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Chapter 6 

Heat-induced formation of one- or two-
coordination molecular networks on Au(111)* 

 

 

 

 

 

 

 

In this chapter, the formation of one-dimensional coordination polymers of cyano-substituted 

porphyrin derivatives on Au(111) induced by thermal annealing is demonstrated by means of 

scanning tunnelling microscopy. The polymer is stabilised by an unusual threefold 

coordination motif mediated between a gold atom and the cyano groups of the porphyrin 

derivatives. Besides, a fourfold coordination motif stabilizing the polymers along the surface 

step edges were found. These findings were compared to coordination polymers made from 

the same cyano-functionalized porphyrin derivatives and cobalt atoms. For this, Co atoms 

and porphyrin derivatives were deposited on Au(111). In both cases (native Au atoms and 

additional Co atoms), the same structures were observed demonstrating that indeed a 

coordination bonding is formed between the cyano groups and gold atoms. Moreover, we also 

investigated the influence of the position of the substituents (cis- vs. trans-isomers) on the 

polymer formation on Au(111). We could successfully demonstrate that the dimensionality of 

the polymer networks can be tuned from one to two dimensional depending on the chosen 

isomer. 

 

*
A part of the results presented in this chapter was published in:  

Tuan Anh Pham, Fei Song, Mariza N. Alberti, Manh-Thuong Nguyen, Nils Trapp, Carlo Thilgen, Franncois 

Diederich, Meike Stöhr, Chem. Commun., 2015, 51, 14473-14476.
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6.1 Introduction  

The recent increase in interest in the field of molecular self-assembly on surfaces has 

opened new avenues towards the development of various types of low-dimensional 

molecular architectures [1-5]. Among them, metal-coordinated one and two-

dimensional (1D and 2D) structures adsorbed on metal surfaces have attracted special 

attention. This is due to the possibility to control both the size and geometry of these 

architectures by properly selecting the organic ligands with respect to length, shape 

and functional endgroups together with the chemical nature of the metal centres and 

substrates [6-10]. Moreover, an advantage of metal-organic coordination bonds, in 

comparison to other types of non-covalent and covalent bonds, is that they show an 

adequate balance between stability and lability due to their relative strength and 

reversibility [11, 12]. This offers the possibility to build-up robust 1D/2D structures 

with a high level of structural perfection [13, 14], which is of utmost importance for 

the usage of such networks in potential applications. To date, most of the reported 

metal-organic units stabilizing surface-supported molecular coordination networks are 

based on the combination of organic linkers bearing pyridyl, cyano, hydroxyl or 

carboxyl endgroups and transition-metal atoms such as Cu, Fe, Co, Ni [15-20]. To 

date, reports on the formation of 1D/2D molecular coordination networks on a Au 

surface without the addition of transition-metal atoms are very rare [21-24].  

  Herein, we report a low-temperature scanning tunnelling microscopy (STM) 

investigation of the formation of a coordination molecular network on Au(111) 

induced by thermal annealing under ultrahigh vacuum (UHV) conditions. 

Interestingly, we demonstrated the possibility to tune the dimensionality of the 

coordination molecular networks from 1D to 2D via the choice of precursors having 

functional endgroups at different substituent positions.    For this work, we employed 

two porphyrin isomers which were synthesized by our co-workers at ETH Zürich. 

Both isomers are substituted in their meso-positions with two 3,5-di(tert-butyl)phenyl 

and two 4’-cyanobiphenyl groups, respectively. In the cis-isomer (1), the two rod-like 

4’-cyanobiphenyl groups are perpendicular to each other, while they are opposite to 

each other in the trans-isomer (2). The chemical structures for the both cis- and trans-

isomers are shown in Fig. 6.1a and 6.13a, respectively. We found that 1D coordination 
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polymers were formed upon annealing for 1 adsorbed on Au(111), while 2D porous 

molecular coordination networks were observed for the case of 2 under similar 

annealing conditions. By peforming control experiments, we demonstrated that both 

coordination networks are stabilized by an unusual threefold coordination motif 

mediated between a Au adatom and the cyano groups of the porphyrin isomers.  

