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ABSTRACT: In recent studies, porphyrin derivatives have been frequently used as building
blocks for the fabrication of metal�organic coordination networks (MOCNs) on metal surfaces
under ultrahigh vacuum conditions (UHV). The porphyrin core can host a variety of 3d
transition metals, which are usually incorporated in solution. However, the replacement of a
pre-existing metal atom in the porphyrin core by a di�erent metallic species has been rarely
reported under UHV. Herein, we studied the in�uence of cyanophenyl and pyridyl functional
endgroups in the self-assembly of structurally di�erent porphyrin-based MOCNs by the
deposition of Fe atoms on tetracyanophenyl (Co-TCNPP) and tetrapyridyl-functionalized (Zn-
TPPyP) porphyrins on Au(111) by means of scanning tunneling microscopy (STM). A comparative analysis of the in�uence of the
cyano and pyridyl endgroups on the formation of di�erent in-plane coordination motifs is performed. Each porphyrin derivative
formed two structurally di�erent Fe-coordinated MOCNs stabilized by three- and fourfold in-plane coordination nodes, respectively.
Interestingly, the codeposited Fe atoms did not only bind to the functional endgroups but also reacted with the porphyrin core of the
Zn-substituted porphyrin (Zn-TPyP), i.e., an atom exchange reaction took place in the porphyrin core where the codeposited Fe
atoms replaced the Zn atoms. This was evidenced by the appearance of molecules with an enhanced (centered) STM contrast
compared with the appearance of Zn-TPyP, which suggested the formation of a new molecular species, i.e., Fe-TPPyP. Furthermore,
the porphyrin core of the Co-substituted porphyrin (Co-TCNPP) displayed an o�-centered STM contrast after the deposition of Fe
atoms, which was attributed to the binding of the Fe atoms on the top site of the Co-substituted porphyrin core. In summary, the
deposition of metal atoms onto organic layers can steer the formation of structurally di�erent MOCNs and may replace pre-existing
metal atoms contained in the porphyrin core.

� INTRODUCTION
Porphyrins are a class of macrocyclic organic molecules that
play an essential role in biological processes but can be also
utilized in technological applications, such as solar cells,
sensors, and catalysis.1�6 The porphyrin core, which is
composed by four pyrrole moieties, can host a variety of
metal atoms or remain in its free-base version.7,8 The
incorporation of the metal atom in the porphyrin core and
its replacement�also known as transmetalation or atom
exchange�by a di�erent metallic species have been performed
extensively in solution.9�11 On the other hand, metalation is
also possible on a surface and even under dry conditions.
Several studies have reported the metalation of free-base
porphyrins on noble-metal surfaces under ultrahigh vacuum
(UHV) conditions as well as at the solid�liquid interface by
means of the codeposition of metal atoms or coordination to
substrate atoms, also known as self-metalation.8,12�15 How-
ever, there are very few studies addressing atom exchange
reactions under UHV conditions for porphyrin and porphyrin-
like macrocycles, such as phthalocyanines and pyrphyrins.16�20

In addition, most of the atom exchange studies under UHV
conditions make use of X-ray absorption and photoemission
spectroscopies to support their �ndings, and little attention has
been given to the imaging capabilities of scanning tunneling
microscopy (STM).16�20 Furthermore, the porphyrin back-

bone can be tailored with numerous functional endgroups that
grant them the possibility to form structurally di�erent two-
dimensional (2D) nanostructures that are driven by molecular
self-assembly on a surface, either through directional
intermolecular interactions or metal�ligand interactions in
the case of metal�organic coordination networks
(MOCNs).7,8,21,22,61 In the latter case, the functional
endgroups play an essential role in the formation of di�erent
in-plane coordination motifs that stabilize the structure of the
MOCNs, for instance, the subtle balance between the overall
shape and chemistry of the functional endgroup along with the
chemical nature of the coordinating metal atoms will dictate
the 2D structure of the MOCN.7,8,21,22 In previous studies, the
self-assembly of cyano-functionalized porphyrins on
Au(111)21,23,24 and Ag(111)25�27 as well as pyridyl-function-
alized porphyrins on Au(111)5,28�32 and Ag(111)15,27,33 has
been reported.
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Herein, we present a comparative study on the deposition of
Fe atoms onto self-assembled networks from cobalt(II)
5,10,15,20-(tetra-4-cyanophenyl)porphyrin (Co-TCNPP) and
zinc(II) 5,10,15,20-(tetra-4-pyridyl)-21H,23H-porphyrin (Zn-
TPyP) on Au(111). It was the aim to investigate whether the
following processes would occur: MOCN formation, atom
exchange reaction, and/or bonding of the Fe atoms on top of
the porphyrin core. Comparing the in�uence of cyanophenyl
and pyridyl ligands as well as Co and Zn contained in the
porphyrin core on the above processes gives valuable
additional information on the reactivities.

