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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 different metallic species has been rarely
reported under UHV. Herein, we studied the influence of cyanophenyl and pyridyl functional
endgroups in the self-assembly of structurally different 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 influence of the
cyano and pyridyl endgroups on the formation of different in-plane coordination motifs is performed. Each porphyrin derivative
formed two structurally different 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 off-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 different 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 different 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 findings, 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 different 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 different
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 influence 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 fixed molecule
to metal ratio (∼1:1 with a slight excess of metal) gave rise to
the coexistence of two structurally different MOCNs stabilized
by fourfold (grid-like network) and threefold Co-coordination
nodes (chevron structure), respectively. The presence of
porphyrins with a different 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 different 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 different 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 findings 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 first 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 different 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 fixed (∼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 diffraction (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 fixed molecule−metal ratio (∼1:1 with a slight
excess of metal), gave rise to the coexistence of two different
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 α 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 difference 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
different 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 findings 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 α 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 [11̅0] crystallographic direction of the Au substrate. The
black arrow at the bottom in (c) and (f) denotes the [11̅0]
crystallographic direction of the Au substrate.
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oval), while the fourth cyano endgroup interacts via H-bonding
(dotted green oval) with a H atom from the phenyl moiety of a
neighboring porphyrin. By repetition of such arrangement, the
chevron structure is an MOCN stabilized by a distorted
threefold metal coordination (solid red oval) and H-bonding
(dotted green oval). Furthermore, the distortion of the
threefold coordination node arises from an asymmetrical
arrangement of the porphyrins involved in metal coordination,
i.e., the angle between the porphyrins involved in threefold
metal coordination diverges from 120°, which is the value
reported for threefold coordination motifs on metal surfaces.48

The typical invisibility of 3d transition metals at the
coordination nodes of MOCNs prevails for the chevron
structure at both positive and negative bias (see Figure S5 in
the Supporting Information).38,39 Similar to the Fe-coordi-
nated grid-like network (Figure 2a,b), the varying contrast
between dim and bright molecular species is also present in the
chevron structure (Figure 2d,e), which suggests the presence
of Co-TCNPP and some porphyrins with an Fe atom as an
axial ligand on the porphyrin core and/or substituting the
initial Co atom by means of an atom exchange reaction. To
gain deeper insight into this aspect, a bias-dependent
experiment for the chevron structure was performed (see
Figure S5 in the Supporting Information). The four bright lobe
contrast is present at positive bias, and a square-like shape of
the porphyrin macrocycle dominates at negative bias for Co-
TCNPP. By analogy with the results obtained for Co-TCNPP
with Co atoms on Au(111),21 the porphyrin core within the
Co-coordinated structure remained dim for all molecules at
positive bias (see Figure S1c in the Supporting Information),
which is opposite to the observed brightness difference in the
chevron structure stabilized by Fe atoms (Figure 2e). The
porphyrins that contain one bright protrusion (highlighted by
the white arrow in Figure S5 in the Supporting Information) at
all voltages can be attributed to Co-TCNPP species that
contain one Fe atom as an axial ligand on top of its core (see
Figure S5 in the Supporting Information). The possibility of
having one Fe atom as an axial ligand on the porphyrin core
and/or substituting the Co atom of the starting molecule will
be addressed in the Discussion section (vide inf ra).
The chevron structure always coexists as a minority phase

with the grid-like network. A 20:80 coverage ratio was found
between both MOCNs for samples prepared at submonolayer
coverage (∼0.85 ML). It should be noted that the chevron
structure did not form as one exclusive phase irrespective of
the molecular coverage. In contrast, the grid-like network
formed as one exclusive phase upon deposition of the required
stoichiometric amount of Co-TCNPP and Fe atoms for a full
monolayer of the fourfold MOCN. The 2D structure and
bonding motifs of the Fe-coordinated MOCNs of Co-TCNPP
are in agreement with our previous results obtained for Co-
TCNPP on Au(111) upon coordination with Co atoms.21

