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Molecular self-assembly may be defined as the spontaneous association of molecules under 
equilibrium conditions into stable, structurally well defined aggregates joined by non-covalent bonds 
[1]. The basic idea is to synthesize molecular building blocks with predetermined intermolecular 
bonding properties. However, since molecular self-assembly is based on non-covalent interactions 
(e.g. hydrogen bonding, metal ligand bonding or van der Waals interactions), the stabilization 
energies are usually very low [1, 2]. As a consequence conventional self-assembled structures are 
often unstable even at moderate temperatures. A strategy to overcome this low stabilization energy 
relies on inducing covalent reactions between the molecular components, thus forming two-
dimensional covalently bonded networks. The formation of covalent bonds between complementary 
molecular components is an appealing approach in the fabrication of nanoscale structures, such as 
nanomeshes and nanolines, because of their high selectivity, strength and directionality [1, 3]. These 
nanostructures are attractive for their intrinsic properties; for their potential applications such as novel 
sensing, energy conversion or catalytic devices; for their ability to ‘trap’ other molecules such as 
fullerenes, creating even more interesting complexes and for their use as templates to direct the 
growth of, for example, metal clusters with interesting catalytic or magnetic properties. 

Here we apply x-ray absorption (XAS) and core-level photoemission spectroscopy (XPS) to 
study the formation of covalently bonded porphyrin networks on the Au(111) surface constructed 
from the free-base 5,10,15,20-tetra(4-bromophenyl)porphyrin (H2TBrPP) building blocks via 
thermally controlled release of bromine from the porphyrin. 

XAS and XPS measurements were performed at the D1011 beamline at MAX II storage ring in 
Lund, Sweden. The XPS spectra were measured with a Scienta SES-200 electron energy analyzer. 
The kinetic energy resolution was set to 75 meV for the Br 3d spectra. The photon energy resolution 
was set to 70 meV at the C K-edge (~280 eV) and to 100 meV at the N K-edge (~400 eV). The XAS 
spectra were recorded in the partial electron yield mode (U = -100 V) by a multichannel plate detector 

and normalized to the 
background curves 
recorded from the clean 
substrate. The H2TBrPP 
was evaporated onto the 
clean Au(111) surface at a 
rate of about 0.1 ML 
(monolayer) per minute. 

When deposited onto 
the Au(111) surface at 
room temperature the 
H2TBrPP self-assembles 
forming large well-
ordered molecular 
domains with a close-
packed square structure. In 
the H2TBrPP overlayer 
each molecule has a flat 
orientation on the surface 
with the molecular plane 
lying parallel to the 
substrate. This is 
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Fig. 1. Angular dependent N 1s XAS 
of 1.5 ML of H2TBrPP on the 
Au(111). 

Fig. 2. Br 3d XPS of 1.5 ML of 
H2TBrPP on the Au(111) after 
annealing at different temperatures. 
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confirmed by angular dependent N 1s XAS shown in Fig. 1. It is clearly seen that there is only broad 
σ resonance observed at normal incidence (90°), while π resonances become very intense at grazing 
incidence (15°). There are two strong low-energy absorption structures A1 and A2 that are related to 
the π MOs and arise due to the two different N sites in the centre of the free-base porphyrin 
macrocycle. The structure A1 observed at a photon energy of 397.9 eV is produced by iminic (-C=N-) 
nitrogens, while the structure A2 at 400.0 eV results from pyrrolic (-NH-) nitrogens [4]. 

Annealing of 
the H2TBrPP layer 
on the Au(111) 
surface up to 200-
250 °C leads to 
dramatic changes in 
the molecular 
overlayer structure. 
Fig. 2 shows 
changes in the Br 
3d core-level XPS 
as a result of the 
substrate anneal. 
The Br 3d signal 
starts to decrease at 
a temperature of 
150 °C and 

disappears 
completely after 
annealing the 
system at 250 °C 
for 30 min. The 

total amount of deposited H2TBrPP is reduced from 1.5 ML to 0.8 ML as a result of annealing (the 
value is calculated by comparing N 1s and C 1s core level intensities measured before and after the 
anneal). Annealing to such temperature results in release of bromine from the phenyl rings of the 
porphyrin. This process is followed by a formation of covalent bonds between phenyl rings linking 
the porphyrin molecules to each other. Activation of the H2TBrPP followed by a formation of H2TPP 
molecular network is shown schematically in Fig. 3. 

C 1s XAS measured from the molecular layer after annealing at different temperatures are shown 
in Fig. 4. The C 2pπ unoccupied MOs have a similar structure 
in all spectra. However, the initial sharp π resonances A and B 
become broader after annealing the molecular layer at 350 °C. 
This is a result of formation of a large covalently bonded 
porphyrin network, which can be considered as a π-conjugated 
macromolecule. π-conjugation causes a significant 
delocalization of π molecular orbitals, which, in turn, results in 
a broadening of the corresponding absorption structures. 

STM image of the H2TPP network is shown in Fig. 5. All 
porphyrins are covalently bonded to each other forming robust 
nanoporous macromolecule suitable for hosting other molecules 
or metal clusters. 
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Fig. 3. Schematic representation of the 
activation and covalent bonding between the 
molecules. 

Fig. 4. C 1s XAS of of H2TBrPP on the 
Au(111) after annealing at different 
temperatures. 

Fig. 5. STM image of the covalently 
bonded H2TPP network. 




