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∥Fachbereich Chemie, Philipps-Universitaẗ Marburg, Hans-Meerwein-Strasse, 35032 Marburg, Germany

*S Supporting Information

ABSTRACT: We investigated the coordination self-assembly and
metalation reaction of Cu with 5,10,15,20-tetra(4-pyridyl)porphyrin
(2HTPyP) on a Au(111) surface by means of scanning tunneling
microscopy, X-ray photoelectron spectroscopy, and density functional
theory calculations. 2HTPyP was found to interact with Cu through
both the peripheral pyridyl groups and the porphyrin core. Pairs of
pyridyl groups from neighboring molecules coordinate Cu(0) atoms,
which leads to the formation of a supramolecular metal−organic
coordination network. The network formation occurs at room
temperature; annealing at 450 K enhances the process. The interaction
of Cu with the porphyrin core is more complex. At room temperature, formation of an initial complex Cu(0)−2HTPyP is
observed. Annealing at 450 K activates an intramolecular redox reaction, by which the coordinated Cu(0) is oxidized to Cu(II)
and the complex Cu(II)TPyP is formed. The coordination network consists then of Cu(II) complexes linked by Cu(0) atoms;
that is, it represents a mixed-valence two-dimensional coordination network consisting of an ordered array of Cu(II) and Cu(0)
centers. Above 520 K, the network degrades and the Cu atoms in the linking positions diffuse into the substrate, while the
Cu(II)TPyP complexes form a close-packed structure that is stabilized by weak intermolecular interactions. Density functional
theory investigations show that the reaction with Cu(0) proceeds via formation of an initial complex between metal atom and
porphyrin followed by formation of Cu(II) porphyrin within the course of the reaction. The activation barrier of the rate limiting
step was found to be 24−37 kcal mol−1 depending on the method used. In addition, linear coordination of a Cu atom by two
CuTPyP molecules is favorable according to gas-phase calculations.

1. INTRODUCTION
Supramolecular coordination self-assembled structures have
been intensively studied in past decades owing to their
promising applications in catalysis, solid sensors, separations,
magnetism, and storage.1 In the past decade, self-assembly on
surfaces by supramolecular coordination has provided an
approach for the bottom-up fabrication of two-dimensional
(2D) nanostructures.2 These systems represent a new class of
functional materials, because unique properties or functions
may arise from the unsaturated metal centers as well as from
the molecular ligands.3 A particularly attractive family of ligands
are porphyrins with functional peripheral substituents, because
the macrocyclic group of the porphyrin offers an additional
coordination site for metal atoms and ions.4

The reaction of porphyrins and their artificial analogues, the
phthalocyanines, with coadsorbed metal atoms has been
studied for various metals such as Fe, Co, Ni, Cu, Zn, and
Ce.4d,5 According to a combined experimental and theoretical

study of this complex reaction sequence,5b the metal atom (M)
is first coordinated by the intact porphyrin, forming a
metastable initial complex. This complex can undergo a
thermally activated intramolecular redox reaction, by which
the metal atom (M) is oxidized to its dication, while the
pyrrolic hydrogen is released as H2. As a result, the M(II)
porphyrin complex is formed. The activation barrier for the
redox reaction was predicted to increase in the order Fe < Co <
Ni < Cu < Zn. Fe and Co were predicted to react already at
room temperature, in agreement with the experiment, whereas
Ni, Cu, and Zn require elevated temperatures.5b

Here, we report on the self-assembly and reaction of
5,10,15,20-tetra(4-pyridyl)porphyrin (2HTPyP, molecular
structure shown in Figure 1e) with Cu on a Au(111) surface
investigated by scanning tunneling microscopy (STM), X-ray
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photoelectron spectroscopy (XPS), and density functional
theory (DFT) calculations. We have found that Cu reacts in
two ways with 2HTPyP: (a) neutral Cu(0) atoms are
coordinated by the peripheral pyridyl (py) substituent and
link them to form a 2D coordination network; (b) Cu(0) is
coordinated by the inner nitrogen atoms of the porphyrin
macrocycle and, at elevated temperatures, oxidized to Cu(II) by
an intramolecular redox reaction, which leads to the formation
of the corresponding Cu(II) porphyrin complexes. This
metalation follows a two-step mechanism: first, a Cu atom is
attached to an intact macrocyclic pore forming an initial
complex of Cu(0)−2HTPyP; in the second step, the
macrocyclic pore is dehydrogenated while Cu is oxidized to
Cu(II), which forms a copper(II) tetrapyridylporphyrin
(CuTPyP) complex with the dehydrogenated porphyrin ligand,
in agreement with previous work.5b Furthermore, we found that
the annealing treatment promotes the metalation process,
whereas the coordination in the linking position is only
enhanced by annealing below ∼500 K. At higher temperatures,
the network turns into a close-packed structure of CuTPyP,
while the Cu atoms released from the bridging positions alloy
with the Au substrate. This study demonstrates a dual
functionality of the porphyrin ligand, resulting in the formation
of a mixed-valence two-dimensional (2D) coordination net-
work with alternating Cu(0) and Cu(II) centers. This
potentially bifunctional network structure represents a 2D
analogue of a 3D mixed-valence metal−organic framework
(MOF).6

