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ABSTRACT: The covalent coupling of porphine molecules on Au(111) is studied by scanning 

probe microscopy experiments and density functional theory. At sufficient temperatures, 

dehydrogenative C-C coupling of the unfunctionalised molecules occurs directly on the surface. 

Characteristic dimer structures between individual porphine molecules are observed and assigned to 

various binding motifs that are distinguished by specific intermolecular connections. Different 

preparations show that the relative abundance of these motifs depends on the temperature of the 

gold sample during deposition, explained by calculated free energies and kinetic aspects that are 

relevant during the linking process. Observations on the gold terraces are completed by studying 

polymerization at step edges, giving insight into their role during the covalent linking process. 
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INTRODUCTION  

During the past decades, covalently bound nanostructures have attracted significant research interest1-

4 with porphyrin being a frequently used building block.5-9 Nanostructures built from porphyrin 

derived molecules have shown promise as chromophores,5, 10-13 for molecular electronics,5, 14, 15 gas 

sensing,16 charge storage,17 and for nonlinear optics.18, 19 While small oligomers and especially dimers 

have been deposited successfully on surfaces for analysis,20-22 problems occur for larger species and 

the use of traditional wet chemistry methods for synthesis and subsequent deposition on surfaces is 

restricted by limitations either in solubility for deposition from solution or in thermal stability for 

sublimation from the solid state.  

One way is to synthesize the structures directly on the surface from monomeric building 

blocks.1, 3, 6, 23 To achieve covalent bonding the monomers can either be synthesized with linking 

groups - such as halogens,6, 24, 25 alkynes,26, 27 mesityl7, 28 or amines29 for coupling reactions – or by 

directly fusing the macrocycles of neighboring porphyrins by forming C-C bonds between them (i.e. 

meso-meso, β-β, or β-meso; Figure 1). Because the presence and type of linking groups influence the 

physical properties of the oligomers,8, 18, 20, 30-34 the specific bonding scheme is of particular 

importance. Direct dehydrogenative C-C coupling has been achieved by heating monomers under 

UHV conditions on noble metal surfaces: free-base porphyrins (2H-P) on Ag(111)35, 36 and diphenyl-

porphyrins (DPP) on Cu(111).37 This coupling method has the advantage of maintaining conjugation 

throughout the oligomer and not leaving byproducts to contaminate the surface.7, 38 In both cases, the 

reaction products are dominated by oligomers, in which the individual porphyrin units are connected 

through six-membered carbon rings – two rings for (β-β) + (meso-meso) + (β-β) bonded connections 

or one ring for (β-meso) + (meso-β) bonded connections. As the binding influences the physical 

properties of the oligomer,20, 33, 34 producing different motifs is valuable for tuning the product 

properties. Herein, we show that dehydrogenative C-C coupling of unfunctionalized porphine occurs 

directly on the Au(111) surface and that the occurrence of various binding motifs between porphine 
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molecules at different temperatures can be related to the free energies of the various species and 

kinetic aspects that are relevant during the linking process. 

 

EXPERIMENTAL 

Porphine molecules (2H-P, Figure 1) were deposited onto a clean Au(111) surface (prepared by 

standard surface science techniques) through sublimation from a Knudsen cell at a temperature of 

about 210 °C (rates of about 0.2 ± 0.1 ML/min). Polymerization of the molecules is induced thermally 

by heating the sample, either during or after molecule deposition (in the latter case the sample is kept 

at room temperature during deposition). Imaging was done by scanning tunnelling microscopy (STM) 

in constant-current mode with the sample kept mostly at around 5 K during imaging (otherwise the 

imaging temperature is indicated). 