The chemical structures of both porphyrin derivatives are
shown in Figure 1. For Co-TCNPP (Figure 1a), the

tetrapyrrolic macrocycle is functionalized at all four meso
positions by cyanophenyl endgroups, and its core contains one
Co atom. On the other hand, the macrocycle of Zn-TPyP
(Figure 1b) is functionalized at all four meso positions by
pyridyl endgroups, and its core contains one Zn atom. As
revealed by STM, the deposition of Co-TCNPP on Au(111)
and subsequent deposition of Fe atoms with a �xed molecule
to metal ratio (�1:1 with a slight excess of metal) gave rise to
the coexistence of two structurally di�erent MOCNs stabilized
by fourfold (grid-like network) and threefold Co-coordination
nodes (chevron structure), respectively. The presence of
porphyrins with a di�erent appearance after the deposition
of Fe atoms, compared with the molecular appearance shown
for Co-substituted porphyrins (Co-TCNPP) in our previous
work on Au(111),21 suggested that a di�erent molecular
species was formed by two possibilities: (i) an atom exchange
reaction between the Fe and Co atoms or (ii) the binding of
one Fe atom on top of the porphyrin core, with the latter being
the most probable possibility.21 Furthermore, Zn-TPyP also
formed two structurally di�erent MOCNs upon coordination
with Fe atoms, where threefold Fe-coordination nodes (chain-
like network) were favored over the fourfold nodes (grid-like
network). In contrast to the �ndings for Co-TCNPP, an atom
exchange reaction took place where the Fe atoms replaced
most of the Zn atoms in the porphyrin core of Zn-TPyP. To
the best of our knowledge, we present the �rst detailed STM
study of an atom exchange reaction under UHV conditions for
long-range ordered porphyrin-based MOCNs on metal
surfaces.

� EXPERIMENTAL METHODS
An ultrahigh vacuum (UHV) system (with a base pressure in
the low 10�10 mbar range) with di�erent chambers for sample
preparation and characterization was used to perform all the
experiments. The Au(111) single crystal was cleaned by

repeated cycles of Ar+ sputtering and annealing at 720 K. Co-
TCNPP (PorphyChem) was thermally sublimed at 820 K and
Zn-TPyP (Sigma-Aldrich) at 785 K onto the Au(111) surface
held at RT by means of a Knudsen cell evaporator (OmniVac).
Iron atoms were deposited onto the organic layers from an iron
rod using an e-beam evaporator (Oxford Applied Research)
while keeping the sample at 410 K. On the other hand, for Zn-
TPyP adsorbed on Au(111), iron atoms were deposited while
maintaining the sample at room temperature (RT) followed by
a post-annealing treatment at 440 K. The molecule�metal
ratio was kept �xed (�1:1 with a slight excess of metal) for all
experiments. A quartz crystal microbalance was used to
monitor the molecule and metal atom deposition rates. The
STM (Scienta Omicron GmbH) measurements were per-
formed at room temperature in the constant current mode. A
mechanically cut Pt/Ir wire was used as a tip. All bias voltages
were given with respect to a grounded tip. The STM images
were processed with WSxM software.34 In addition, the low-
energy electron di�raction (LEED) patterns were acquired
using a microchannel plate LEED (Scienta Omicron GmbH)
and simulated with LEEDPat4.2 software.35