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS
The experiments were conducted in two ultrahigh-vacuum systems.
For the XPS experiments, a Scienta ESCA 200 photoelectron
spectrometer with a monochromatized Al Kα X-ray source was
used. The base pressure was in the low 10−10 mbar range.
Photoelectrons were detected under 70° relative to the surface
normal, in order to achieve higher surface sensitivity. For
deconvolution of the spectra by means of least-mean squares fits, a
Voigt-type peak shape was approximated by a weighted sum of
Gaussian and Lorentzian functions (pseudo-Voigt function). A
maximum number of restrictions was applied in order to increase
the significance of the fit with respect to the interpretation given in the
text, even if this resulted in reduced numerical agreement between fit
and experimental data. In particular, the peak intensity ratios between
the different nitrogen species and between nitrogen and Cu species
were strictly coupled to the molecular stoichiometries. In addition, we
used fixed peak separations between iminic and pyrrolic N in 2HTPyP
(from previous XPS studies of 2HTPP on Au)7 and in the initial
complex Cu(0)−2HTPyP (from data of 2HTPP on Cu(111)).7 This
approach strictly limits the number of variables (with one remaining
variable being the ratio between unreacted 2HTPyP and the initial
complex) and thus makes the fit much less arbitrary than it may seem.
Slight variations of the peak position (up to 0.1 eV) have statistical
reasons. The STM experiments were conducted in an ultrahigh-
vacuum system (Omicron Nanotechnology) with base pressure below
5 × 10−10 mbar. A tungsten tip was used, and all STM measurements
were performed in a constant-current mode. The STM data were
processed with WSxM software.8

For sample preparation, the 5,10,15,20-tetra(4-pyridyl)porphyrin
(Sigma-Aldrich) molecules were deposited at a source temperature of
650 K by physical vapor deposition (PVD) onto a single-crystal
Au(111) surface held at room temperature. Copper was deposited
sequentially with molecule evaporation using an electron-beam
evaporator. Note that the initial Cu dosage always exceeded the
amount needed for full metalation and coordination, as evidenced by
the presence of Cu islands in the STM images and the Cu(0) signal in
the XP spectra. After deposition of both reactants at room

temperature, postannealing treatments at different temperatures were
applied as indicated in the text, and the samples were characterized in
situ by STM and XPS at room temperature. Coverages are given in
ML; 1 ML corresponds to one adsorbate atom or molecule per
substrate surface atom. In contrast, the expression “one monolayer”
describes a complete molecular layer, that is, the maximum number of
molecules in direct contact with the surface within a close-packed
layer. One monolayer corresponds to 0.035 ML, according to STM.

All DFT calculations were performed using local GGA (OLYP9)
and hybrid GGA (B3LYP, BP3W919a,10) functions using the 6-
31G(d)11 and 6-311+G(d,p) basis sets. Stationary points were
confirmed to be minima or transition states by calculating the normal
vibrations within the harmonic approximation. All DFT-computed
relative energies are corrected for zero-point vibrational energies
(ZPE). We used different levels of theory because it is not clear a
priori12 which combination of density functional and basis set is
appropriate for treating metalloporphyrin systems.

3. RESULTS

For the STM and XPS investigations, we prepared samples
using two different deposition sequences. In sequence I,
2HTPyP was deposited first onto Au(111), and Cu deposition
followed. The order of deposition was reversed in sequence II.