 

RESULTS AND DISCUSSION 

(i) Molecular Adsorption. When 2H-P is adsorbed on a sample kept at room temperature 

during deposition, no molecular islands are formed (Figure 2a), although the temperature is sufficient 

to allow molecular diffusion of porphyrin derivatives on Au(111).39 Instead of assembling into close-

packed structures, the molecules adsorb as isolated entities oriented with their diagonal axis along 

one of the substrate’s high symmetry directions. At very low coverages of about 0.18 ML, the 

distribution of molecules is not random, but follows the corrugation of the characteristic herringbone 

reconstruction of the Au(111) surface (Figure 2a). Specifically, the molecules prefer adsorption on 

fcc over hcp areas (see Figure S1), a known behavior for molecules on Au(111).40-43 At the same 

time, the molecules maintain a spacing towards each other (instead of close-packing), suggesting a 

repulsive interaction between molecules, similar to that observed for the same molecules on the 

Ag(111) surface.44 
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When depositing more molecules, the intermolecular spacing decreases (Figure 2b-e) and the 

preferred adsorption on fcc areas are lost. The molecules now also adsorb on hcp areas or on the 

ridges of the herringbone reconstruction, covering the entire surface equally and leaving the 

herringbone reconstruction unchanged (visible as bright lines from bottom left to top right in Figure 

2d). However, even at a coverage of one full monolayer, no close-packing of the molecules takes 

place, as evident from the fact that neighboring molecules can have different orientations (Figure 2d). 

The molecules are, therefore, still at a distance that ensures sufficient degrees of freedom to change 

their orientation – in contrast to close-packed layers.45  

If the monolayer coverage is exceeded (note that this transition defines the coverage of exactly 

one monolayer), a second layer grows in a densely packed phase with equal orientation for all 

molecules (Figure 2e). Therefore, the molecule-molecule interaction must be different for molecules 

adsorbed on metal as compared to those overlaying other molecules, in agreement with a substrate-

mediated repulsion mechanism as found for 2H-P on Ag(111).44  

Fourier transformation of the STM data (Figure 2f-j) shows spots at coverages above 0.4 ML 

which is typical for a repulsive interaction where molecules try to maximise the intermolecular 

distance and are finally forced into a regular pattern.44 The complete monolayer (Figure 2i) reveals 

various periodicities that can be assigned either to the herringbone reconstruction (stripe around the 

origin) or to the molecules (spots at larger inverse lengths). We determine a value of 10.1 ± 0.3 Å as 

the dominating intermolecular distance for the first layer (Figure 2i), while the average distance 

measured over many molecules in real space images is 11.6 ± 0.3 Å. This can be understood by a 

close inspection of Figure 1d. While most molecules tend to be in close proximity to their next 

neighbors (which gives rise to the dominating periodicity of 10.1 Å), occasionally a larger distance 

can be observed – leading to the distinction of dominating and average distances.  

In the second layer the 2H-P no longer shows four-fold symmetry but instead one corner of 

the molecule appears brighter whilst the opposite corner is no longer visible (Figure  2j). We assume 
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a tilt of the porphines with respect to the surface, leading to different distances between molecules 

depending on the direction in the highly ordered hexagonal assembly.  The short distance – along the 

tilted molecules – is 9.5 ± 0.3 Å  while the long distance is 10.2 ± 0.3 Å, close to the dominating 

distance in the monolayer. 

(ii) Porphine Dimerization at Terraces. After characterization of the adsorbed molecules, 

the formation of oligomers was induced by depositing 2H-P molecules onto a heated Au(111) surface. 

The sample was held at different (constant) temperatures during each individual preparation 

(indicated in Figure 3). Imaging the surface afterwards shows that the surface coverage decreases 

with increasing temperature although the molecular flux and deposition time are always the same. 

This suggests increased desorption probability of the molecular state as the surface temperature is 

increased. At 450 °C sample temperature only few molecules remain on the surface (Figure 3e).  

In addition to the monomers, various new molecules appear (indicated by circles in Figure 3), 

which were never observed when the sample was kept at room temperature during deposition (Figure 

2). Although the dominant species on the surfaces are always monomers (see grey ring in Figure 4e), 

different types of molecular oligomers are also present. We focus here on the dimers since they are 

the initial product during polymerization and represent the majority of oligomers (100% of the 

reaction products are dimers for deposition at a sample temperature of 250 °C, 90% at 300 °C, 60% 

at 350 °C, 38% at 400 °C and 50% at 450 °C).  

