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(a) Synthesis of 1,4-bis-(2,4-diamino-1,3,5-triazine)-benzene 
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NH2NH2A mixture of KOH (0.102g ) and dicyandiamide (0.74 g) in 30 mL of DMF was heated to 100 °C. Afterwards a solution of 
1,4-dicyanobenzene (0.288 g) in 10 mL of DMF was slowly added and the temperature was raised to reflux 
temperature. The reaction was cooled down after 8 h and the white precipitate was filtered and intensely washed with 
methanol. The crude product was recrystallized from acetic acid to yield  1,4-bis-(2,4-diamino-1,3,5-triazine)-benzene 
as a white powder (70 %): 1H-NMR (250 MHz, DMF, 293 K): δ = 7.65 (s, 4H, Ar-H); 6.51 (s, 18H, -NH2); 13C-NMR (63 
MHz, DMF, 293 K): δ = 175.93, 173.89, 145.58, 133.12; MS (FD, 8kV): m/z (%) = 296.1 (100%, M+) (calc. for C12H12N10 
= 296.30 g mol-1).  
 

(b) Experimental Section 

An ultra-high vacuum system with a base pressure below 1x10-10 mbar housed the sample during the cleaning process of the Au(11,12,12) 
single-crystal (Surface Preparation Laboratory, Netherlands), the deposition of both organic molecules and the analysis of the resulting 
structures by means of scanning tunneling microscopy (STM). Au(11,12,12) surface cleaning was performed by several cycles of argon ion 
sputtering (argon gas 99+%, pAr ~2x10-5 mbar) and annealing at ~620 K. The final cleanliness of the crystal was checked by means of STM. 
Self-assembled monolayers (ML) of molecules were built by organic molecular beam epitaxy at rates of ~0.05 and ~0.06 ML minute-1, for PTCDI 
and BDATB, respectively. PTCDI (99+%, Fluka Chemie GmbH) was sublimed at 490 K from an Al2O3 crucible. BDATB was sublimed at 390 K 
from a quartz crucible. (Supra-)molecular pattern formation was investigated by means of a variable-temperature STM (VT-STM) from Omicron 
GmbH. Tunneling tips were prepared by electrochemical etching of a tungsten wire. To remove impurities tunneling tips were annealed 
overnight in the vacuum system. Scanning was performed in the constant current mode. Samples could be held at room temperature to scan 
high coverage deposits. For low coverages the sample was cooled to 40 K. Unless otherwise stated all STM images shown in this paper have 
been acquired at 40 K. 
 

(c) The Au(11,12,12) template surface 

The highly periodic array of unidirectional, equally spaced steps makes the Au(11,12,12) surface an attractive template for the growth of one-
dimensional supramolecular structures. 

 

 
 
Figure S1. STM images of the Au(11,12,12) surface. a) Overview image showing a highly ordered step superlattice extending over mesoscopic 
length scales. b) 3D representation highlighting the regular arrangement of discommensuration lines perpendicular to the step edges 
(100 x 100 nm2). 
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(d) Calculations 

In order to get a further understanding of the experimental observations, we performed interaction energy calculations for homo- and 
heteromolecular pairs within the classical molecular mechanics scheme at the AMBER level of theory.[17] Here we explain in some more detail 
the calculations performed and their results. The substrate was not explicitly considered in the calculations. The most favorable geometries for 
homo- and heteromolecular pairs were determined by interaction energy calculations for various relative configurations of molecular pairs. The 
parameters considered are the intermolecular distances (d), and the long molecular axis orientations with respect to the line across the center of 
both molecules (θ) (see definition in Figure S2; for both, homo- and heteromolecular pairs, θ=0º corresponds to a head-to-head configuration, 
and θ=90º describes a side-by-side configuration).  
 

Figure S2. Summary of the experimental structural parameters (in brackets) and 
molecular mechanics calculations for homo- and heteromolecular pairs. Geometry 
optimization was performed at the AMBER level of theory for 2 BDATB, 2 PTCDI, 
and 1 BDATB and 1 PTCDI. θ: long molecular axis orientation with respect to the line 
across the center of both molecules; d: distance between the centers of the two 
molecules; E: interaction energy.  
 

 

 

Table S1. Summary of the results represented in 
Figure S2.  