3.1. Coordination Reactions at Room Temperature.
Deposition of 2HTPyP onto Au(111) at 300 K leads to the
formation of self-assembled close-packed monolayer domains
involving weak intermolecular van der Waals or hydrogen
bonding interactions (see Figure S1, Supporting Information).
A similar behavior was reported previously for 2HTPyP on
Ag(111).5c Following deposition sequence I, ∼0.1 ML of Cu
was deposited onto the adsorbed 2HTPyP molecules (∼0.4
monolayer or 0.014 ML, see section 2 for the definition of the
coverage units used here). This leads to the formation of
islands with rhomb-shape network structures, as shown in the
corresponding STM image (Figure 1a). Since this network
structure emerges exclusively upon the co-deposition of Cu,
one can conclude that it must involve Cu atoms. Our previous
study13 confirmed that these islands are typical of 2D metal−
organic coordination networks stabilized by py−Cu−py
coordination. The bottom part (green square) of Figure 1a
shows an area of a close-packed molecular monolayer phase,
indicating that the 2HTPyP molecules in this area are not
coordinated by Cu. For comparison, Figure1b shows an STM
topograph of a sequence II sample. In contrast to the sequence
I sample, here islands of the coordination network are the
predominant structure and the close-packed molecular phase is
rarely observed. It is worthwhile to note that most of the
surface area that is not occupied by the network appears very
noisy in the STM scanning and shows a “gray” contrast (cf. area
marked by “G” in Figure 1b), while the narrow regions between
two nearby network islands appear stable and dark (cf. area
marked by “D” in Figure 1b). This phenomenon implies the
existence of freely moving 2D gas molecules on the surface.
These 2D gas molecules move too fast to be imaged steadily by
STM and thus give rise to the “gray” noisy signal. In contrast, in
those narrow regions there are very few moving molecules, so
the regions appear dark and stable in the STM images.
The difference between the two sample preparation

sequences can be attributed to their different growth kinetics:
On the sequence I sample, before the Cu deposition, some of
the 2HTPyP molecules formed the close-packed molecular
structure whereas others were in the 2D gas phase. The two
phases were in a thermodynamic equilibrium governed by the
sample temperature and intermolecular interactions. As Cu
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atoms were deposited onto the surface, they coordinated with
the 2D gas molecules forming the network structure coexisting
with the preformed close-packed molecular phase. As revealed
in Figure 1a, the network domains enclose the close-packed
molecular layer, which hinder the dissolution of the latter into
the 2D gas phase. On the sequence II sample, while the
2HTPyP molecules were deposited onto the surface, they had a
certain probability to encounter the preadsorbed Cu atoms
directly to form the coordination networks; consequently, the
close-packed molecular phase is not as abundant as on the
sequence I sample.
Figure 1c is a magnified view of the coexisting network phase

and molecular phase of the sequence I sample. (TPyP
molecules are partially coordinated in the disordered phases,
that is, one, two, or three of their four pyridyl groups are
involved in py−Cu−py coordination.) Interestingly, the
molecules of the network phase appear “brighter” than those
of the densely packed molecular phase. To highlight the
contrast diversity explicitly, a line profile is plotted in Figure 1d
showing that the average topographic height of the molecules

of the network phase is 4.0 Å while the height of the molecular
phase molecules is 2.5 Å. Note that the height difference is
obvious also in Figure 1b; that is, the network molecules appear
bright, while the freely moving molecules appear dimmer as
manifested by the “gray” contrast.
Besides the height difference, the two species exhibit

different intramolecular features. Figure 1e,f shows STM
images of the two phases with submolecular resolution. One
can see that the molecules in the densely packed molecular
phase show four lobes at the four pyridyl corners, while the
molecules in the network phase show a two-lobe internal
structure. The higher topographic appearance and the two-lobe
intramolecular feature corroborate that this complex has
structural and electronic characteristics that are very different
from those of the intact 2HTPyP molecules. It is known that
the different STM topographic characteristics may originate
from different molecular conformation, different chemical
states, or different adsorption configuration. In particular, it is
known that metalated porphyrin molecules usually give rise to a
different STM appearance. For example, the apparent height of
FeTPyP is 0.7 Å larger compared with the 2HTPyP precursor;
in addition, 2HTPyP exhibits a central depression and four
protrusions at corners, while FeTPyP exhibits a central rod-like
protrusion.5c,14 We attribute the observed STM topographic
diversity to the metalation of the porphyrin molecules with Cu:
the molecules with the four corner lobe appearance and 2.5 Å
height are intact 2HTPyP, while those with the two-lobe
appearance (Figure 1f) and 4.0 Å height are associated with the
formation of a metal complex between 2HTPyP and Cu. This
attribution is further supported by the fact that such contrast
and appearance diversity has never been observed in the
absence of Cu; that is, the closed-packed molecular monolayer
always exhibits a rather uniform height and appearance in STM
(see Figure S1, Supporting Information).
To shed light onto the mechanism of the metalation reaction