Nature of the Dimer Motifs. The characteristic appearances and orientations of the porphine 

molecules in a dimer or oligomer and their relative positions with respect to each other enable us to 

identify distinct binding motifs (Figure 4) with the help of DFT calculations (calculated gas phase 

structures are shown at the bottom of Figure 4a-d): (A) single C-C bond between β positions of both 

molecules; (B) (β-β), (β-meso) motif with two C-C bonds in a five-membered ring configuration; (C) 

(β-meso), (meso-β) motif with two C-C bonds in a six-membered ring; (D) (β-β), (meso-meso), (β-β) 

motif with three C-C bonds in two six-membered rings (an overview is given in Figure 5). Note that 
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the possible assignment of dimer A to a double C-C bond between adjacent β-β positions on each 

molecule is ruled out from our DFT calculations by its much larger formation energy than the single 

C-C bond, due to the creation of a highly strained four-membered carbon ring (see Figure 5b and gas 

phase data in Figure S5). The existence of a number of products, including the creation of both five-

membered and six-membered carbon rings, already hints that energetics is not the only factor 

determining the reaction products since otherwise only one reaction product should be observed.   

An important observation is that the relative abundance of the experimentally observed motifs 

strongly depends on the sample temperature. As shown in Figure 4e, motifs A and B are dominant 

while C and D can be found in small numbers. At 250 °C, which was the lowest successful reaction 

temperature in our experiments, only binding motifs A and B were present. With increasing 

temperature, two main trends are observed in the distribution of reaction products: (1) Starting at 350 

°C, the ratio of motifs A and B tips in favor of motif B, after previously favoring motif A and (2) 

motifs C and D start to appear at 300 °C. In addition, the molecular density drops with increasing 

temperature, also evident in the STM images (Figure 3), which can be understood from thermal 

desorption of the monomers (oligomer desorption can be ruled out, due to their higher adsorption 

energies; see Supporting Information).  

As motif B includes a β-β bond, which is also found in motif A, the first trend (1) can be 

explained through a conversion of existing motif A connections forming another (β-meso) bond to 

close a five-membered ring after expulsion of H2. For this purpose, one of the molecules has to rotate 

out of its preferred orientation. Selective desorption of species A can be ruled out as the reason for 

the trend since the surface density does not drop sufficiently between 300 °C and 350 °C where the 

flip in population occurs.  

In terms of total reaction yield there is a clear increase in the fraction of reaction products 

(from 2% to 22%) when increasing the substrate temperature from 250 °C to 350 °C. And while there 

is a  decrease in the surface density of reacted molecules (surface density  fraction of reacted 
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molecules; Figure 4e) from 0.076 to 0.071 mol/nm2  when going from 350 °C to 400 °C, this decrease 

(6%) is much less pronounced than the decrease in molecular density overall (~25%). Hence, the 

increase in the fraction of reacted molecules with temperature is not only caused by on-surface 

reactions, but also by monomer desorption (smaller adsorption energy than for dimers). 

Energetics and Selectivity in Product Formation. A central question is what causes the 

selectivity in the formation of the different dimers, mainly motifs A and B. We have studied whether 

the relative orientation of neighboring close-packed monomers within a close-packed monolayer 

plays a role. However, the result (Figure S2) does even at low temperatures not show any clear 

correlation, suggesting that the distribution of binding motifs is not caused by a pre-orientation of the 

monomers but is primarily driven by reaction kinetics. Note that the molecular orientation during the 

reaction can differ from the orientation at imaging conditions (5 K). This is reflected in the 

reorientation of one porphine in motif B that is no longer aligned with the substrate’s high symmetry 

directions. 

In order to gain more insight into the on-surface dimerization reactions and their pathways, 

we have carried out density functional theory (DFT) calculations of the on-surface reaction 

thermodynamics. The calculations show that the porphine monomers and dimers are adsorbed at 

distances typical for physisorption on the surface. Furthermore, for physisorption of such rather flat 

molecules the adsorption energy should scale roughly with the number of atoms within the molecule 

(0.07 eV/atom).46 The calculated reaction (potential) energies rE for the various dimers formed from 

two monomers by the reaction (see Supporting Information), 

   (1) 

are shown in Figure 5b. Here P* and P(-nH)2* is the adsorbed monomer and dimer, respectively, H2 

is the hydrogen molecule in the gas-phase, and n = 1, 2 and 3 gives the number of C-C couplings 

between the two monomers in the dimer. Note that the difference between the formation energy on 

the surface and in the gas-phase is simply given by twice the adsorption energy of the monomer minus 
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the adsorption energy of the dimer (see Supporting Information). The adsorption energy is defined 

here as the energy gain upon adsorption. The trend of the calculated rE in Figure 5b closely follows 

the calculations for rE  in the gas phase as expected for physisorption (see gas phase data in Figure 

S5). 