� RESULTS
Co-TCNPP on Au(111) after Fe Deposition. As also

shown in our previous study, the deposition of up to one
monolayer of Co-TCNPP (Figure 1a) on Au(111) prompted
the formation of a closely packed H-bonded network (see
Figure S1a,b in the Supporting Information). By addition of
Co atoms, the formation of both three- and fourfold MOCNs
was observed independent of the initial Co-TCNPP coverage
(see Figure S1c,e in the Supporting Information).21 It should
be already noted that in both assemblies, independently of the
applied bias, the appearance of the porphyrin core in the STM
images remained uniformly distributed among consecutive
molecules since only one type of porphyrin was present, i.e.,
Co-TCNPP. These results serve as a reference for our present
work, where the deposition of Fe atoms onto a submonolayer
of Co-TCNPP molecules, while annealing the sample at 410 K
and keeping a �xed molecule�metal ratio (�1:1 with a slight
excess of metal), gave rise to the coexistence of two di�erent
2D networks as shown in Figure 2: (i) a grid-like network
(Figure 2a�c and Figure S3 in the Supporting Information)
and (ii) a chevron structure (Figure 2d�f).

First, we will describe the observations found for the grid-
like network. In the overview STM image (Figure 2a), a
densely packed array of porphyrins can be seen with molecular
islands that were observed to spread over hundreds of
nanometers (see Figure S3 in the Supporting Information).
Individual Co-TCNPP molecules within the grid-like network
can be clearly distinguished in Figure 2b. A single Co-TCNPP
molecule (highlighted in yellow) appears with four bright lobes
that correspond to the phenyl moieties.25,26,36,37 The Co atom
contained in the porphyrin core is not imaged at positive
sample bias.21 In addition, the herringbone reconstruction of
the Au(111) surface does not translate through the molecular
layer at the given imaging conditions. However, it should be
noted that the herringbone reconstruction was observed on
bare areas of the Au(111) surface at submonolayer coverage
(see Figure S3d in the Supporting Information) entering the
molecular islands and not avoiding them, which is an
indication that it was preserved underneath the molecular
layer.

Figure 1. Chemical structures of (a) cobalt(II) 5,10,15,20-(tetra-4-
cyanophenyl)porphyrin (Co-TCNPP) and (b) zinc(II) 5,10,15,20-
(tetra-4-pyridyl)-21H,23H-porphyrin (Zn-TPyP).
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From the STM and LEED measurements, a molecular
overlayer (see Figure S4 in the Supporting Information)
incommensurate with the Au(111) surface and having a square
unit cell (shown in purple in Figure 2b,c) with lengths a = b =
1.7 ± 0.1 nm and an internal angle � of 90 ± 1° was deduced.
Furthermore, the unit cell is rotated 7.5° with respect to the
principal Au directions (see Figure S4 in the Supporting
Information). A total of one porphyrin is contained in the unit
cell, giving a molecular density of 0.31 molecules per nm2. As
observed within a single unit cell, the porphyrins are pointing
their cyano endgroups to a common fourfold node. Due to the
repulsive interaction between electronegative N atoms from
the cyano endgroups, the formation of a common fourfold
node between them can be ruled out. Thus, as illustrated in the
tentative structural model (Figure 2c), the grid-like network is
an MOCN stabilized by metal�ligand interactions between the
Fe atoms (red sphere) and porphyrins. The porphyrins form a
fourfold coordination node through the terminal N atoms of
the cyano endgroups and one Fe atom (Fe�N distance of �2.5
Å). Porphyrin-based MOCNs exhibiting fourfold coordination
nodes have been previously reported for tetracyanophenyl
porphyrin derivatives coordinated to Co atoms supported on a
boron nitride/Cu(111) template and to Cu atoms on
Cu(111).27,37 It should be noted that the metal atoms at the
coordination nodes do not contribute to the STM contrast
(Figure 2), which is common for 3d transition metals in

MOCNs on metallic surfaces.38,39 Moreover, Co-TCNPP
molecules rotated by 45° with respect to neighboring
molecules were infrequently found in the fourfold Fe-
coordinated network (see Figure S3b,c in the Supporting
Information). In addition, the large bright islands observed in
Figure 2a (indicated by the yellow arrow) and Figure S3d in
the Supporting Information can be explained by the formation
of metal clusters underneath the grid-like network from the
surplus of Fe atoms.40

