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Evidence for the formation of an intermediate complex in the direct

metalation of tetra(4-bromophenyl)-porphyrin on the Cu(111) surface
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A strong molecule–surface interaction between free-base-tetra-

(4-bromophenyl)-porphyrin and Cu(111) results in a distortion of

both the molecule and the underlying copper surface in the vicinity

of the molecule. This in turn leads to the formation of an

intermediate complex due to bonding between the iminic nitrogens

and surface copper atoms.

Metalloporphyrins and related tetrapyrrole ring systems are

common in biological systems, with chlorophyll, haem and

vitamin B12 as typical examples.1 These molecules provide

essential cofactors in a vast number of proteins and enzymes,

while their interesting structural, optical, and electrical properties

have led to important applications in fields ranging from biology

to materials chemistry.2,3 An important step in the formation of

these molecules is the insertion of the metal ion into the metal-free

porphyrin core. The mechanism by which a metal is inserted

into a porphyrin has been studied extensively in solution,4,5 in

biological systems,6 and more recently on metal surfaces.7

It is now generally accepted that the metalation reaction

proceeds through the formation of an intermediate complex

which was originally proposed by Fleischer and Wang.8 In

these complexes the protons on the two pyrrolic nitrogens

prevent the metal from entering the centre of the porphyrin

macrocycle. Instead the metal ion resides out of the plane of

the macrocycle and coordinates to both of the iminic nitrogen

atoms. Recently, Buchner et.al.9 have reported the in situ

metalation of a monolayer of tetraphenylporphyrin supported

on an Ag(111) surface by subsequent deposition of a metal.

They proposed a mechanism based on the formation of an

initial complex that is similar to the intermediate complex,

observed in the liquid phase,8 in which the metal atom is

coordinated by the intact unreduced porphyrin.

In this paper we show that free-base-tetra(4-bromophenyl)-

porphyrin (H2TBrPP) deposited onto the Cu(111) surface can

coordinate Cu atoms from the surface to form an intermediate

complex at room temperature. Subsequent heating of the

surface to 420 K results in the complete metalation of the

H2TBrPP with copper atoms. We show using a combination of

spectroscopic measurements and scanning tunneling micro-

scopy (STM) that formation of the metal complex and the

metalation result from distortion of both the molecule and the

underlying Cu surface induced by a molecule-substrate

interaction.

X-ray absorption (XA) and X-ray photoemission (XPS)

measurements were performed at the D1011 beamline,

MAX-lab. The porphyrin layers were prepared in situ by

thermal evaporation of powder material onto clean Cu(111).

The porphyrin studied in this work was synthesized according

to published procedures.10,11

Fig. 1 shows a series of N 1s photoelectron spectra recorded

at different stages of the investigation. Fig. 1(a) shows the N 1s

spectrum from B5 ML of H2TBrPP on the Cu(111) surface

recorded at room temperature. H2TBrPP contains two nitrogen

species, protonated (pyrrolic –NH–) and non-protonated

(iminic =N–) nitrogens, which give rise to two peaks in the

N 1s photoelectron spectrum. The pyrrolic nitrogen 1s signal is

usually observed at a higher binding energy than the iminic

nitrogen,12–14 therefore the peaks at 400.0 eV and 397.9 eV are

assigned to the pyrrolic and iminic nitrogen species respectively.

Decomposition of the N 1s XPS spectrum into iminic and

pyrrolic signals shows that the intensities of the two components

are approximately equal for a 5 ML coverage. Fig. 1(b) is the

N 1s photoelectron spectrum from B2 ML of H2TBrPP.