The rather large positive values for rE suggests that the on-surface dimerization reactions 

should not be feasible. However, the feasibility is determined by the Gibbs free energy, rG, of 

formation and not rE. The free energy includes energy and entropy contributions from the 

translation, rotational and vibrational motion of the molecules, which become very important at 

elevated temperature. In particular, the entropy contribution to rG from the translational motion of 

the hydrogen gas under the  ultrahigh vacuum conditions of the experiments is very important.28 At 

a typical background pressures of about 10-10 mbar and 350 °C, this contribution is about -2.4 eV per 

hydrogen molecule (see Table S1).  In addition, we have estimated the energy and the entropy 

contribution to rG  from the translational and rotational motion of the adsorbed monomers and 

dimers (see Supporting Information). For example, this contribution is about 1.4 eV for all dimers at 

350 °C (see Table S1), primarily due to the decrease in entropy for the translational and rotational 

motions when forming dimers from two monomers. The resulting reaction (Gibbs) free energies, rG, 

are shown in Figure 5c at a temperature of 350 °C. Note that the relative values of rG with the same 

number of C-C couplings are not influenced by the energy and entropy contributions from the 

monomers and the dimers to rG and are the same as for rE. In contrast, the relative values rG of 

dimers with a different number of C-C couplings are influenced strongly by the entropic contribution 

from the hydrogen gas to rG and are very different from the corresponding relative values of rE. 

The large contribution from the entropy of the hydrogen gas that is produced in the reaction 

in the vacuum chamber now makes the on-surface dimerization reaction feasible at elevated 

temperatures (Figure 5c). In particular, multiple C-C bonding is strongly favored by this contribution, 

because the entropy gain of the H2 molecule exceeds the potential energy to form C-C bonds and the 
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entropic loss of the dimers with respect to the monomers. Thus, from these calculations of the reaction 

thermodynamics one would expect that at elevated temperatures all monomers react and form 

exclusively triple-bonded dimers (and oligomers). However, this expectation is in disagreement with 

experiments. Thus, under prevailing experimental conditions the on-surface dimerization reaction is 

governed by kinetics and energy barriers. The calculations of these barriers, which would include 

pathways where the H atoms end up in the gas phase, either directly or via the surface, are currently 

too computationally expensive for us to carry out. This task could be mitigated by using the Bell-

Evans-Polanyi principle.47, 48 Despite the importance of kinetics and reaction energy barriers, as 

discussed below, the calculated reaction free energies provide useful information about possible 

reaction pathways and can rationalize the observed dimerization reactions. 

Since each molecule offers two types of bonding sites (denoted by meso and , see Figure 1), 

there are three inequivalent options for how two monomers can link by a single C-C coupling: (β-β), 

(meso-meso) and (β-meso) (which is equivalent to (meso-β)) motifs; see Figure 5). In the case of β-β 

bond formation there are two possible arrangements of the two monomers with respect to each other: 

(β-β)1 and (β-β)2 (Figure 5a). All these dimer motifs are twisted and non-planar due to steric hindrance 

between the two monomers. Their adsorption energies are therefore substantially less than twice the 

adsorption energy of the monomers, which makes their formation (potential) energies to be about 0.5-

1.8 eV larger than in the gas phase, with the (β-β)1 being the energetically most favored one. The 

formation energies for (β-β)2 , (β-meso) and (meso-meso) are 0.25, 1.24 and 1.55 eV, respectively, 

higher in energy than (β-β)1. In the gas phase, (β-β)1 and (β-β)2 are nearly degenerate in energy (see 

Figure S5) but this degeneracy is lifted on the surface by the larger adsorption energy of the more 

planar (β-β)1 than for the less planar (β-β)2 (as visible in Figure 5a). This energy splitting explains 

why, despite their very small difference in energy of about 0.01 eV in the gas phase, only (β-β)1 is 

present after the formation of a single intermolecular C-C bond at the surface while (β-β)2 is absent.  
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As a consequence, the preference of (β-β)1 after the first step also explains why (β-β)(β-meso) 