  θ exp(º) dexp(Å)   θ (º) d(Å) E(eV) 

2 BDATB 10      
40 

14.5 
10.1 

10   
40 

14.5 
10.68 

-0.20 
-0.08 

2 PTCDI 11      
60 

14.2 
8.9 

10   
57 

14.42 
10.56 

-0.27 
-0.10 

1BDATB    
and  1PTCDI

0       
90 

14.05 
7.6 

0    
90 

14.22 
7.81 

-0.37 
-0.18 

 

 
The results for the most relevant configurations are summarized in Table S1 together with the experimental values. By comparison of 
experimental and calculated geometrical parameters, it can be observed that experimental intermolecular distances are slightly smaller, but the 
discrepancy never goes beyond 5%. Only the lateral intermolecular distance calculated for PTCDI exhibits a larger deviation, which we attribute 
to the fact that only two molecules are considered in the calculations, whereas in real domains the constraints imposed by the terrace width and 
neighbouring molecular rows are relevant.  
Regarding the interaction energies, the calculations rationalize the observed preference for hetero- vs. homocomplex formation, which underlies 
the bicomponent wire formation. Although interaction energies are clearly underestimated at this level of theory, energy differences between 
different structures still provide a valid picture of the energetic hierarchy. [S1]

(e) Growth process and stacking fault propagation 

The formation of a regular bicomponent monolayer exhibiting less than 0.2 % of defects requires annealing to T ~ 390 K. Following the 
annealing to this optimum temperature the sample is allowed to cool down before STM imaging is performed. The high mobility of PTCDI and 
BDATB on the surfaces and the comparatively long timescale of the cool-down ensure that the system explores the entire potential landscape 
and finally condenses in its true minimum energy configuration. For low coverages, STM data demonstrate that the lowest energy configuration 
corresponds to a decoration of all step edges with bicomponent wires (single or double-row wires, depending on coverage). At higher 
coverages, the formation of ribbons extending over the full terrace width is the most favorable configuration. At intermediate coverages, i.e. the 
coverage is not high enough to fully cover the surface, a coexistence of double-row wires decorating the step edges and fully covered terraces 
is observed. Terraces are thus not covered row by row, as might be intuitively expected, but after the formation of double-row wires at step 
edges a complete coverage of some terraces is energetically more favorable than a homogeneous partial coverage of all terraces. 
 
The typical defect of the superlattice is a stacking fault, as shown in Figure 2 in the manuscript, and in more detail in Figure S3. Here we 
address the reasons for the presence of these stacking faults. Across a stacking fault the lateral shift of a wire with respect to the other is 
approximately 4 Å. This situation corresponds to the one modelled below and labelled as “shifted H-bond”. For such a shift the molecules are 
again engaged in complementary H-bonding configurations, although with one bond less per stacking fault. Calculations were performed to 
calculate the associated energy differences between the ideal H-bonding configuration and the shifted one representing a stacking fault. It turns 
out that the difference per H-bond is in the meV range, which explains the fact that self-correction does not operate ideally in the assembly of 
the bicomponent structure. Furthermore the STM images shown in Figure S3 demonstrate situations where the inclusion of a stacking fault can 
directly be associated with the presence of a kink or another local defect. 
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Figure S3.  Stacking fault identification and modelling. Left: STM overview image showing a sample with a coverage slightly below one 
monolayer. It presents a coexistence of terraces fully covered with superlattice ribbons and steps decorated with double-row wires. The 
propagation of a stacking fault is pointed out by the dashed line (-1.3 V, 0.03 nA). Inset, top right: STM image where a local defect can be 
identified as the origin of the stacking fault (-0.8 V, 0.03 nA). Inset, bottom right: Close-up STM image of a stacking fault (-0.5 V, 0.06 nA). The 
“shifted” H-bond configuration modelled in the very right part of the figure is suggested to stabilize the structure due to a very small energy 
difference with respect to the nominal “frontal” 3-fold H-bond.  

(f) Quantification of defect density in single- and double-row wires 

For the bicomponent system on Au(11,12,12), step edges are either covered by single-row or double-row wires, depending on coverage. The 
principal difference between the two cases is the amount of defects, that is to say, the degree of periodic order. Figure S4 shows the most 
frequent types of defects observed in single-row wires. 
 