Again two signals are observed in the spectrum, however the

peak associated with the iminic nitrogens is now significantly

broadened. Deconvolution of this spectrum shows an additional

N 1s component at an intermediate binding energy of 398.6 eV

which corresponds to the N 1s binding energy of the nitrogen

atom in metalated porphyrins.12–14 This additional N 1s

component arises due to an interaction between the molecule

and the Cu(111) substrate. However the presence of the

pyrrolic peak excludes the possibility that this intermediate

peak is due to full metalation of the molecule. There is no

evidence for a second component in the N 1s pyrrolic signal. In

addition, the intensity of the pyrrolic peak is now equal to the

sum of the intensities of the iminic peak and the new inter-

mediate component. This indicates that only the two iminic

nitrogens are involved in the bonding with the substrate.

The fact that not all of the iminic nitrogens are coordinated

to the Cu(111) surface at room temperature is explained by the
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presence of a second monolayer which do not coordinate with

the surface copper atoms. We suggest that this additional peak

is associated with the formation of an intermediate complex at

300 K in which the two iminic nitrogens in the first layer of

molecules are coordinated with a surface copper atom while

the pyrrolic nitrogens remain protonated. However, this is the

first direct observation of such an intermediate state on a

surface. This intermediate complex is stable at 300 K and full

metalation of the porphyrin is only achieved by heating to

420 K. Evidence for this is provided by the disappearance of

both the pyrrolic and iminic N 1s signals which are replaced by

a single N 1s peak at 398.8 eV in the XPS spectrum, Fig. 1(c).

Furthermore the intensity of this peak is reduced relative to

those in Fig. 1(b) due to desorption of the second layer

molecules during the annealing process.

Additional evidence for the formation of an intermediate

metal complex is provided by XA spectroscopy. In the N 1s

XA spectrum of B5 ML of H2TBrPP shown in Fig. 2(a) there

are two strong low-energy absorption structures A1 and A2

that are related to the pmolecular orbitals and arise due to the

two different N sites. The structure A1 observed at a photon

energy of 397.9 eV is produced by the iminic nitrogens, while

the structure A2 at 400.0 eV results from pyrrolic nitrogens.12,15

The corresponding XA spectrum from 2 ML of H2TBrPP,

Fig. 2(b), shows a relative reduction in the iminic nitrogen peak

(A1) compared to the pyrrolic peak (A2) and the appearance of

an additional absorption feature (A0) at 398.8 eV. The N 1s XA

spectrum recorded after heating the system to 420 K shows

only one absorption structure (A0) at 398.8 eV, Fig. 2(c), and

loss of the features associated with both the iminic and pyrrolic

nitrogen atoms as observed for metalated porphyrins.12,15 The

intensities and positions of the observed structures correlate

well with the N 1s core-level XPS data presented above.

To extend and strengthen these findings STMmeasurements

were performed. Fig. 3(a) shows a constant current STM

image of the Cu(111) surface after a submonolayer deposition

of H2TBrPP. The observation that the porphyrin does not

aggregate into a highly ordered structure on the terraces and

does not decorate the step edges points to an appreciable

interaction between the H2TBrPP and the Cu(111) surface.

This restricts the mobility of the molecule on the surface in

contrast to similar molecules on the low-reactivity Au(111)

and Ag(111) surfaces where porphyrins are highly mobile at

room temperature and self-assemble to form large islands.11,16–18

In STM images recorded at negative sample bias the molecules

are imaged with two bright protrusions close to the centre of

the molecule, in addition each molecule shows four broad

lobes associated with the bromophenyl substituents. The overall

appearance of H2TBrPP on Cu(111) has a rectangular shape

with dimension of 1.9 � 0.2 nm � 1.4 � 0.2 nm. The

topography of the molecule on Cu(111) thus points to a strong

distortion of the H2TBrPP produced by an adsorption-induced

modification of the molecular conformation. The appearance of

the molecule on the Cu(111) is significantly different from that

on the Au(111) surface11 where the molecule has a square

shape. However a similar distortion is observed in free-base-

tetraphenylporphyrin adsorbed on the Cu(111) surface.19

Fig. 3(a) also shows pairs of protrusions on the copper surface

on opposite sides of each molecule, as indicated by the circle

in Fig. 3(a). The average distance between the protrusions is

0.52 � 0.05 nm which corresponds to two atomic spacings

along the principal h110i directions on the Cu(111) surface.