(motif B in Figure 4) dominates after heating at higher temperatures and the formation of a second 

C-C bond. If we rule out a rotation of one porphine in the dimer around the (β-β)-bond, only the (β-

β)(β-meso) dimer can be formed from (β-β)1 by a second C-C bond formation whilst keeping the 

initial β-β bond intact (Figure 4b). At a sample temperature of 450 °C this leads to a very high 

selectivity for motif B (96%) and a yield of 26%. The other options for dimers connected by two C-

C bonds would be the (-meso)2, (β-β)(meso-meso), (β-β)2
1and (β-β)2

2 dimers. Here the (β-β)2
2 is 

formed by two adjacent β-β bonds whereas the (β-β)2
1 is formed by two non-adjacent β-β bonds. The 

(-meso)2 dimer (motif C) is the energetically most favored double-bonded dimer due to the 

formation of a six-membered C ring but this dimer can only be formed from a (β-meso) dimer, which 

is energetically disfavored by about 0.55 eV compared to (β-β)1 and is accordingly not observed on 

the surface after the first bond formation. The formation of a highly strained four-membered C-ring 

in the (β-β)2
2 dimer strongly disfavors this dimer energetically by about 3 eV compared to the (β-

β)(β-meso) and (-meso)2 dimers. Despite the steric constraints for the H atoms in the β and the meso 

positions of the (β-β)(meso-meso) and the (β-β)2
1 dimers, respectively, these dimers are energetically 

about as favorable on the surface as the adsorbed (β-β)(β-meso) dimer. However, these two dimers 

can only be formed by a single C-C coupling from the energetically disfavored (β-β)2 dimer. From 

these considerations the evolution of (β-β)(β-meso) from (β-β)1 – once the activation energy is 

available – appears sensible. Hence, the on-surface reaction seems to be controlled by kinetics as the 

second bond formation occurs in existing single-bonded dimers, which are preferentially the motif 

(-)1. Accordingly, the final products must have this structure as intermediate species. 

A similar reasoning explains why triple-bonded dimers (β-β)2(meso-meso) (motif D) are very 

rare and appear only at rather high temperatures, because they cannot be formed by a single C-C 

coupling from the abundant double-bonded dimer (β-β)(meso-meso). Instead, they can only be formed 

by a single second C-C coupling from the (β-β)(meso-meso) and (β-β)2
1 dimers which should be rare 
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on the surface, due to the strong suppression of their precursor (β-β)2 compared to (β-β)1 on the 

surface.  

(iii) Porphine Oligomerization at Steps. The dehydrogenative homocoupling of porphine 

molecules can extend towards long oligomers and polymeric networks using an alternative 

experimental protocol in which 2H-P was deposited onto a Au(111) surface at room temperature and 

the sample subsequently annealed to induce reaction. The sample is then cooled back to room 

temperature for imaging. This protocol enables molecular mobility at the surface, with STM images 

showing that this initially leads to decoration of steps with the molecular species (Fig S3.1). 

Subsequent heating to higher temperatures leads to polymeric products, formed from hundreds of 

individual porphine molecules that extend over long distances across the surface (Figure S3.2). The 

reacted products appear first at the step edges with product abundance reflecting the balance between 

sufficient thermal energy to access the reaction energy barriers versus competitive desorption of the 

monomer. Thus, after a 300 °C anneal (Figure 6a) only a small fraction of the adsorbed molecules 

reacts, generating short oligomers at the step edges. The presence of unreacted, diffusing molecules 

at the step and terrace sites is revealed as streaks in the room temperature STM images. Increasing 

the anneal temperature to 340 °C (Figure 6b) results in increasing oligomer length along the step edge 

with short branches beginning to emerge from the steps and propagating onto the terraces. By 360 °C 

(Figure 6c), there is significant extension of the polymeric product across the terraces, manifest as 

long branched chains and networks with the majority connected to a step edge. These polymeric 

structures appear to be random in their growth and do not favor any particular crystallographic 

direction for propagating across the terrace. When the temperature is increased directly to 380 °C, 

desorption of the monomer competes with the reaction, resulting in a lower product yield, with the 

oligomers largely confined to the step-edges. Finally, very large polymeric networks can be created 

by slight variance of the synthesis protocol whereby deposition at room temperature is followed by 
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successive annealing cycles to progressively higher temperatures, with re-cooling to room 

temperature before each heating step (Figure  S3).  

