is too small to trap C60 molecules or to 

prevent C60 close-packing at room temperature. However the PTCDA-melamine network can 

be used as an organic layer to decouple the C60 molecules from the Au surface. 

 

3.5 PTCDA-adenine supramolecular self-assembly 

 

The self-assembly of bio or organic molecules into supra structures is a research area 

of huge fundamental and applied interest because of the potential applications in future nano-

technological devices [37-45]. Bio-molecule bases such as adenine, guanine and cytosine 

have been studied in 2 dimensional networks. Adenine molecules have the advantage to grow 

as ordered layers on Au(111) substrates as we have shown in section 3.1.3 [26]. However, 

when adenine is mixed with other bio-molecular bases, no ordered 2-dimensional structure is 

observed due to its asymmetric molecular structure [46].  

 

Here, we investigate intermolecular interactions between a semi-conducting organic 

molecule (PTCDA) and a bio-molecular base (adenine). The adenine molecule, which has 

functional N-H groups, has an asymmetric molecular structure. The PTCDA molecule, which 

has functional O-H groups, has a symmetric molecular structure. Although the formation of 

hydrogen bonds would be expected when adenine is mixed with PTCDA, there is always a 

risk that no ordered structures could be created due to the asymmetric molecule structure of 

adenine.  

 

PTCDA molecules are evaporated at a temperature of 270oC on an Au(111)-(22×√3) 

substrate at room temperature, followed by the deposition of adenine molecules sublimated at 

145oC on the substrate held at room temperature.  
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FIG. 3.23: (a) STM image of large scale PTCDA-adenine supramolecular networks, 

33×33nm2, Us=-0.96 V, It= 0.35 nA, (b) FFT image of the PTCDA-adenine structure. 

 

 

The large scale STM image in Fig 3.23(a) shows that PTCDA and adenine form a 

sophisticated supramolecular network on Au(111)-(22×√3). The long-range molecular 

ordering is confirmed by the 2D Fast Fourier transform (FFT) image (Fig. 3.23(b)) of the 

STM image (Fig. 3.23(a)). The main peaks have been surrounded with a blue circle in Fig. 

3.23(b), which corresponds to the diffraction of the network unit cell.  

 

High resolution STM images of the PTCDA-adenine network are presented in Figs. 

3.24 (a,b). PTCDA molecules appear bright, whereas adenine molecules appear darker. This 

supramolecular network is chiral. The two chiral unit cells are highlighted using a 

parallelogram in the two STM images. Unit cell differences in the two images are due to 

STM piezo drift. The unit cell has the lattice parameters 3.9 (A1) and 3.1 nm (A2) and an 

angel of around 70o with respect to each other. A model of this complex supra structure is 

given in FIG. 3.24 (c). The PTCDA molecules orientation can be deduced from the STM 

images, however the adenine molecule shape is not well resolved. This is why the adenine 

orientation in our model remains speculative. The PTCDA-adenine network is composed of 

10 PTCDA molecules and 4 adenine molecules. The PTCDA: adenine network ratio is 

therefore 5:2.  
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FIG. 3.24: STM image showing the PTCDA-adenine supramolecular networks (a)10×7 nm2, 

Us=-0.76 V, It=0.35 nA (b) 7×3.5 nm
2, Us=-0.35 V, It=0.22 nA (c)Model of the PTCDA-

adenine network, unit cell is highlighted by the parallelogram shape and lattice parameters 

are given. 

 

A careful look to our model shows that the PTCDA-adenine network is composed by 

2 PTCDA-PTCDA building blocks (Figs.3.25 (a,b)). Three PTCDA-PTCDA interactions are 

observed (Figs.3.25 (a,b,c)).  

 

 

FIG. 3.25: PTCDA-PTCDA building blocks observed in the PTCDA-adenine supramolecular 

network. 
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O atom and H-C functional group interaction is the main force stabilizing the PTCDA 

pairs, as shown in Fig.3.25.  

 

We didn’t observe that the PTCDA-adenine network was varying depending on the 

ratio of the PTCDA and adenine molecules deposited on the surface as it is the case for 

PTCDA-melamine networks. However we observed that the PTCDA-adenine network was 

very sensitive to thermal annealing. A post-annealing at around 100oC is damaging the 

supramolecular networks: adenine molecules desorbed from the surface only pure PTCDA 

domains are observed using STM when the surface is cooled down to room temperature.  

 

In summary, PTCDA and adenine molecules form novel complex supramolecular 

network. The architecture of the network is not influenced by the component concentration of 

the two molecules. The supramolecular has a concentration ratio of PTCDA-adenine 5:2. 

However, the supramolecular structure is thermally unstable.  

 

3.6 Observed molecular interactions 

 

Molecular building blocks are small organic functional units to build up the 

supramolecular networks. Molecular building blocks are built through attractive none 

covalent interactions between the molecules, such as van der Waals interactions and 

hydrogen bonds. The high resolution STM images we recorded permit to reveal the different 

molecular interactions and identify the numerous building blocks involved in the different 

PTCDA and melamine based supramolecular self-assemblies, at the exception of blocks 

involving adenine molecules. We were able to identify 10 different molecular network 

building blocks made of single or multi component molecular units. 