6.2  Experimental results   

6.2.1 Self-assembly of cis-porphyrins on Au(111) 

High-resolution STM images (Fig. 6.1b and 6.1c) for individual molecules adsorbed 

on Au(111) show that each molecule is imaged as two paired lobes, two protrusions 

and two elongated rods having weak intensity. The paired lobe is assigned to two tert-

butyl groups of the 3,5-di(tert-butyl)phenyl substituents while the two central 

protrusions are associated with the porphyrin core. The rods correspond to the 4′-

cyanobiphenyl substituents. The appearance of a brighter and a darker protrusion in 

each of the paired lobes highlightes that the phenyl rings are rotated with respect to the 

porphyrin core mean plane. Based on previous reports [25-27], we estimate that the 

dihedral angle between the porphyrin core and phenyl rings to be about 20°. The 

rotation of the phenyl rings introduces a saddle shaped deformation of the porphyrin 

macrocycle due to the steric repulsion between the meso-phenyl hydrogens and the β-

hydrogens of the porphyrin core. In this nonplanar geometry, two protrusions are 

associated with two opposite pyrrole rings, which are upward twisted, whereas two 

downward twisted pyrrole rings appear as a dark bridge separating the two protrusions 

(illustrated by cartoons in Fig. 6.1b and 6.1c). Thus, two conformational isomers of 1 

can be classified depending on the dark bridge which either separates the 4′-

cyanobiphenyl from the 3,5-di(tert-butyl)phenyl substituents (A isomer) or acts like a 

mirror plane for the molecule (B isomer), which is similar to our earlier study of 1 

adsorbed on Cu(111) [28]. 
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Figure 6.1: (a) Chemical structure of cis-porphyrin 1. (b) and (c) STM images (3.5 × 3 nm2, U = –1.8 
V, I = 20 pA) and corresponding cartoons of an individual cis-porphyrin 1 adsorbed on Au(111), 
showing two different conformational isomers A and B, respectively.  

   

  Upon deposition of submonolayer coverage of 1 on Au(111) held at room 

temperature (RT), nanoribbon-like structures were observed by STM (Fig. 6.2a and 

6.2b). In addition, isolated clusters were also found at the elbow sites of the Au(111) 

herringbone reconstruction which are well-known as preferential nucleation sites [29, 

30]. Close to monolayer (ML) coverage, a well-ordered close-packed 2D pattern was 

observed (Fig. 6.2c). Notably, this 2D pattern is based on the nanoribbon-like 

structures observed at submonolayer coverage. The high-resolution STM image in Fig. 

6.2d reveals that the nanoribbon-like structures are attached back to back resulting in 

the close-packed 2D pattern. Furthermore, the co-existence of both conformational 

isomers in the 2D pattern can be clearly discerned (blue and green coloured bars in 

Fig. 6.2d and e). The molecules are arranged in a rhombic unit cell with dimensions of 

a = (43 ± 1.2) Å, b = (70 ± 1.6) Å and α = (60 ± 3)°, as determined from STM 

analysis. The axes of the molecular unit cell are parallel to principal Au directions. The 

co-existence of three rotational domains having an angle of 120° to each other was 

observed, reflecting the threefold symmetry of the underlying substrate (Fig. 6.3). 

Moreover, the characteristic dark bridges of 1 are aligned along one of the three 

principal Au directions. These findings point out the significant influence of the 

underlying substrate on the adsorption behaviour as well as the conformational states 

of 1 deposited on Au(111). Fig. 6.2e shows the tentative molecular model for the  
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Figure 6.2: (a) and (c) Overview STM images (200 × 200 nm2) for cis-porphyrin 1 adsorbed on 
Au(111) at submonolayer and close to monolayer (1 ML) coverages, respectively. (b) and (d) Close-up 