Zn-TPyP on Au(111) after Fe Coordination. The
deposition of submonolayer coverage of Zn-TPyP molecules
(Figure 1b) on Au(111) and subsequent addition of Fe atoms
followed by post-deposition annealing at 440 K and keeping a
fixed molecule−metal ratio (∼1:1 with a slight excess of metal)
gave rise to the coexistence of two different 2D networks as
shown in Figure 3: (i) a chain-like network (Figure 3a,b) and
(ii) a grid-like network (Figure 3c,d). We will focus on the
long-range ordered chain-like network first (see also Figure S6
in the Supporting Information). The STM image in Figure 3a
shows details of the molecular appearance and orientation of

the Zn-TPyP molecules within the chain-like network. At first
glance, the molecules arrange in two types of parallelly oriented
rows (highlighted by the solid and dotted orange lines). Within
one type of row, the yellow outline highlights the rectangular
shape of a single Zn-TPyP molecule with its pyridyl endgroups
imaged as four small dim lobes located at the surrounding of
each molecule (emphasized by the green dots in Figure 3a).
The rectangular shape is given by the saddle-shape
conformation adopted by Zn-TPyP upon adsorption, which
creates two different side lengths by tilting upward one pair of
opposing pyrrole moieties (long symmetry axis) while tilting
downward the remaining pair due to steric hindrance between
the H atoms of the pyrrole moieties from the porphyrin core
and the pyridyl endgroups, with the latter being tilted ∼60° out
of the plane of the porphyrin macrocycle, as previously
reported for the pyridyl endgroups of tetrapyridyl porphyrin
derivatives on Ag(111) and Au(111), respectively.28,33 This
shape is representative of pyridyl-substituted porphyrins by
imaging their occupied states at negative bias voltage.28,33

Furthermore, the molecules appear to be alternately rotated by
90° with respect to their long symmetry axis (highlighted by
the yellow and white lines in Figure 3a) within a single row of
molecules. This arrangement of alternating molecules is given
by the steric repulsion encountered between the H atoms from
neighboring molecules upon adsorption on the Au(111)
surface.28,33 Based on the STM data, a unit cell (shown in
blue) with lengths a = 1.4 ± 0.2 nm and b = 4.0 ± 0.1 nm and
an internal angle α of 57 ± 3° was obtained. There are two Zn-

Figure 3. Self-assembly of Zn-TPyP on Au(111) after deposition of
Fe atoms: (a) High-resolution STM image of the threefold Fe-
coordinated chain-like network (15 × 15 nm2, Ubias = −0.9 V, and Iset
= 20 pA). The blue parallelogram depicts the oblique unit cell. The
yellow and white outlines highlight two alternating Zn-TPyP
molecules given by the saddle-shape conformation of the porphyrin
macrocycle. The solid and dotted orange lines correspond to two
different parallel rows of molecules. (b) Tentative structural model of
the threefold Fe-coordinated chain-like network with the unit cell
depicted in blue. (c) High-resolution STM image of the fourfold Fe-
coordinated network (10 × 10 nm2, Ubias = −1.6 V, and Iset = 15 pA).
The orange square and yellow outline highlight the unit cell and one
Zn-TPyP molecule, respectively. (d) Tentative structural model of the
fourfold Fe-coordinated network with the unit cell depicted in orange.
In (b) and (d), the iron, nitrogen, carbon, and hydrogen atoms are
shown in red, blue, gray, and white, respectively. In (a) and (c), the
white arrow at the bottom denotes the [11̅0] crystallographic
direction of the Au substrate. The black arrow at the bottom in (b)
and (d) denotes the [11̅0] crystallographic direction of the Au
substrate.
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TPyP molecules per unit cell giving a molecular density of 0.40
molecules per nm2.
Herein, the intermolecular interactions of the porphyrins

within the two types of parallelly oriented rows (highlighted by
the orange lines) will be addressed. The solid orange line
highlights a row of alternating porphyrins that follow a head-
to-head configuration pointing their pyridyl endgroups toward
each other, similar to the molecular orientation reported for
Fe-coordinated one-dimensional chains of H2-TPyP molecules
on Au(111).29 The dotted orange line is added to distinguish
the second type of molecular row, in which the alternating
molecules are pointing their pyridyl endgroups toward the
macrocycle of a neighboring molecule. This orientation is
comparable to the one described for H2-TPyP on Ag(111).33