This defines the symmetry axes on the surface and shows that

the H2TBrPP molecules are aligned along the close packed

h110i high symmetry directions. The observation of individual

molecules oriented along the high symmetry directions of the

substrate shows that the H2TBrPP molecules are located at

a specific site on the underlying Cu(111) lattice as shown

schematically in Fig. 3(b). By aligning the molecule with the

positions of the protruding Cu atoms it is possible to conclude

that the molecule is centred on top of a Cu atom, (i.e. the

centre of the macrocycle is above a Cu atom). This orientation

of the molecule then favors the formation of Cu–Br bonds

which anchor the porphyrin molecule on the Cu(111) surface

and induces the observed distortion of both the molecule and

Fig. 2 N 1s XA spectra of (a) 5 ML and (b) 2 ML of H2TBrPP on

Cu(111), (c) N 1s XA spectrum after heating 2 ML sample to 420 K.

Fig. 1 N 1s XPS spectra of (a) 5 ML and (b) 2 ML of H2TBrPP on

Cu(111), (c) N 1s XP spectrum after heating 2 ML sample to 420 K.

Spectra have been normalized to the same maximum intensity.
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the underlying surface. In turn, this distortion then enables the

formation of the intermediate complex observed in the XPS

and XAS data and facilitates the subsequent metalation of the

molecule upon annealing.

It should be noted that the protrusions could also be

explained by a substrate-mediated weak attractive interaction

between diffusing Cu adatoms and the porphyrin molecule as

recently reported by Dyer et.al.20 However the absence of any

time-dependence in the STM data presented here and the

identical number and arrangement of the protrusions on every

molecule rules out this explanation.

Fig. 4(a) shows a constant current STM image of the

H2TBrPP on the Cu(111) surface after heating to 420 K.

Spectroscopic data show that the porphyrin molecules are

fully metalated after heating the surface to this temperature

(Fig. 1(c) and 2(c)). A dramatic change is observed in the

shape of the molecules which now have a square shape with

side length of 1.4 � 0.1 nm. Furthermore, after heating to

420 K there is no Br signal in the XPS data, clear evidence that

the Br atoms have dissociated from the molecule and desorbed

from the Cu(111) surface.16 The molecules are no longer

aligned along the h110i directions of the surface but instead

they form a disordered molecular network. Such network

formation has previously been reported for tetrabromophenyl-

porphyrin molecules on the Au(111) surface.11,16 Fig. 4(b)

shows a model of the copper tetraphenyl-porphyrin after

metalation with a surface Cu atom and loss of the

bromine atoms.

In summary, we have shown that a strong molecule-

substrate interaction exists between deposited H2TBrPP

molecules and the Cu(111) surface. This interaction results

in both a distortion of the porphyrin macrocycle out of

planarity and a local distortion of the surface copper atoms

in the vicinity of the molecule. As a result of this interaction a

stable intermediate complex is formed between the iminic

nitrogen atoms of the molecules and surface copper atoms at

room temperature. Subsequent heating to 420 K results in the

complete metalation of the molecule.
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Fig. 4 (a) Room temperature STM image of H2TBrPP on Cu(111)

recorded after annealing to 420 K, It = 2.06 nA, Vs = �0.48 eV.

(b) Schematic model showing one orientation of the metalated porphyrin

molecule relative to the underlying Cu(111) surface.

Fig. 3 (a) Room temperature STM image of H2TBrPP on Cu(111),

It = 0.18 nA, Vs=�1.51 V. Green circle shows copper atoms protruding

from surface. Molecular axes are aligned along h110i directions.

(b) Schematic model showing orientation of the molecule relative to the

underlying Cu(111) surface, side-view (top) and plan-view (bottom).