STM images (15 × 15 nm2) show nanoribbons-like structures for submonolayer and 2D close-packed 
patterns for close to 1 ML coverages, respectively. (e) The tentative model for the molecular network. 
The unit cell vectors are denoted by blue arrows in (d). The blue and green bars in (d, e) represent dark 
bridges showing A and B conformational isomers of 1, respectively. The set of three arrows indicates 
the principal directions of the underlying substrate. The STM images were taken at 77 K with U = –1.8 
V, I = 20 pA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3:  STM image (80 × 80 nm2) of close-to-monolayer coverage of porphyrin 1 adsorbed on 
Au(111) held at room temperature.  Three different rotational domains are present, labeled A, B, and 
C.  The white dashed lines indicate the domain boundaries.  The STM image was taken at 77 K with U 
= –1.8 V, I = 20 pA.  The set of three arrows indicates the principal directions of the underlying 
substrate. 
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Figure 6.4: (a) and (c) Overview STM images (150 × 150 nm2), showing the formation of 1D 
coordination polymers of 1 on Au(111) induced by annealing at 160 °C and deposition of Co, 
respectively. The set of three arrows indicates the principal directions of the substrate. The inset in (c) 
highlights the rosette structure marked by a blue dashed circle in (c). (b) and (d) Close-up STM images 

(15 × 15 nm2) for (a) and (c), respectively. Blue and green bars in (d) indicate A and B isomers, 
respectively. (e) The proposed model for the 1D coordination polymer of 1 on Au(111). The green 
dots in (e) represent Au atoms, while the red dashed triangle illustrates a basic unit of the 1D polymer. 
The STM images were taken at 77 K with U = –1.8 V, I = 20 pA.  

 

 

 

 

 

 

 

 

Figure 6.5: (a) and (b) Large-scale STM images (85 × 85 nm2) for submonolayer coverage of 1 on 
Au(111) after annealing at 160 oC.  At this annealing temperature, small areas (marked by blue dashed 
rectangles) covered by the nanoribbons were still observed.  The STM images were taken at 77 K with 
U = –1.8 V, I = 20 pA. 
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observed 2D pattern. In this model, the molecules are organized in alternating single 

and twin rows (marked by 1 and 22, respectively), which are parallel to each other. 

Remarkably, only the A isomer appears in the single rows, whereas both A and B 

isomers co-exist in the twin rows. The single rows are characterized by the alignment 

of neighbouring molecules into an antiparallel fashion with an interdigitation of the 4′-

cyanobiphenyl units and a close-packing of the tert-butyl groups. In this way, H-bonds 

are established between the cyano (CN) groups and the phenyl rings as well as van der 

Waals (vdW) interactions between the tert-butyl groups. On the other hand, the twin 

rows, where two nanoribbon-like structures meet back to back to form the 2D pattern, 

are composed of alternating arrangements of type A-A and B-B isomers. Within these 

twin isomers, the molecules are aligned antiparallel with the tert-butyl groups facing 

each other (marked by pairs of either blue or green bars in Fig. 6.2e). Notably, the 

molecules in the A-A configuration are slightly rotated with respect to the adjacent 

molecules in the B-B configuration, allowing the CN and C(Ar)–H groups to point 

toward each other. In this way, the twin rows are stabilised by both CN…HC(Ar) 

hydrogen bonds and vdW interactions between the tert-butyl groups. Similar cyano-

aryl hydrogen bonds are established between the single and twin rows. Overall, the 

close-packed 2D pattern is stabilised by a combination of H-bonds and vdW 

interactions. 