The interaction between consecutive (parallel) rows creates a
common threefold node between the pyridyl endgroups from
three different porphyrins. By taking electrostatic repulsion
into consideration, a threefold node between the N atoms of
the pyridyl endgroups without a metallic atom between them
can be neglected. Therefore, as illustrated in the tentative
structural model (Figure 3b), the chain-like network is an
MOCN stabilized by two types of interactions: (i) a distorted
threefold Fe-coordination motif between the pyridyl
endgroups from three different molecules and one Fe atom
(red sphere) with an Fe−N distance of ∼2.3 Å and (ii) H-
bonding between the pyridyl’s terminal N atom and a H atom
from a neighboring pyrrole moiety (H-bonding occurs along
the molecular row that is highlighted by the dotted orange line
in Figure 3a).
One relevant observable feature within the chain-like

network is the long bright protrusion composed by three
maxima (highlighted by the three yellow arrows) along the
main symmetry axis of each molecule. The STM image of the
H-bonded network of Zn-TPyP on Au(111) (see Figure S2 in
the Supporting Information) serves as a comparison for the
contrast observed at the porphyrin core in the absence of Fe
atoms and has been previously reported.49,61 The dark spot or
depression in the porphyrin core is given by the fully occupied
d orbital (3d10) of the Zn atom, which does not contribute to
the STM contrast (see Figure S2 in the Supporting
Information).50 However, as shown in Figure 3a and in the
bias-dependent STM images of the chain-like network (Figure
4a−d), the contrast of the three bright maxima (the white
arrows mark a reference point to guide the eyes) is resilient to
voltage variations (within the range of −0.9 to −2 V as
mentioned in the STM data), which is an indication of an atom
exchange reaction between Zn and Fe atoms in the porphyrin
core. The observed brightness in the porphyrin core is well in
line with previous studies of Fe-substituted tetrapyridyl and
tetraphenyl porphyrin networks on Au(111) and
Ag(111).15,30,51−54 The formation of the three maxima can
be explained by a combination between the saddle-shape
conformation of Zn-TPyP on the Au(111) surface and the
replacement of Zn atoms by Fe atoms, where the maxima
located at the edges of the porphyrin core (Figure 3a) can be
assigned to the two upper tilted pyrrole moieties and the
central maximum is given by an Fe atom that replaced the Zn
atom of Zn-TPyP. Such a molecular appearance has been
reported for Fe-TPyP molecules on metal surfaces.15,51 It
should be noted that the long bright protrusion is only
observed on the long symmetry axis of the molecule.
The chain-like network coexisted with a second 2D network,

which will be referred to as the grid-like network (Figure 3c).

The STM image (Figure 3c) shows tightly packed porphyrins.
Similar to that in the chain-like network, a single porphyrin
(highlighted in yellow) is imaged as a rectangle, and the pyridyl
endgroups are imaged as small dim lobes located at the edges
of each porphyrin. Once again, the saddle-shape conformation
and alternating out-of-plane rotation of the pyridyl endgroups
(∼60°) create two different side lengths that lead to the
rectangular shape of the porphyrin macrocycle. This
adsorption conformation of the porphyrin core is in line with
previous reports of tetrapyridyl porphyrin assemblies on
Ag(111) and Au(111), respectively.28,33 The STM contrast
observed in the porphyrin core is outweighed by the bright
spots located in its periphery. These bright spots might
correspond to Fe atoms, which are not typical for 3d transition
metals found in MOCNs (vide inf ra). We attribute this
appearance to a tip-induced effect, i.e., a functionalized tip.
Furthermore, the bright contrast observed at the coordination
nodes did not prevail when the sample was scanned under
conventional scanning conditions, i.e., without a functionalized
tip (see Figure S7 in the Supporting Information).
From the STM measurements, a unit cell (shown in orange)

with lengths a = 1.4 ± 0.1 nm and b = 1.4 ± 0.2 nm and an
internal angle α of 90 ± 2° was proposed. The unit cell
contains one molecule giving a molecular density of 0.47
molecules per nm2. The Zn-TPyP molecules align their pyridyl
endgroups toward a common fourfold node, which suggests
the presence of a metal−ligand interaction between Fe atoms
(bright spots in Figure 3c) and pyridyl endgroups. We rule out
the possibility of a common fourfold node between the N
atoms of the pyridyl endgroups due to electrostatic repulsion.
Thus, as depicted in the tentative structural model (Figure 3d),
the grid-like network can be regarded as an MOCN stabilized
by a fourfold Fe-coordination node formed between the
terminal N atoms from four pyridyl endgroups belonging to
different porphyrin molecules and one Fe atom (red sphere)
acting as the coordination node with an Fe−N distance of