and to provide further evidence that the molecules with two-
lobe appearance in Figure 1f are metal complexes, we have
carried out XPS measurements. The bottom curve in Figure 2
shows the N 1s XP spectrum of a sample with only 2HTPyP on
Au(111) (0.018 ML, equivalent to ∼50% of a complete
monolayer). The three N species in 2HTPyP are resolved: two
pyrrolic N atoms (−NH−, 399.4 eV, blue), two iminic N atoms
(N, 397.4 eV, blue), and four N atoms in the peripheral
pyridyl groups (Np, 398.3 eV, magenta). In the fit, the peak
intensities I−NH−, INp, IN have a fixed ratio of 2:4:2, to
account for the molecular stoichiometry. The fixed peak
separation between (−NH−) and (N) was taken from
XPS data of tetraphenylporphyrin (2HTPP) on Au(111),
where the peak positions can be precisely measured because no
pyridyl-related peak is superimposed in that case.7 This and all
other fits of N 1s spectra here include one satellite peak (red
line) to account for shakeup processes.
Deposition of 0.19 ML Cu at 300 K leads to substantial

changes in the N 1s spectrum (second spectrum from bottom
in Figure 2). All peaks related to 2HTPyP undergo a rigid shift
by 0.6 eV toward higher binding energy, which is attributed to
the work function decrease caused by Cu. According to a
previous study, the work function decrease for the formation of
a Cu−Au(111) surface alloy with ∼20% Cu is around 0.25
eV.15 Since the shift observed here is 0.6 eV, there must be
further contributions to the work function decrease, for
example, the positive charging of the Cu atoms due to
coordination (see section 3.3). This would cause a weakening

Figure 1. STM topograph of 2HTPyP with Cu deposited onto a
Au(111) surface at 300 K. (a) 2HTPyP deposited first and Cu
followed (100 × 100 nm2, −1.28 V, 0.22 nA). (b) Cu deposited first
and 2HTPyP followed (100 × 100 nm2, −1.31 V, 0.28 nA). (c) A
magnified view (30 × 30 nm2, −1.28 V, 0.22 nA) of panel a. (d)
Profile of the blue line in panel c from top to bottom. (e, f) High-
resolution images (4.5 × 5 nm2, −0.79 V, 0.29 nA) showing
submolecular features with molecular models of 2HTPyP nitrogen in
blue and carbon in gray) and Cu atoms overlaid; green refers to
Cu(0). Cu coverage ≈ 0.1 ML; 2HTPyP coverage ≈ 0.4 monolayer or
0.014 ML.
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of the interfacial dipole and thus reduce the work function. The
two additional peaks (brown, labeled as NH−Cu0 and NC−
Cu0 at 400.0 and 398.4 eV, respectively) are attributed to the
initial complex between 2HTPyP and Cu as imaged in Figure
1f. To account for the molecular stoichiometry (2:2), the two
additional peaks have identical intensities. The existence of such
complexes between a neutral metal atom and a porphyrin has
been shown previously for the surface-confined reaction of Zn
with 2HTPP.5b In the initial complex between 2HTPyP and
Cu, the intact porphyrin molecule coordinates to a neutral Cu
atom, mainly via the iminic N atoms, which accordingly show a
larger peak shift than the pyrrolic N atoms relative to the peak
positions in 2HTPyP. This interpretation is in line with the Cu
2p XPS data (see below) and the DFT results shown in section
3.3, in particular the N−Cu bond lengths in the initial complex
1. The separation of the two peaks for the central N atoms in
the initial complex (brown lines) agrees with N 1s data for
2HTPP on Cu(111), where the analogous initial complex is
formed and where the two peaks are well separated due to the
absence of the pyridyl-related contribution.7 The peak of the
four pyridyl nitrogens (margenta line) is broader compared
with the bottom spectrum (fwhm 1.0 and 0.9 eV, respectively).
This broadening perhaps reflects the fact that some of the
pyridyl groups coordinate to Cu atoms.
A quantitative analysis of the XPS data shows that the initial