 

 

 

 

 

 

 

Figure 6.6:  (a) and (b) Large-scale STM images (260 × 260 nm2) for submonolayer coverage of 1 on 
Au(111) after annealing to 210 oC at various areas.  They show the presence of only 1D coordination 
polymers on the surface.  The STM images were taken at 77 K with U = –1.8 V, I = 20 pA. 
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6.2.2 Formation of  1D coordination polymers of cis-porphyrins on Au(111) 

Annealing submonolayer coverage of 1 adsorbed on Au(111) at 160 °C leads to the 

formation of 1D flexible polymers which exhibit variable lengths (Fig. 6.4a). In 

addition, the nanoribbon-like structures were occasionally observed on the surface 

(Fig. 6.5). Further annealing at 210 °C results in the exclusive formation of 1D flexible 

polymers (Fig. 6.6). Notably, already at RT, such 1D polymers with shorter lengths 

were occasionally observed (Fig. 6.7). These observations show that the occurrence of 

the 1D polymers and the transformation of the nanoribbon-like structures into the 1D 

polymers depends on the sample and post-annealing temperature, respectively. The 

close-up STM image in Fig. 6.4b clearly reveals that the molecules within the 1D 

polymers do not exhibit preferential orientations with respect to the principal Au 

directions. Apparently, the 4′-cyanobiphenyl units of two molecules facing each other 

in an antiparallel way and another 4′-cyanobiphenyl unit of a third molecule point 

toward each other and form a threefold node. Each molecule connects to two threefold 

nodes, resulting in the formation of trimers as basic units of the 1D polymers. 

Interestingly, the 4′-cyanobiphenyl units of 1 in each trimeric unit display an apparent 

flexibility (Fig. 6.8a). This can be associated with a variation of the opening angle of 

the two cyanobiphenyl units which differs from the intrinsic opening angle of 90° (Fig. 

6.8a and c). Previously, a similar observation was made for 1 adsorbed on Cu(111) 

upon coordination to Cu adatoms [28]. According to that study, the formation of a 

metal coordination bond is based on supplying additional energy to the system by 

thermal annealing which enables the lateral distortion of the 4′-cyanobiphenyl legs. 

This finding is in good agreement with the dependence of the structural transformation 

on the annealing temperature observed in the present work. Herein, the thermal energy 

at RT is insufficient for the bending of the 4′-cyanobiphenyl legs, resulting in the 

formation of mostly nanoribbon-like structures. In contrast, at elevated temperatures, 

the energy gain is high enough to vary the opening angle of the 4′-cyanobiphenyl legs 

to coordinate to Au atoms enabling the formation of flexible 1D coordination 

polymers. We conclude that the 1D polymer chains are stabilised by a threefold 

coordination motif mediated by the nitrogen lone- pair electrons of the three 4′-

cyanobiphenyl legs and one Au atom positioned at the centre. It should be noted that 
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there are two possibilities for the formation of the CN…Au coordination motif 

depending on whether the Au centres are Au adatoms or Au surface atoms. Our 

density functional theory (DFT) calculations indicate that Au adatoms are involved in 

the threefold coordination motif. Fig. 6.9 shows the structural arrangements and 

adsorption energies per molecule in the case of coordination of the cyano groups of 

benzonitrile molecules to (a), (b) Au adatoms; (c), (d) Au surface atoms; and (e) Co 

atoms. Clearly, the coordination to Co adatoms is favoured while the coordination to 

Au surface atoms is the least favourable scenario. The calculations evidence that the  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7:  (a) and (d) Overview STM image (70 × 70 nm2) for submonolayer coverage of porphyrin 

1 on Au(111) before annealing.  (b) and (c) Zoom-in STM images (12 × 12 nm2) of the areas marked 

by blue dashed rectangles in (a).  (e) Zoom-in STM image (30 × 30 nm2) of the area marked by the 
blue dashed square in (d).  Already for deposition of 1 on the Au substrate held at room temperature, 
there is a chance that metal coordination bonding takes place. Very rarely, the appearance of threefold 
and fourfold metal-coordinated structures was observed (marked by the dashed blue rectangles) in 
addition to the nanoribbon-like structures. The STM images were taken at 77 K with U = –1.8 V, I = 
20 pA. 
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Figure 6.8: (a) and (b) Close-up STM images (15 × 15 nm2), showing the lateral distortion of the 
cyano legs of 1 on Au(111) induced by annealing at 210 °C and deposition of Co, respectively. (c) The 

coloured lines indicate different angles α defined by the cyano legs of different molecules. Blue: α > 

90ο; green: α = 90ο; yellow: α < 90ο.  The STM images were taken at 77 K with U = –1.8 V, I = 20 
pA.  