Figure 4. Bias-dependent STM images of the MOCNs formed by Zn-
TPyP on Au(111) after deposition of Fe atoms: (a−d) threefold Fe-
coordinated network (15 × 15 nm2, Iset = 20 pA). The porphyrin core
is distinguished by three protrusions attributed to a central Fe atom
and two upward tilted pyrrole moieties due to the saddle-shape
conformation of Zn-TPyP. (e−h) Fourfold Fe-coordinated network
(7 × 7 nm2, Iset = 20 pA). The appearance of the functional endgroups
and iron atoms at the coordination nodes is strongly bias-dependent.
The Fe-coordination nodes are observed as bright spots. The bias
voltage (Ubias) for each STM image is indicated in yellow in the
bottom right of each STM image. The white arrows serve as a guide
to the eyes to one specific feature (see the text). In (a) and (e), a
schematic of Zn-TPyP is added to guide the eyes, in which the iron,
nitrogen, carbon, and hydrogen atoms are shown in red, blue, gray,
and white, respectively.
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∼2.2 Å. The molecular arrangement of the grid-like network is
in agreement with the assembly described for pyridyl-
substituted porphyrins after coordination with Fe atoms on
Au(111).5,28,29

The set of bias-dependent STM images (Figure 4e−h)
justifies the presence of the fourfold Fe-coordination motif in
the grid-like network. The white arrows mark a reference point
to guide the eyes. At low negative bias voltage (Figure 4e), the
pyridyl endgroups are imaged as dim protrusions in the
periphery of the Zn-TPyP molecules, and the Fe atoms do not
contribute to the STM contrast. As the negative bias voltage
approaches to higher negative values (Figure 4f−h), the
contrast of the Fe atoms at the coordination nodes increases
and overcomes the contribution of the pyridyl endgroups. At
the highest negative bias voltage (Figure 4h), the Fe atoms
appear as bright spots, and the pyridyl endgroups are barely
visible. The STM contrast of the porphyrin core was not able
to outweigh the contribution given by the coordinating Fe
atoms, most likely because of the tip-induced effect caused
during data acquisition. By taking a closer look at the
porphyrin core (Figure 3c), the three maxima (highlighted
by the yellow arrows) along the molecular axis are reminiscent
of the appearance encountered in the chain-like network,
which confirms that the atom exchange reaction between Zn
and Fe atoms also holds for the grid-like network.
The grid-like network always coexists as a minority phase

with the chain-like network in a 10:90 coverage ratio (for the
given preparation conditions) between both MOCNs formed
by Zn-TPyP molecules. Both MOCNs of Zn-TPyP were also
stable at low molecular coverage (see Figures S6 and S7 in the
Supporting Information). However, the grid-like network did
not form as one exclusive phase. In addition, a fourfold
coordination motif can be seen in the lower half of the STM
image (Figure 3a) shown for the chain-like network. The
presence of such a motif can be regarded as a kinetically
trapped phase since annealing the Au(111) substrate at 420 K
while depositing Fe atoms prompted the formation of the
chain-like network as one exclusive phase.

■ DISCUSSION
Our discussion is aimed to explain two relevant topics in the
following order: (I) a comparison of the influence of the
functional endgroups from each porphyrin on the formation of
different Fe-coordinated MOCNs and (II) the influence of the
codeposited Fe atoms on the porphyrin core of Co-TCNPP
and Zn-TPyP in view of either triggering an atom exchange
reaction or the formation of an axial ligand on the porphyrin
core.
(I) Fe-Coordinated MOCNs: The Influence of the

Functional Endgroups. Herein, the influence of the
functional endgroups (e.g., cyano and pyridyl) of each
porphyrin on the formation of different bonding motifs will
be addressed along with the coordination geometries of the Fe
atoms stabilizing each MOCN. In 3D crystalline structures, Fe
atoms prefer tetrahedral and octahedral coordination geo-
metries.65 However, MOCNs on surfaces were found to be
stabilized by two-, three-, and fourfold in-plane Fe-coordina-
tion motifs.5,28−32,64