The relative abundance of the different types of porphine-porphine connections within the 

oligomers formed at step sites across the 300 to 380 °C temperature range are also shown in Figure 

6. Overall, there is a significant increase in the incidence of motifs C and D at the step sites, 

representing the creation of the most energetically favored (-meso)2 the (β-β)2(meso-meso) 

couplings shown in Figure 5. The effect of steps upon the distribution of bonding motifs is even more 

pronounced when the porphine is deposited onto a hot crystal. Figure 7a-b compares statistics at step 

and terrace sites when 2H-P is deposited on the Au(111) surface at 300 °C, showing that the relative 

proportions of motifs C and D are increased by approximately two and six, respectively, at step sites 

as compared to terraces (Figure S4). Here, D is the major bonding motif with high proportions of the 

next two most thermodynamically stable products B and C and only a small quantity of motif A.  

It, therefore, appears that the presence of step edges makes a significant contribution 

(quantified in Figure 7a-b) to the creation of the most energetically stable motifs C and D, despite the 

relatively high temperatures that are used to induce polymerization, which indicates that 

homocoupling takes indeed preferentially place at the step edges. Note that preferential adsorption of 

motifs C and D at step edges cannot be excluded from the experiments as origin of the observed 

differences of product distributions on terraces vs. step edges. However, our DFT data suggest that 

the generation of motifs C and D on terraces is unlikely (as discussed below).  

We would not anticipate that motifs D and C would occur via a concerted multiple C-H bond 

breaking and C-C bond making process at step edges since this would require extremely high 

activation energies. However, an important factor here is that spatial confinement and alignment of 

neighboring porphine molecules at step sites would make the formation of motif D (straight edges) 

and motif C (kinked edges) more likely as sketched in Figure 7c. The stabilization of other single C-

C bonding motifs beside A is crucial in opening up the increased formation of motifs C and D. For 
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example, the singly bonded (β-β)2 species is a suitable candidate to act as precursor to motif D, but 

the (β-β)2 motif is less planar than motif A and is 0.25 eV higher in energy when adsorbed on a flat 

terrace. However, the presence of a surface step may reduce the energy penalty for the formation of 

such a non-planar precursor motif, opening up a pathway to motif D. Similarly, the (β-meso) precursor 

to motif C is markedly higher in energy (1.24 eV) at a terrace but, again, may be accessible at a step 

site. Motif C could alternatively be formed via β-β bond breaking in motif B, again facilitated by the 

presence of a step, allowing a second β-meso bond to be formed, thus exchanging the strained five 

membered ring for the energetically more favorable six membered ring of motif C. Finally, DFT 

calculations could verify the suggested preference of  the adsorption of various motifs on the step 

edges, but these calculations are very challenging due to the large number of atoms needed to 

represent these system and are well beyond the scope of this work. 

The catalytic activity of undercoordinated metal atoms at step edges of metallic surfaces is 

well known.49, 50 Step edges may alter reaction products in a number of ways: providing confined 

environments that pre-align porphines prior to reaction, offer additional degrees of freedom (tilt angle 

and bend) for the molecule that are not accessible when simply adsorbed to the flat terrace, enhance 

the stability of non-planar precursors, or, alter the energy barriers to interconversion of bonding 

motifs towards the more energetically stable product. Specifically on the Au(111) surface, several 

previous studies of on-surface reactions have highlighted the important role of temperature, step 

edges and elbows on the resulting products.51-54 For instance, we note that studies of cyano-substituted 

porphine derivatives on Au(111) have found molecular arrangements stabilised at step edges that are 

not seen on terraces.55 We, therefore, suggest that the reason we produce the thermodynamically most 

stable product (motif D) efficiently only at the step edge is pre-alignment of molecules at step edges, 

forcing them into a co-linear arrangement (Figure 7c), with the step topography also enabling the 

non-planar (β-β)2 precursor to become energetically accessible. 
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CONCLUSIONS 

