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Supramolecular assembly and on-surface synthesis are two 

widely-used methods for constructing low-dimensional 

molecular nanostructures on surface. Here we describe an 

approach that combines both methods to create two-

dimensional metal-organic networks with exceptionally large 10 

pores.  

Porous metal-organic framework (MOF) structures have attracted 

much attention because of their large surface area and capacity to 

store gases.1 Significant effort has been made aiming for 

enlarging MOFs’ pores. The largest pore so far recorded in MOFs 15 

is hexagonal one with an aperture up to 9.8 nm.2 Two-

dimensional (2D) MOF structures containing 2D pores can be 

fabricated on surfaces.4 The largest 2D pore so far reported is of a 

hexagonal network assembled on a Ag(111) surface with a size of 

24 nm2.5 Making larger pores requires longer organic ligands 20 

and/or multiple-component systems. However, synthesis of 

longer organic ligands usually encounters difficulties in 

purification due to their poor solubility. On the other hand, 

sublimation of longer ligands usually requires higher temperature, 

which may cause decomposition of the organic species. Both 25 

factors limit the size of the 2D porous MOFs.   

 Here we report a two-step strategy to overcome this limitation 

(Scheme 1). In the first step, we employ on-surface synthesis to 

covalently link a brominated terpyridyl ligand 1 to itself to form a 

bisterpyrydyl ligand 3 via Ullmann coupling; in the second step, 30 

3 and a pyridyl-functionalized porphyrin compound 2 self-

assemble via pyridyl-Fe-terpyridyl coordination into a porous 

network. Both steps take place in vacuo on an Au(111) surface. 

We can monitor the coupling reaction and self-assembly process 

using scanning tunneling microscopy (STM). In our experiments, 35 

we identified two types of 2D porous networks: irregularly-

arranged Kagome networks with ~55 nm2 pores and regular 

rhombus networks with ~22 nm2 pores. Our results demonstrate a 

new route towards fabricating surface-supported 2D MOF 

structures with large pores.6  40 

 

Scheme 1. Two-step process : (1) on-surface Ullmann coupling of 1 with 
itself to form 3, and (2) self-assembly of 3 and 2 together with Fe to form 

a porous metal-organic network.  45 

 Fig. 1a is an STM topograph taken after deposition of 

compound 1 molecules on the surface; the image shows cluster-

like features at the elbow positions of the herringbone 

reconstruction of the Au(111) surface. Most clusters look like a 

dog paw print, with four fingers attached to a base, which is 50 

clearly resolved in Fig. 1b. The clusters are ~2.0 nm wide, 

slightly longer than the 1.6-nm long molecule of 1, but much 

shorter than the 2.88-nm long molecule of 3. We conclude that 

the clusters are made of 1. However, we are unable to build a 

realistic model for the “cluster” out of four molecules. Therefore 55 

we speculate that the dog paw print is associated with rotation of 
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a single molecule 1 on the surface at the experimental 

temperature (78 K).6 The model shown in Fig. 1b illustrates how 

a molecule adopting four orientations separated by a rotation 

angle of approximately 40° generates the paw print pattern. 

Besides the objects adsorbed at herringbone elbows and at step 5 

edges, an appreciable amount of molecules moved very fast and 

were present on the open terrace in the 2D gas phase, which were 

not resolved by STM (see discussion below). 

Fig. 1 (a) STM image (47 ×40 nm2) showing 1 adsorbed on an Au(111) 10 

substrate. (b) High-resolution STM image (3.8 ×3.2 nm2) and structural 

model of the dog paw print cluster. (c) STM image (47 ×40 nm2) 

showing the sample after annealing at 150 °C for 5 minutes. The ellipse 

encloses a single molecule of 3. (d) High-resolution STM image (3.8 ×
3.2 nm2) of a single molecule of 3 and the structural model. 15 

 

 Thermal annealing was applied to the sample in order to 

trigger Ullmann coupling at the terminal Br. After 5-min 

annealing at 180 °C, species shaped like a dog bone appeared on 

the surface. The ellipse in Fig. 1c encloses a single “dog bone” 20 

and Fig. 1d shows a high-magnification image. The dog-bone 

shape agrees well with the molecular structure of 3 (Fig. 1d), and 

its length (2.93 ± 0.06 nm) matches the length of 3 (2.88 nm). 

Thus, we conclude that Ullmann coupling occurred and two 

molecules of 1 were covalently linked to form the bis-terpyridyl 25 

compound 3.7 Apart from a few isolated molecules of 3, most 

molecules packed in a shoulder-to-shoulder arrangement. It is 

known that the two side pyridyl groups in an un-coordinated 

terpyridyl group point backwardly.8, 9 This conformation allows 

intermolecular hydrogen bonds between the terpyridyl groups in 30 

the shoulder-to-shoulder arrangement.10 Further annealing at 180 

°C for 15 min resulted in more dog-bone species, indicating that 

many “STM-invisible” fast-moving molecules of 1 had been 

converted to 3. Note that terpyridyl ligand is well known to form 

complexes with Fe atoms.11 We found that mixing 3 with Fe 35 

atoms on the surface formed coordination chains,12 details see 

ESI.  