(Ia) Co-TCNPP. For the MOCNs formed by Co-TCNPP,
the grid-like network (Figure 2a) was stabilized by a fourfold
Fe-coordination motif and the chevron structure (Figure 2d)
by a distorted threefold Fe-coordination motif as well as H-
bonding. These results are structurally equivalent to the results

obtained in our previous study of Co-TCNPP on Au(111)
upon coordination with Co atoms (see Figure S1 in the
Supporting Information).21 However, the herringbone recon-
struction of the Au(111) surface did not translate through the
molecular layer of the Fe-coordinated MOCNs (Figure 2),
which might suggest a stronger molecule−substrate interaction
compared with our results of the Co-coordinated MOCNs of
Co-TCNPP on Au(111), where the herringbone reconstruc-
tion remained visible through the 2D network after depositing
Co atoms.21 However, as previously mentioned, 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. Furthermore, we
propose that the Fe atoms located at the coordination nodes of
the grid-like network are interacting through a square planar
coordination geometry with four (in-plane) cyano
endgroups.28,29 On the other hand, the Fe atoms stabilizing
the chevron structure adopted a distorted tetrahedral
coordination geometry between three cyano endgroups and
the Au substrate that acts as the fourth ligand. Furthermore, no
substrate site-specific interactions were observed for the Fe-
coordinated MOCNs of Co-TCNPP (Figure 2) as supported
by the absence of integer matrix elements in the superstructure
matrix of the simulated LEED pattern (see Figure S4 in the
Supporting Information).65,66

(Ib) Zn-TPyP. For the MOCNs formed by Zn-TPyP, the
chain-like network (Figure 3a) exhibited a combination of an
in-plane threefold Fe-coordination motif and H-bonding. In
this arrangement, the Fe atoms bonded to the pyridyl
endgroups and the Au substrate follow a tetrahedral
coordination geometry, as expected for Fe atoms in 3D
structures. However, in-plane threefold Fe-coordination has
not been reported up to now for long-range ordered MOCNs
formed by tetrapyridyl porphyrins on metal surfaces, where
two- and fourfold coordination motifs prevail.5,28−30 The
second MOCN of Zn-TPyP, i.e., the grid-like network of Zn-
TPyP (Figure 3c), was a minority phase in which the Fe atoms
arranged in an in-plane fourfold node following a square planar
coordination geometry.28,29

By comparing the structure of the MOCNs formed by both
molecules (Figure 1), they were able to form similar
coordination environments (three- and fourfold motifs) with
the Fe atoms through their terminal N atoms. However, as
observed by the STM images (Figures 2 and 3), the structural
differences between the cyanophenyl and pyridyl endgroups
either allowed or obstructed the formation of higher
coordination motifs within the 2D plane of the MOCN. For
instance, the linear conformation of the cyano endgroups of
Co-TCNPP in the grid-like network (Figure 2a) favored the
formation of a higher coordination motif (e.g., fourfold Fe
coordination) in the 2D plane of the MOCN compared with
the threefold motif of the chain-like network of Zn-TPyP
(Figure 3a). The spatial constraints that pyridyl endgroups
introduce have been previously reported, where they favored
two- and threefold coordination motifs.27,67−69 For obvious
reasons, the low preference of the fourfold motif encountered
for Zn-TPyP (Figure 3c) was corroborated when only
threefold nodes were formed by annealing the Au substrate
during Fe deposition. Therefore, the grid-like network of Zn-
TPyP can be considered as a kinetically trapped phase that can
transform into the thermodynamically favored chain-like
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network. As for the cyano endgroups in Co-TCNPP, their
reduced steric hindrance compared with their pyridyl analogue
favored the formation of fourfold nodes. This was confirmed
by the formation of the grid-like network as a majority phase
over the chevron structure. In summary, the cyano endgroups
preferred coordinating with the Fe atoms in an in-plane
fourfold geometry, whereas the pyridyl endgroups adopted a
threefold node due to steric repulsion.
The aforementioned MOCNs can be compared in terms of