 

fourfold coordination of the benzonitrile molecules to one Au adatom is also a 

favourable arrangement and thus, supporting for our experimental findings. Notably, 

the conclusion of the coordination bonding involving Au adatoms and not Au surface 

atoms has to be seen in light of the fact that the calculations were done for the 

functional linker of 1. The adsorption energy for C6H5CN will be different (smaller) 

than that for 1. Thus, the porphyrin backbone of 1 could assure the anchoring to the 

surface while the functional linker involved in coordination bonding to a surface atom 

contributes only little to the overall adsorption energy. It was recently reported that the 

creation of Au adatoms on Au(111) leads to a reordering of the herringbone 

reconstruction [31, 32]. However, in our case, the herringbone reconstruction is 

completely unaffected upon the formation of the 1D polymer. Thus, we suggest that 

the adatoms result from the lattice gas which forms by the continuous 

attachment/detachment of atoms from step edges [33, 34]. 
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Figure 6.9: Structural arrangement and adsorption energy per molecule ∆E (in eV) of either three or 
four C6H5CN molecules on a flat cluster of Au atoms:  (a) and (b) coordination to an Au adatom of 
three molecules and four molecules, respectively.  (c) and (d) Coordination to an Au surface atom of 
three and four molecules, respectively.  (e) Coordination of three molecules to one Co adatom.  Au 
atoms are added under the flat cluster in (c) and (d) to retain the coordination number of 9 for the 
metal bonding partner of cyano groups.  

 

To shed light on the formation of the 1D coordination polymers on Au(111), we 

performed a control experiment. Cobalt (Co) atoms are commonly used as metal 

centres for coordination to CN ligands in the construction of two-dimensional metal-

organic frameworks on metal surfaces based on a threefold coordination motif [13, 

35]. With this in mind, we deposited Co atoms onto submonolayer coverage of 1 on 
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Figure 6.10:  (a) Overview STM image (350 × 350 nm2) and close-up STM image (50 × 50 nm2) for 
submonolayer coverage of porphyrin 1 on Au(111) after adding Co atoms.  Rosette structures and 1D 

polymer chains co-exist. (c) and (d) Zoom-in STM images (10 × 10 nm2) showing rosette structures of 
two different sizes.  The rosette in (c) consists of 12 molecules: 4 molecules in the inner core and 8 
molecules in the outer ring, while that in (d) is made up of 15 molecules: 5 molecules in the inner core 
and 10 molecules in the outer ring.  The blue and green bars in (c) and (d) indicate the two different 
conformational isomers A and B, respectively. The STM images were taken at 77 K with U = –1.8 V, 
I = 20 pA.  The set of three arrows in (a) indicates the principal directions of the underlying substrate.  

 

Au(111) held at RT. The sample was then cooled down to 77 K prior to STM 

measurements without any additional annealing treatment. Again, flexible 1D 

polymers were observed as it is the case for annealing of 1 on Au(111) at 160 °C (Fig. 

6.4c). The high-resolution STM image (Fig. 6.4d) unambiguously shows that the 

binding motif stabilizing the 1D chains is the same as observed for 1 on Au(111) upon 

annealing. As expected, three N atoms of the 4′-cyanobiphenyl groups point toward 

one Co atom to form the threefold coordination motif, which is responsible for the 1D 

polymer formation. Within the 1D polymers both conformational isomers can be 

clearly discerned (marked by blue and green bars, respectively, in Fig. 6.4d). They are 



Heat-induced formation of 1D/2D coordination networks on Au(111) 

93 

 

randomly distributed within the 1D coordination polymer with an equal amount of 

each as determined from a statistical analysis. Importantly, the lateral distortion of the 

4′-cyanobiphenyl “legs”, imposed by the coordination to the Co centres, was again 

observed (Fig. 6.8b and c). In addition to the 1D polymers, rosette structures are 

formed upon addition of Co, which were not observed for the annealing case (Fig. 