In the next step, we deposited compound 2 and Fe atoms onto 

the sample and annealed it at 180 °C. Extended 2D porous 

networks were observed (Fig. 2a). Note that this network 40 

structure was never observed in the absence of Fe. The networks 

have rhombus geometry, occupying entire terraces and exhibiting 

three orientations with respect to the Au(111) substrate lattice. 

High-resolution STM reveals detailed characteristics of the 

network structure (Fig. 2b). The apex angle of the rhombus pore 45 

is 75° and the side length of the pore is 4.76 ± 0.03 nm. The long 

axis of the rhombus pores follows the <    > axis and equivalent 

directions of the Au(111) surface. The ideal network presented in 

Scheme 1 is of perfect square symmetry but the actual network 

shown in Fig. 2 is rhombus. The driving force for this distortion 50 

is symmetry mismatch between the ideal square network and the 

three-fold Au(111) substrate lattice. As the total energy of the 

surface-supported structures is contributed by intermolecular 

binding energy and molecule-substrate binding energy,4 ideal 

structures are very often distorted to balance the energy cost due 55 

to symmetry mismatch. A similar phenomenon was observed 

before.13  

Fig. 2 (a) STM image (100 × 100 nm2) showing porous rhombic 

networks. (b) High-resolution STM image (12 ×12 nm2) of the rhombic 60 

networks. The wavy line indicates the phenyl rings in the backbone of 3. 

(c) Tentative model of the rhombic network. (d), (e), (g) and (h) STM 
topographs (15 ×15 nm2) showing two types of defects and the 

corresponding structural models  (f) STM image (15 ×15 nm2) showing a 

rhombic pore filled with guest species and (i) a suggested model of a 65 

guest molecule 3. 

  

The sub-molecular resolution in Fig. 2b allows us to determine 

that each pore is bordered by four molecules of 3, which are 

connected by molecules of 2 at the four corners. Some molecules 70 

of 2 exhibit a depression at the center while others exhibit a 

protrusion at the center. The species with center depression are 

attributed to free-base porphyrin and those with center protrusion 

to Fe-metallated porphyrin.14 The molecules 3 exhibit a four-node 

backbone (see the white wavy line in Fig. 2b), corresponding to 75 

the four phenyl rings of 3. Four molecules of 3 attach to the four 

terminal pyridyl groups of a molecule 2 via the terpyridyl ligands. 

This structural motif is identical to the previously reported 

network formed from 2 and a shorter bis-terpyridyl ligand, 4′,4′′′′-

(1,4- phenylene)bis(2,2′:6′,2′′-terpyridine), via pyridyl-Fe-80 

terpyridyl coordination.13 A structural model of the network is 

shown in Fig. 2c. The Fe-N bond is approximately 0.17 nm, 

assuming that both atoms lie in the same plane.13 The model 

agrees well with the STM data. The pore area is ~22 nm2, which 

is twice the size of previously-reported rhombic network.13  85 

We observed two types of structural defects in the networks. 
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One is missing a linker molecule in the network, which leads to a 

double-size pore (Fig. 2d). The other is a molecule of 1 acting as 

a linker instead of 3, resulting in two neighboring pores that are 

half-separated (Fig. 2e). The corresponding structural models of 

these defects are shown in Fig. 2g and 2h. It is worth to note that 5 

these defects are very rare, implying that both the Ullmann 

reaction and the metal-coordination assembly were very efficient. 

We also observed that pores were filled by guests (Fig. 2f). The 

cloud-like appearance of these guests resulted from rotating or 

oscillating molecules trapped in the pore at 78 K.7, 13 The guests 10 

were most likely to be molecules of 1, 2 or 3. For example, Fig. 

2i shows a tentative model of molecule 3 trapped in a pore. 

Besides the extended regular rhombus networks, we also 

observed that small amount of molecules formed irregular 

networks featuring larger pores. Fig. 3a shows a network 15 

containing triangular and hexagonal pores. This structure 

resembles the Kagome network reported before.13 The structural 

model of a Kagome unit is shown in Fig. 3b, in which 2 and 3 are 

linked by the same terpy-Fe-py coordination. The aperture of the 

hexagonal pore is 9.2 nm, and the pore area is ~55 nm2. Both 20 

values are the largest ever reported for 2D MOF pores, and the 

aperure measures close to the current record (9.8 nm) for MOFs.2 

Unlike the previous work,13 we did not observe a regular Kagome 

network of large domain size. It was shown that the rhombus 

structure can be converted into the Kagome structure when guest 25 

species expand the smaller rhombic pores into the larger Kagome 

pores. 13 Here the molecules of 1, 2 and 3 are apparently not large 

enough to force this pore expansion (cf. Fig. 2i), which might be 

a reason that extended Kagome networks did not form. 

Nevertheless other mechanisms might play roles.    30 

Fig. 3 (a) STM image (30 × 30 nm2) of a defective Kagome network. (b) 
Structural model of the Kagome network. 

 In summary, we have demonstrated a two-step strategy to 

fabricate porous 2D metal-organic networks with large pores on 35 

an Au(111) surface. The first step involves obtaining large 

ligands via on-surface Ullmann coupling, followed by 

coordination self-assembly. Using STM, we monitored coupling 

and self-assembly, as well as resolving the porous structures and 

their defects. We believe that our protocol may provide new 40 

approach to design novel porous structures on surfaces. 
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