Gibbs free energy since self-assembly is a thermodynamically
driven process.70 For Co-TCNPP, the grid-like network
minimizes the surface area through its higher molecular
density compared with the chevron structure and allows the
formation of the square planar coordination geometry for the
Fe atoms, which differs from the coordination geometry
expected for Fe atoms in 3D structures.63 In addition, the grid-
like network lowers the energy of the system since only metal−
ligand interactions take place in comparison with the chevron
structure that possesses H-bonding along with metal−ligand
interactions. Furthermore, the molecule−substrate interactions
are most likely comparable for both MOCNs since no site-
specific positions were observed, i.e., the MOCNs are not
commensurate with the Au substrate.
In the case of Zn-TPyP (Figure 3a), the chain-like network,

despite its lower molecular density and the presence of H-
bonding in comparison with the grid-like network (Figure 3c),
lowers the overall energy of the system by having the Fe atoms
arranged in the coordination geometry expected for 3D
structures (favored due to the spatial constraints of the pyridyl
endgroups) and is observed as one exclusive phase upon
annealing. Similar to the MOCNs of Co-TCNPP, the
molecule−substrate interactions for both MOCNs of Zn-
TPyP are comparable since no preferential orientation with
respect to the surface was observed.
Therefore, the functional endgroups in porphyrins can steer

the formation of structurally different MOCNs. In addition,
the atom exchange reaction between 3d transition metals in the
porphyrin core on metal surfaces is achievable under UHV,
and its degree of exchange depends on the chemical nature of
the metal atoms involved.
(IIa) Influence of the Codeposited Fe Atoms on the

Porphyrin Core of Co-TCNPP. Since the STM contrast in
metalloporphyrins is strongly mediated through the orbitals of
3d transition metals contained in the porphyrin core, the
varying brightness between consecutive molecules within the
MOCNs was the observable fingerprint available to determine
if an atom exchange reaction or axial ligation occurred in the
porphyrin core after the deposition of the Fe atoms.15,52,53,55,56

The STM contrast observed for Co-TCNPP in the absence of
Fe atoms (see Figure S1 in the Supporting Information) is in
line with the reported appearance for Co-substituted
porphyrins: the typical four bright lobe contrast at positive
bias and the long bright protrusion along the long molecular
axis (highlighted by the white dotted line in Figure S1d) at
negative bias.25,52,55,57 However, for the Fe-coordinated
networks of Co-TCNPP (the grid-like network and the
chevron structure in Figure 2a and Figure 2d, respectively),
the increased STM contrast stemming from the core of some
molecules, in comparison with the appearance of Co-TCNPP
with codeposited Co atoms (see Figure S1 in the Supporting
Information), suggested a modification in the porphyrin core
induced by the codeposited Fe atoms either as an (i) axial
ligand on the core or (ii) by the atom exchange reaction.

We will first address the possibility of an axial ligation on top
of the porphyrin core. The position of the bright centers in the
porphyrin core of both networks (the grid-like network and the
chevron structure in Figure 2b and Figure 2e, respectively) is
off-centered and remained unaffected even when imaged at
positive bias. In order to gain further insight, we performed
bias-dependent imaging (ranging from positive to negative
bias) for the chevron structure (see Figure S5 in the
Supporting Information). The molecules with an enhanced
STM contrast (one marked by the white arrow in Figure S5)
remained bright irrespective of the bias polarity. As previously
reported, the porphyrin core of Fe-substituted porphyrins on
metal substrates contributes to the STM contrast depending
on the value of the applied bias.15,47 In addition, the bright
STM contrast independent of the applied bias does not convey
the overall emblem that is characteristic of Fe-substituted
porphyrins when imaged at negative bias, i.e., three maxima
along the long molecular axis of the porphyrin backbone or a
dumbbell-like appearance depending on the applies bias.15,51,52