 

• 3 PTCDA-PTCDA building blocks: 

 

PTCDA-PTCDA molecules can form three different kind of molecular building 

blocks, Fig.3.26. The building blocks shown in Figs.3.26 (a,b) are the most observed PTCDA 

building blocks. In Fig.3.26(a), the PTCDA molecules are side by side. The PTCDA oxygen 
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atoms do not seem to be involved in the molecular interaction. This block probably results 

form van der Waals interaction and the energy of the interaction is around 0.15 eV [28]. 

 

FIG. 3.26: PTCDA-PTCDA building blocks appeared in PTCDA structures and PTCDA-

melamine network structures. 

 

The side by side building block has been seen in both the open PTCDA-melamine 

network and the row-like PTCDA-melamine network, Fig.3.8 and Fig.3.11. In comparison, 

the blocks shown in Fig.3.26(b) and (c) are stabilized by double C-H and O interaction. The 

binding in these blocks is probably stronger than that in the previous block, Fig.3.26(a). This 

strong binding is probably at the origin of the existence of PTCDA-based open-structure. 

Fig.3.26(b) has been observed in PTCDA structure II (Fig.3.5B), PTCDA-melamine open 

network (Fig.3.10). Fig.3.26(c) has been observed in the PTCDA open network within the 

melamine layer, Fig.3.20. The interaction energy has been calculated to be around 0.15 eV 

for both of the structures in Figs.3.26(a,b) [28]. 

 

• 1 melamine-melamine building block: 

 

 

FIG. 3.27: Melamine-melamine building blocks appearing in melamine structure and 

PTCDA-melamine network structures. 
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We only observed one melamine-melamine building block, Fig.3.27. It has been seen 

in melamine network (Fig. 3.6) and all the PTCDA-melamine networks, Figs.3.10, 3.13 and 

3.17. Melamine molecules are connected through a double hydrogen bond formed by N-H···N 

link. This melamine-melamine binding energy was estimated to 0.22 eV for the hexagonal 

melamine structure [8]. 

 

• 6 PTCDA-melamine building block: 

 

 

FIG. 3.28: PTCDA-melamine building blocks appeared in PTCDA-melamine network 

structures. 

 

We experimentally observed six types of PTCDA-melamine building blocks, which 

are represented Fig.3.28. Molecular building blocks from Figs. 3.28 (a,b,c) have been 

observed in the PTCDA-melamine open network (Fig. 3.10), while the molecular building 

blocks from Figs. 3.28 (d,e,f) have been observed in the PTCDA-melamine row-like network 

(Fig. 3.13). The complexity of the different building blocks results from the various possible 

molecular binding orientations and the shape difference between the two molecules 
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(melamine has a triangular shape and PTCDA has a rectangular shape). These blocks are 

stabilized by single N-H···O hydrogen bonds Fig.3.28(a,b,c,e,f), except in the case of 

Fig.3.28(d), where two PTCDA oxygen atoms and two melamine hydrogen atoms (NH2 

group) seem to be involved in the binding. The binding energy of these blocks was estimated 

to be 0.225 eV [28].  

 

A quick comparison of the building block binding energies shows that the double 

hydrogen bond between the two melamine molecules (Fig. 3.27) is the strongest molecular 

interaction (0.45 eV), while the weakest molecular interaction is the Van der Waals 

interaction between the PTCDA-PTCDA molecules (0.15 eV) , Fig. 3.26.  

 

3.7 Conclusion 

 

In this chapter we have investigated the self-assembly of PTCDA-melamine and 

PTCDA-adenine on Au(111). In the case of PTCDA-melamine, both thermal annealing and 

molecular concentration ratio are found to be key parameters to form different networks. 

Thermal annealing at around 72oC leads to a non-reversible transformation from an open 

molecular network (PTCDA: melamine = 3:2) to a close-packed row network (PTCDA: 

melamine = 1:2). By varying molecular concentration ratio on the surface, we were able to 

form different chiral superstructures having 3:2, 1:2, and 1:4 PTCDA: melamine ratio. This 

result provides information which can be used to tune multi-component assemblies on 

surfaces. Higher melamine concentration leads to a dashed line structure with PTCDA 

molecules separated by the melamine molecular. A novel open PTCDA network has been 

observed by depositing PTCDA after melamine.  

 

By mixing PTCDA and adenine, we succeeded to form a sophisticated 

supramolecular network, whose unit cell contains 14 molecules. The PTCDA: adenine ratio is 

5:2. In that case the PTCDA-adenine self-assembly is not influenced by the component 

concentration ratio and post annealing does not permit to create another PTCDA-adenine 

network.  
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Ten different building blocks are observed from PTCDA-PTCDA, melamine-

melamine and PTCDA-melamine combinations to build up various supramolecular networks. 
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