6.10a and b). Rosettes of two different sizes are present, and they are stabilised by the 

same coordination motif as in the 1D coordination polymers (Fig. 6.10c and d). 

Notably, the dark bridges due to the saddle shape conformation of 1 do not align along 

the principal Au directions. That is in contrast to what we observed for the 2D close-

packed structure. From this observation we conclude that the molecule-substrate 

interaction is mainly mediated by the Co atoms, and the porphyrin core – Au surface 

interaction is only of weak physisorptive nature [35]. Putting it differently, a dominant 

CN…Co coordination interaction is thought to allow for different rotational alignments 

of 1 with respect to the principal Au directions, thus enabling the formation of rosette 

structures. Other types of rosette structures have been found recently for the 

coordination of Fe atoms to pyridyl-substituted porphyrins on Au(111) [18]. Based on 

the results obtained from the control experiment, we conclude that the 1D polymers 

formed upon annealing submonolayer coverage of 1 on Au(111) are indeed stabilised 

by a threefold CN…Au coordination motif. The molecular model for the heat-induced 

1D coordination polymers is shown in Fig. 6.4e. 

Another difference between the Au- and Co-coordinated structures can be 

observed upon studying the molecular arrangement at the Au(111) step edges. Fig. 

6.11a and c show overview STM images of samples prepared by annealing and Co 

deposition, respectively, exhibiting several step edges. For both cases, the step edges 

are almost completely covered by molecules. The close-up STM images (Fig. 6.11b 

and d) reveal a significant difference in the molecular arrangement at the step edges 

for the two cases. Upon annealing at 210 °C, the molecules have a preferred 

orientation with their tert-butyl groups aligned along the step edges. Now, four CN-

groups of four neighbouring molecules point toward each other. They meet in a 

fourfold node, resulting in the formation of a square-like tetramer which is considered 

as a basic unit of the 1D molecular chains aligned along the step edges. In this 
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configuration, the formation of such fourfold nodes is very unlikely for uncoordinated 

CN-groups due to the electrostatic repulsion of the nitrogen lone-pair electrons. Thus, 

we suggest that a fourfold Au-CN coordination motif stabilises the 1D chains aligned 

along the step edges. This observation is in line with recent reports for other CN-

substituted molecules adsorbed on Au(111) [22, 24]. Notably, a lateral distortion of the 

CN-legs with an opening angle larger than 90° due to the coordination bonding was 

observed (see molecular model in Fig. 6.11b). In contrast, no such fourfold 

coordination motifs were observed at the step edges upon Co deposition (Fig. 6.11d). 

Importantly, the fourfold CN…Au coordination motif not only appears at the Au(111) 

step edges upon annealing, but was also occasionally found to co-exist with the 

threefold binding motif in the 1D polymers even at RT (Fig. 6.7e), indicating the 

flexibility of the Au-CN coordination motif. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11: (a) and (c) Overview STM images (100 × 100 nm2) showing the molecular arrangement 
of 1 at the step edges of a Au(111) surface after annealing at 210 °C and Co deposition, respectively. 
The set of tree arrows indicates the principal directions of the underlying substrate. (b) and (d) Close-

up STM images (20 × 20 nm2) of the areas marked by white dotted squares in (a) and (c), respectively. 
In (b) four molecular models are shown to illustrate for the fourfold coordination motif. The STM 
images were taken at 77 K with U = –1.8 V, I = 20 pA. 
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For coverages close to 1 ML, we also carried out STM measurements with the 

same experimental protocols (annealing at 160°C vs. deposition of Co atoms). As 

result, a densely packed network of 1D polymers based on the threefold coordination 

motif was formed on Au(111) after thermal annealing as well as Co deposition (Fig. 

6.12). The increase in coverage did not influence the observed types of intermolecular 

interactions.      