On the other hand, the appearance of the other (dim)
molecules was modified with the applied bias and even
displayed the typical four bright lobe contrast when imaged at
positive bias (see Figure S5a,b in the Supporting Information),
which is in line with the appearance of Co-TCNPP molecules.
The enhanced STM contrast of the molecules displaying an
off-centered (see Figure S3h in the Supporting Information)
brightness with respect to the porphyrin core can be explained
by the bonding of one Fe atom as an axial ligand on top of the
porphyrin core. Therefore, the increased height of the Fe
atoms with respect to the molecular plane of the 2D MOCNs
confers them a brighter STM contrast than its surroundings,
i.e., the Fe atom bonded on top of the porphyrin core sits
higher than any other adsorbate on the Au(111) surface. These
findings are well in line with a previous report of the
adsorption of Fe atoms as axial ligands on the porphyrin core
of Co-substituted tetraphenyl porphyrins on Ag(111).41 In this
study, the Fe atoms were not adsorbed centered and occupied
one of the four equivalent positions of the porphyrin core, for
which each equivalent position is composed by the hexamer
formed by two neighboring pyrrole moieties of the porphyrin
core, i.e., the Co−N−C−C−C−N cyclic subunit.41 Within our
study, we attribute a similar adsorption geometry to the
codeposited Fe atoms (observed in Figure 2b,e). In addition,
the height profiles (see Figure S3e−f in the Supporting
Information) of bare Co-TCNPP and Fe on top of Co-
TCNPP are ∼2 and 4.2 Å, respectively, and are in line with the
previously reported values of Fe atoms sitting on top of Co-
substituted tetraphenyl porphyrins on Ag(111).41

Based on these arguments, an atom exchange reaction
between the codeposited Fe atoms and Co atoms in Co-
TCNPP seems unlikely. However, we do not fully rule out this
possibility since some of these molecules do not resemble the
off-centered brightness, which was attributed to the axial
ligation of Fe atoms bonded on top of the porphyrin core.
Instead, they display a very bright protrusion along their long
symmetry axis after Fe deposition (as observed in Figure 2a
and Figure S3a,g in the Supporting Information), which is in
line with the previously reported appearance of Fe-substituted
porphyrins when imaged at negative bias.15,51,52 The difference
in the STM contrast between Co-TCNPP and the (possibly)
Fe-substituted porphyrins can be explained by the population
of the d orbital of the Co and Fe atoms contained in the
porphyrin core, respectively. The Co atom has a 3d7 electronic
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configuration with its energy levels distributed far enough from
each other that allows them to be resolved by changing the
polarity of the applied bias (see Figure S1 in the Supporting
Information).52,58 In contrast, the Fe atom has a 3d6 electronic
configuration with its energy levels too close to each other,
which makes it complicated to resolve different energy levels in
Fe-substituted porphyrins within the same polarity of the
applied bias, i.e., for Fe-substituted porphyrins, a four bright
lobe contrast prevails at positive bias, while a long bright
protrusion is observed at negative bias.15,52,59

Despite the fact that enough Fe atoms were added to cover
or replace all the Co atoms contained in the Co-TCNPP
molecules deposited on the Au(111) surface, the yield of
brighter molecules after Fe deposition was around one-third as
revealed by the STM images (Figure 2). Although the detailed
mechanisms of an axial ligation or an atom exchange reaction
in the porphyrin core are beyond the scope of this publication
and the capabilities of a typical STM measurement, we assume
that a similar value of binding energies for the Co and Fe
atoms can explain why most of the Fe atoms bonded to the
porphyrin core in an off-centered configuration on top of the
porphyrin core instead of replacing the Co atoms.60 In
summary, most of the bright molecules possess an Fe atom
bonded on top of their core, while some molecules might have
experienced an atom exchange reaction where the Co atom of
the starting molecules was replaced by one of the codeposited
Fe atoms.
(IIb) Influence of the Codeposited Fe Atoms on the

Porphyrin Core of Zn-TPyP. A slightly different scenario was
observed for both MOCNs of Zn-TPyP (Figure 3) in
comparison with the MOCNS of Co-TCNPP. As previously
mentioned, the long bright protrusion composed by three
maxima along the main symmetry axis of the porphyrin
correlates to the fingerprint observed for Fe-substituted
porphyrins functionalized with pyridyl endgroups when imaged
at negative bias.15,51,52 This molecular appearance was present
for all the porphyrins in the chain-like and grid-like networks
and differs completely from the dark depression observed for
Zn-substituted porphyrins (see Figure S2 in the Supporting
Information).48,49,60 The fully occupied d orbital (3d10) of Zn
atoms in combination with the larger calculated HOMO−
LUMO gap for Zn-substituted porphyrins compared to Fe-
substituted porphyrins (vide supra) explains their dark
appearance under STM.59 The atom exchange reaction
between Zn and Fe atoms was fully efficient as revealed by
the STM images (Figure 3 and Figure S6 in the Supporting
Information) and correlates to the lower binding energy
toward the porphyrin core found for Zn atoms with respect to
Fe atoms.60 Therefore, the energy barrier that an Fe atom must
overcome to replace a Zn atom must be lower than the barrier
to replace the Co atom and agrees with the universal stability
order found for metal porphyrins, where metals with an
increased occupation of the d orbital, such as Zn atoms, have
lower stability within the porphyrin core.17,60,62