Adsorption of porphine on Au(111) in the submonolayer regime results in separated molecules, 

instead of close-packed islands, probably due to substrate-mediated repulsion since the second 

monolayer behaves differently. Upon sample heating molecular dimerization occurs resulting in 

various products, with the precise coupling motif dependent on the temperature. Analysing the 

abundance of these dimers in combination with calculations reveals that the reactions are governed 

by energy barriers and kinetics. In contrast to the gas phase, the twisting angle of two molecules 

linked by one C-C bond in a dimer becomes important on the surface as it results in a higher 

adsorption energy for the more planar species. Consequently, certain reaction pathways are preferred 

on the terraces, even after formation of a second bond between the monomers. Step edges facilitate 

the growth of porphine oligomers with an altered distribution of bonding motifs that is probably 

influenced by that the spatial molecular confinement at steps. 
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FIGURES 

 

 

 

 

 

 

 

 

 

Figure 1: Chemical structure of porphine (2H-P; C20H14N4), the parent compound of the porphyrin 

family. Characteristic sites for covalent linking with other molecules are located at the four pyrrole 

rings ( positions) and at the methine sides (meso positions) as indicated. 
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Figure 2: 2H-P molecules on Au(111) kept at room temperature during deposition. (a-e) STM 

images of several coverages: (a) 0.18 monolayers (ML); (b) 0.37 ML; (c) 0.49 ML; (d) 1 ML; (e) 

2ML. (f-j) Fourier transformations of the images to highlight assembly symmetries. Image sizes are 

18.4  18.4 nm² in (a-e) and 14  14 nm-2 in (f-j). The sample is kept at room temperature during 

deposition.  
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Figure 3: 2H-P molecules on Au(111) heated at different temperatures during deposition. (a-e) 

STM images after exposing the sample at the indicated temperatures to 180 s of porphine flux (at a 

rate of about 0.2 ± 0.1 ML/min).  
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Figure 4: Porphine dimers on Au(111). (a-d) STM topographic images of all four observed motifs 

with their proposed chemical structures (gas phase calculation) underneath. (a) - dimer with a 

single C-C bond (motif A), (b) (β-β), (β-meso) dimer with two C-C bonds (motif B), (c) (β-meso), 

(β-meso) dimer with two linkers (motif C), (d) (β-β), (meso-meso), (β-β) dimer with three connecting 

bonds (motif D). (e) Relative abundance for different sample temperatures during deposition with the 

fractions of reacted (black) and non-reacted molecules (grey) depicted on the outer ring. The complete 

statistics (considering both dimers and oligomers for each temperature) are given below (the dominant 

motif is marked in grey). 
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Figure 5: (a) Calculated structures of the adsorbed single-bonded (β-β)1 and (β-β)2 dimers, (b) 

reaction potential energies, rE, and (c) reaction free energies, rG,  at 350 °C (note that rG = rE 

at 0 K temperature) for the different dimers created with one, two or three C-C bonds. As detailed in 

the Supporting Information, rG was obtained at a hydrogen gas pressure of 10-10 mbar and using the 

standard-state coverage of 0.072 nm-2 at this temperature (see Supporting Information) as suggested 

by Campbell.56 (d) Skeleton structures of each bonding motif calculated with motifs A-D highlighted 

in red, blue, green and yellow boxes respectively. 
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Figure 6 : Porphine oligomers and polymers on Au(111): STM images obtained after dosing 2H-

P on Au(111) at room temperature and then annealed directly to (a) 300 °C, (b) 340 °C, (c) 360 °C 

and (d) 380 °C (all panels are 251 nm × 265 nm in size). Images were taken at room temperature. 

Occurrences of different bonding motifs at step edges are shown beneath. All statistics were collected 

from oligomers at step edges.  
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Figure 7: (a-b) Pie charts of the relative occurrence of the various binding motifs when H2-P is dosed 

on a Au(111) crystal held at 300 °C, obtained from STM images recorded 77K (color code: motif A 

– red,  motif B – blue, motif C – green, motif D – yellow) on (a) terraces as compared to (b) step 

edges. (c) Scheme of the porphine linking process at an (idealized linear) step edge and on a terrace, 

with and without molecular alignment, respectively. 
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