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12:  (a) and (b) Large-scale STM images (100 × 100 nm2) of ~1 ML coverage of 1 on 
Au(111) after thermal annealing at 160oC and deposition of Co atoms at room temperature, 

respectively.  Densely packed chains are found in both cases.  (c) and (d) Zoom-in STM images (25 × 
25 nm2) of (a) and (b), respectively, showing the presence of threefold coordination bonding in the 
both cases.  The same structures found for submonolayer coverage was observed again.  The blue 
dotted circle in (d) indicates that rosette structures are also formed at a much higher coverage.  The 
STM images were taken at 77 K with U = –1.8 V, I = 20 pA. 

6.2.3 Self-assembly of trans-porphyrins on Au(111) 

In order to examine the influence of the position of the substituents on the self-

assembly as well as the polymer network formation upon annealing, trans-porphyrin 2 

was synthesized and deposited on Au(111) held at RT. The chemical structure of 2 is 

shown in Fig 6.13a. For both submonolayer and close to 1 ML coverages, the  

. 
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Figure 6.13: (a) Chemical structure of trans-porphyrin 2 and (b) overview STM image (150 × 150 
nm2) showing the formation of two-dimensional porous molecular networks of 2 on Au(111). The 
STM image was taken at 77 K with U = –1.8 V, I = 20 pA. 

 

molecules arrange in a two-dimensional hexagonal porous network (Fig. 6.13b). This 

finding is different in comparison to the case of 1 deposited on Au(111) where the 

final molecular networks are dependent on the molecular coverages (nanoribbon-like 

structures were found for submonolayer while two-dimensional close-packed 

molecular networks were observed for ~ 1 ML coverages). 

In the high resolution STM image (Fig. 6.14a), each molecule in the hexagonal 

porous network can be clearly discerned. The porous network formed by 2 displays a 

pore-to-pore distance of (35 ± 1.5) Å, as determined from STM measurements. The 

molecular unit cell contains one pore and three molecules. Each pore is surrounded by 

the 4′-cyanobiphenyl substituents of six different molecules. Each of these molecules 

is shared by two neighbouring pores.  The proposed molecular model of the porous 

network is shown in Fig. 6.14b. The porous network is stabilized by CN…HC(Ar) 

hydrogen bonds between two adjacent molecules.  
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Figure 6.14: (a) STM image (24 × 24 nm2) showing the porous network of 2 adsorbed on Au(111) and 
(b) the proposed model for the porous network. The solid black circles in (b) represent the pores in (a). 
The unit cell is marked by red in (b). The STM image was taken at 77 K with U = –1.8 V, I = 20 pA. 

 

6.2.4 Formation of 2D coordination networks of trans-porphyrins on Au(111) 

Annealing a submonolayer coverage of 2 adsorbed on Au(111) at 170 oC leads to the 

formation of disordered porous networks which exhibit variable pore sizes (Fig. 

6.15a). In the high-resolution STM image (Fig. 6.15b), individual molecules arranged 

into the molecular network are visible. Apparently, three CN-groups of three 

neighbouring molecules point toward each other. They meet in a threefold node, 

resulting in the formation of trimer which is considered as a basic unit of the molecular 

network. Each molecule participates in two such threefold nodes. In this configuration, 

the formation of such threefold nodes is very unlikely for uncoordinated CN-groups 

due to the electrostatic repulsion of the nitrogen lone-pair electrons. Therefore, we 

conclude that the porous networks are stabilized by a threefold coordination motif 

formed between the nitrogen lone-pair electrons of the three 4’-cyanobiphenyl legs and 

on a Au atom positioned at the centre, which is similar to the formation of 1D 

coordination polymers of 1 on Au(111) induced by annealing.  In order to obtain more 

evidence for the formation of the porous coordination networks, we also performed a 

control experiment where Co atoms were deposited onto submonolayer coverages of 2 

on Au(111) held at RT. As a result, a similar porous network of 2 on Au(111) was 

observed after the addition of Co atoms (Fig. 6.15c). The high-resolution STM image 

(Fig. 6.15d) unambiguously shows that the binding motif driving the porous network is 

the same as observed for 2 on Au(111) upon annealing. As expected, three N atoms of 
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the 4’-cyanobiphenyl groups point toward one Co atom to form the threefold 

coordination motif, which is responsible for the formation of the porous coordination 

network.  