 
 

Figure S4. STM images of bicomponent single-row wires with defects pointed out by arrows. a) 2 BDATB in a row (-0.9 V, 0.13 nA). b) 3 
BDATB in a row (-2.1 V, 0.13 nA). c) 2 PTCDI in a row (-2.1 V, 0.13 nA). d) 3 PTCDI in a row. In this STM image a different type of defect is also 
observed (indicated by L shape lines): The presence of kinks induces a lateral shift of the wire (-0.6 V, 1.2 nA). 
 
In order to quantify the alternating order of PTCDI and BDATB along the wire axis, the lengths between two defects were measured in a series 
of STM images from different samples. The histograms below (Figure S5) show that the average defect-free wire length is between 5 nm and 10 
nm in the case of single-row wires, and between 20 nm and 30 nm for double-row wires. Figure S4c also shows another type of defect 
(indicated by L shape lines), which consists of a lateral shift of the molecules as a consequence of the presence of a kink. This particular type of 
defect, however, does not interrupt the alternating sequence of PTCDI and BDATB along the wire axis. 
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Figure S5. Histograms of the defect-free wire lengths in single- and double-row wires. 
 
The supramolecular ribbons obtained at full monolayer coverage of the bicomponent superlattice show perfect alternating order on a much 
longer length scale: Defects are extremely rare; we typically find only one defect per 10’000 nm2. We suggest that this is due to cooperative 
contributions to the lateral intermolecular interactions which stabilize the binary ribbon structure.  

(g) PTCDI and BDATB coadsorbed on Au(111) 

For comparison with the unidirectional, long-range ordered structures observed on the Au(11,12,12) template surface, we also studied PTCDI 
and BDATB supramolecular organization on a nominally flat Au(111) single-crystal surface. Figure S6 shows STM images taken at different 
coverages of the bicomponent system. Both, the 0.6 ML (Figure S6a) and the 1 ML (Figure S6b) samples, show the formation of domains 
organized with the same heterocomplex superlattice as reported on Au(11,12,12). The same unit cell vectors describe the bimolecular 
superlattice, and the same 3-fold H-bond configuration is suggested to stabilize the structures (Figure S6 Middle right). However, the lack of 
anisotropy of the surface, i.e. wide flat Au(111) terraces without the periodic presence of steps, allows for the formation of wider ribbons than on 
the narrow Au(11,12,12) terraces. Most importantly, it also allows for the coexistence of different orientational domains. The coexisting 
orientational domains can most easily be identified in the 0.6 ML coverage image (sample without annealing) where they exhibit an anisotropic 
shape with the longer dimension corresponding to the direction along the 3-fold H-bonds. Domain orientations are identified to correspond to 
directions along and perpendicular to the close-packed surface directions. 
Another piece of information can be extracted from the 1 ML coverage sample (sample annealed at 390 K) shown in Figure S6b: (i) The 
herringbone reconstruction of the Au(111) surface does not play a decisive role as a guide for the directional growth of the supramolecular 
ribbons, and (ii) the reconstruction is not affected by the presence of the adsorbate superlattice, indicating relatively weak molecule-surface 
interactions. Furthermore, annealing reduces the number of domain orientations down to three, to the ones aligned along the high-symmetry 
directions of the Au(111) surface. 
These comparative experiments on the flat Au(111) surface clearly evidence the decisive role of the vicinal Au(11,12,12) template surface in 
imprinting unidirectionality and long-range order in the self-assembly of PTCDI-BDATB supramolecular wires and ribbons. 
 
 

   
 
Figure S6. BDATB and PTCDI bicomponent supramolecular organization on Au(111). a) Large scale room-temperature STM image with a 
coverage of 0.6 ML. Different orientational domains of the heterocomplex superlattice are observed (-0.5 V, 0.025 nA). Inset: Close-up of three 
orientational domains that allows to attribute the anisotropic island shape to the direction along the 3-fold H-bonds (-0.3 V, 0.025 nA). b) Large 
scale STM image of a 1 ML deposit (-0.3 V, 0.6 nA, scanned at RT). Two bicomponent orientational domains extending over large areas are 
observed. The insets at the right hand side show high-resolution room-temperature STM images of the three orientational domains coexisting 
after annealing to 390 K. 
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