In contrast to the molecular appearance observed in the Co-
coordinated fourfold MOCN (see Figure S1c�e in the
Supporting Information),21 the main observable peculiarity
within the Fe-coordinated grid-like network (Figure 2a,b) is
the brightness di�erence between consecutive molecules. The
presence of bright and dim molecules at both polarities of the
bias voltages�negative (Figure 2a) and positive (Figure 2b)�
may be attributed to two possibilities: (i) an axial ligation of
the codeposited Fe atoms with the Co atom contained in the
porphyrin core and/or (ii) an atom exchange reaction between
Co and Fe atoms at the porphyrin core, i.e., the deposited Fe
atoms replaced some of the Co atoms that were already
contained in the starting molecule (Co-TCNPP). Therefore,
the grid-like network (Figure 2a,b) is composed by two
di�erent porphyrins: (i) the starting molecule (Co-TCNPP)
and (ii) a molecular species formed after deposition of Fe
atoms. The bright molecules in Figure 2b correspond to the
newly formed porphyrin by comparing their appearance with
Co-TCNPP when imaged at the same positive bias (see Figure
S1c in the Supporting Information), where the Co atom inside
the porphyrin core does not contribute to the STM contrast
and only four bright lobes can be distinguished.21 Our results
are comparable to the �ndings reported for a Co-substituted
tetraphenyl porphyrin on Ag(111), where the bright
protrusions were attributed to Fe atoms adsorbed on top of
the porphyrin core.41 Furthermore, the studies focusing on the
axial ligation of the porphyrin core under UHV conditions
have been mainly performed with gaseous diatomic molecules
(e.g., CO and NO),42�47 whereas the interaction with
individual atomic species has been rarely addressed.41 In
addition, atom exchange reactions in the porphyrin core are
well-known in solution and have also been reported under
UHV conditions for porphyrin-like molecules where the Cu-
substituted molecules were replaced by Ni and Fe atoms,
respectively.12,17

The grid-like network always coexists with a second 2D
network, i.e., the chevron structure shown in Figure 2d. The
molecular appearance of the porphyrins in the chevron
structure (Figure 2e) is dominated by four bright lobes.
Once again, the herringbone reconstruction of the Au(111)
surface remained invisible underneath the 2D network. Based
on the STM data, a rectangular unit cell (shown in yellow in
Figure 2e,f) was obtained with dimensions a = 3.5 ± 0.2 nm
and b = 4.2 ± 0.2 nm and an internal angle � of 90 ± 3°. A
total of four porphyrins are contained in the unit cell, giving a
molecular density of 0.27 molecules per nm2. The porphyrins
are grouped in pairs that gave rise to rows of molecules, in
which the pairs from neighboring rows are mirror images of
each other as highlighted by the orange and white rectangles in
Figure 2e. The bonding motifs that stabilize the chevron
structure are shown in the tentative structural model (Figure
2f) and will be explained by looking at a single porphyrin
molecule and its surroundings. Three cyano endgroups of one
porphyrin molecule coordinate to one Fe atom (solid red

Figure 2. Self-assembly of submonolayer coverage of Co-TCNPP on
Au(111) after deposition of Fe atoms: (a) STM image displaying the
long-range ordered grid-like MOCN (35 × 35 nm2, Ubias = �1.8 V,
and Iset = 15 pA). The yellow arrow indicates a metallic island
composed by Fe atoms. (b) High-resolution STM image of the grid-
like MOCN (10 × 10 nm2, Ubias = 2.2 V, and Iset = 15 pA). The purple
square and yellow outline highlight the unit cell and one Co-TCNPP
molecule, respectively. (c) Tentative structural model of the fourfold
Fe-coordinated network with the unit cell depicted in purple. (d)
STM image of the chevron structure (50 × 50 nm2, Ubias = 2 V, and
Iset = 15 pA). The dark region in the center of the image corresponds
to missing Co-TCNPP molecules. (e) Close-up STM image of the
chevron structure (18 × 18 nm2, Ubias = 3 V, and Iset = 15 pA). The
yellow rectangle highlights the unit cell, while the white and orange
rectangles highlight two mirrored pairs of Co-TCNPP molecules
between two rows of molecules. (f) Tentative structural model of the
chevron structure with the unit cell depicted in yellow. The solid red
and dotted green ovals highlight the Co-coordination and H-bonding
motifs, respectively. In (c) and (f), the cobalt, iron, nitrogen, carbon,
and hydrogen atoms are shown in green, red, blue, gray, and white,
respectively. In (a), (b), (d), and (e), the white arrow at the bottom
denotes the [11�0] crystallographic direction of the Au substrate. The
black arrow at the bottom in (c) and (f) denotes the [11�0]
crystallographic direction of the Au substrate.
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