 

 

 

 

 

 

 

 

 

 

Figure 6.15: (a and c) Overview STM images (100 × 100 nm2 and 130 × 130 nm2, respectively) 
showing the formation of a porous coordination network of 2 on Au(111) induced by annealing at 170 
oC and deposition of Co, respectively. (b and d) Close-up STM images (10 × 10 nm2 and 15 × 15 nm2, 
respectively) for (a) and (c). The STM image was taken at 77 K with U = –1.8 V, I = 20 pA. 

 

6.3 Conclusions 

In conclusion, for 1 adsorbed on Au(111) we observed the heat-induced formation of 

flexible 1D coordination polymers stabilised by an unusual threefold coordination 

motif which is based on the interaction of one Au surface atom with the N atoms of 

three terminal CN-groups. This finding is strongly supported by the formation of 

similar 1D coordination polymers with the same binding motif upon Co deposition 

onto 1 adsorbed on Au(111). In addition, a fourfold CN…Au coordination motif was 

found at the Au(111) step edges upon annealing. Using vicinal Au surfaces could be 

an effective way to exclusively form straight 1D polymers based on the fourfold 
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CN…Au coordination motif, while the addition of Co atoms only results in the 

formation of threefold coordination motifs. In contrast, upon annealing 2 adsorbed on 

Au(111), 2D coordination networks stabilised by the same coordination motif were 

observed. This demonstrated that the dimensionality of coordination molecular 

networks can be tuned from 1D to 2D by changing the substitution positions. 

6.4  Experimental methods and computational details  

6.4.1 Experimental methods 

The STM experiments were carried out in a two-chamber ultra-high vacuum system 

with a base pressure of 5 × 10-11 mbar. The system houses a low-temperature STM 

(Oxford Instruments Omicron NanoScience) equipped with facilities for surface 

preparation, i.e. Ar+ ion sputtering and resistive sample heating. The Au(111) single 

crystal was prepared by repeated cycles of sputtering with Ar+ ions and annealing at 

approximately 400°C. The synthesized porphyrin 1 was thoroughly degassed several 

hours before deposition onto Au(111). The molecules were thermally evaporated from 

a glass crucible that was heated inside a home-built evaporator. The deposition rate 

was monitored using a quartz crystal microbalance in order to determine the molecular 

coverage. Co was evaporated from a rod with purity of 99.99% using an electron beam 

evaporator. The substrate was held at room temperature during deposition. The STM 

images were taken in constant current mode using a platinum-iridium tip at 77K. 

Image processing was done with the free software WSxM [36].  

6.4.2 Computational details 

For our calculations, we used the model molecule benzonitrile (C6H5CN) to 

approximate the interaction of the cyano linkers of 1 with metal atoms.  This model 

molecule was used in an exemplary work on 5-(4-cyanophenyl)-10,15,20-tris(3,5-di-

tert-butylphenyl)-porphyrin and its derivatives on Ag(111) by Yokoyama et al [37].  

The metal surface is represented by a flat cluster, details are provided in Fig. 6.9. 

  We performed spin-polarized plane-wave density functional theory calculations 

using the Quantum ESPRESSO code [38]. The PBE exchange-correlation density 

functional [39], ultrasoft pseudopotentials [40], and a kinetic energy cutoff of 40 Ry 

were used. 
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  The binding energy per molecule was determined according to 

[ ]/ .

1
metal N mol metal molE E E NE

N
∆ = − −  

where: Emetal/N.mol, Emetal, and Emol are the total energy of the metal/molecule complex, 

of the metal, and of one molecule, respectively. N is the number of molecules in the 

system. 

Only the metal bonding partner of the cyano groups was relaxed while the other 

metal atoms were fixed in the geometry optimisations.  All the systems were placed in 

a box of 23×21×16 Å3.  Only the Gamma point in the Brillouin zone was sampled in 

our calculations. 
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