■ CONCLUSIONS
In the present study, the influence of the deposition of Fe
atoms on the self-assembly of two porphyrin derivatives (Co-
TCNPP and Zn-TPyP) was investigated by STM under UHV
conditions. Special attention was given to the possibility of 2D
MOCN formation, an atom exchange reaction in the porphyrin
core and bonding of the Fe atoms on top of the porphyrin
core. Upon deposition of Fe atoms, each porphyrin gave rise to

the coexistence of two structurally different Fe-coordinated
MOCNs stabilized by three- or fourfold Fe-coordination
nodes. However, the structural differences between both
functional endgroups (cyano and pyridyl endgroups in Co-
TCNPP and Zn-TPyP, respectively) strictly determined the
formation of a specific in-plane coordination motif. As
evidenced by STM, the linear conformation of the cyano
endgroups (Co-TCNPP) allowed the formation of a higher in-
plane coordination motif as the majority phase, i.e., fourfold Fe
coordination (grid-like network) over threefold Fe coordina-
tion (chevron structure). In contrast, the steric hindrance that
pyridyl endgroups (Zn-TPyP) encounter in higher coordina-
tion motifs favored the formation of threefold Fe-coordination
nodes (chain-like network) over fourfold Fe coordination
(fourfold coordinated network). In the case of Co-TCNPP, the
grid-like network reduced the overall energy of the system, i.e.,
by densely packing the molecules (reducing the surface area
covered by Co-TCNPP) and forming metal−ligand inter-
actions only, the grid-like network was favored over the
chevron structure. In the case of Zn-TPyP, the higher surface
area of the chain-like network was compensated by the
reduction of steric hindrance between neighboring pyridyl
endgroups and by having the Fe atoms in a tetrahedral
coordination geometry, which is the coordination geometry
expected for Fe atoms in 3D structures.
In addition, within each MOCN, the presence of molecules

with a brighter STM contrast in each MOCN, compared with
their 2D assemblies prior to Fe deposition, served as the
fingerprint to determine if the Fe atoms interacted with the
porphyrin core either by (i) bonding as an axial ligand on the
core or (ii) replacing the pre-existing metal atom via an atom
exchange reaction. The yield of brighter molecules was lower
for Co-TCNPP (∼1/3 of the molecules on the surface) than
for Zn-TPyP (∼100%). However, the molecular appearance of
the bright Co-TCNPP molecules differed from that of the
bright Zn-TPyP molecules, i.e., an off-centered brightness in
some Co-TCNPP molecules suggested that the Fe atoms did
not replace the Co atom but instead bonded on top of the
porphyrin core. On the other hand, the bright Zn-TPyP
molecules resembled the molecular appearance of Fe-TPyP,
meaning that the Fe atoms replaced the Zn atoms via an atom
exchange reaction. This behavior was explained by the lower
binding energy that Zn atoms possess toward the porphyrin
core in comparison with Co atoms. On the other hand, despite
that Fe and Co atoms possess similar binding energies toward
the porphyrin core, the Fe atoms were not able to replace the
Co atoms and instead bonded on top of the porphyrin core. In
summary, the choice of the functional endgroups in metal-
loporphyrins will strongly influence the coordination geometry
for the metal atoms stabilizing the MOCN. In addition, atom
exchange reactions are achievable under UHV, and their yield
is dependent on, among others, the chemical nature of the
metal atoms involved, i.e., their binding energy toward the
porphyrin core. In the present study, both metal−ligand
interactions and atom exchange reactions were observed.
Further studies are required to address which of these reactions
takes place first.
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Additional STM data given for Co-TCNPP coordinated
to Co atoms on Au(111), Co-TCNPP coordinated to Fe
atoms on Au(111), Zn-TPyP on Au(111), and Zn-TPyP
coordinated to Fe atoms on Au(111); LEED pattern of
the fourfold Fe-coordinated network formed by Co-
TCNPP on Au(111) after the deposition of Fe atoms
(PDF)
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