complex Cu(0)−2HTPyP is more abundant at this stage (71%)
than unreacted 2HTPyP (29%). A statistical analysis of STM

data such as that presented in Figure 1a shows that the ratio
between the molecules involved in the network phase and the
molecular phase is approximately 33% (“darker” species) to
67% (“brighter” species). By comparison with the XPS analysis,
we attribute the “brighter” molecular species in the network
phase to the initial complex.
Figure 3 shows Cu 2p3/2 XP spectra for 0.19 ML Cu on

Au(111) (bottom) and for 0.018 ML 2HTPyP followed by

deposition of 0.19 ML Cu at 300 K (second from bottom).
These conditions are the same as were used for the
corresponding N 1s spectrum in Figure 2. Both Cu 2p spectra
show only a single peak at 932.2 eV, that is, at a typical Cu(0)
position. This result indicates that, at 300 K, the coordination
network contains only Cu(0) in both the initial complex and
the bridging positions. In the following, we will focus on the
evolution of the chemical state of the complexes and of the
network structure at elevated temperatures.

3.2. Coordination Reactions at Elevated Temper-
atures. To investigate the temperature-dependent structural
and chemical changes of the 2D coordination network, we
annealed the samples in steps at increasing temperatures from
450 to 570 K. We found that both the sequence I and sequence
II samples behaved similarly after the annealing (see Figures S2
and S3, Supporting Information), which confirms that the
difference between the two sequences at 300 K (Figure 1a,b) is
due to the kinetic effects. In detail, Figure 4a represents a
typical STM topograph of a sequence II sample after a 450 K
annealing step. Comparison with Figure 1a,b shows that after
the annealing only network islands remain, while the molecular
phase entirely disappeared. (Note that in the open area the
scanning signal is very stable; that is, there is no such “gray”
noise as appeared in Figure 1b, indicating that very few 2D gas
molecules are present.) Hence, we conclude that annealing at
450 K transformed all molecules from the molecular phase into
the network phase. This is possible because an excess of Cu
(∼3-fold) was provided initially. Another new feature is that

Figure 2. N 1s XP spectra of 2HTPyP on Au(111) (0.018 ML, ∼50%
of a monolayer) before (bottom) and after deposition of Cu atoms
(0.19 ML) at 300 K and subsequent heating to the indicated
temperatures (deposition sequence I). Line colors: blue refers to
iminic and pyrrolic N of the porphyrin core in 2HTPyP; magenta
refers to the pyridyl side groups; brown refers to iminic and pyrrolic
nitrogen of the porphyrin core in the initial complex; green refers to
CuTPyP; red refers to satellite features. The relative integrated
intensities of the signals are (from bottom to top) 1, 0.75, 0.73, and
0.64; the reduction is due to the combined effects of damping by Cu
and partial desorption. Note that the numerical agreement of the fit is
limited by the tight constraints (see section 2). The models illustrate
the corresponding idealized supramolecular (left) and molecular
structures (right), according to STM; green refers to Cu(0) and yellow
to Cu(II).

Figure 3. Cu 2p3/2 XP spectra of (from bottom to top) 0.19 ML Cu
on Au(111) and 2HTPyP (0.018 ML, ∼0.5 monolayers) on Au(111)
after deposition of 0.19 ML Cu atoms at 300 K and after heating to
elevated temperatures (450 K, 570 K). The peak at 932.2 eV is
attributed to Cu(0); the peak at 934.7 eV is attributed to Cu(II) in
CuTPyP, formed by direct metalation of 2HTPyP. The decrease of the
Cu(0) signal is due to diffusion of Cu into the Au bulk.
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some of the molecules within the network islands appear
dimmer than others. Figure 4b is a magnified view showing this
contrast difference. The line profile drawn in Figure 4c reveals
that the height of the dimmer molecules is 2.8 Å, while the
height of the brighter species is 4.0 Å. Figure 4d is a high-
resolution STM image revealing that, despite the height
difference, both the brighter and the dimmer molecules exhibit
similar intramolecular features with two lobes. The dimmer
molecules become more abundant after annealing the samples
at higher temperatures (see below).
The N 1s XP spectrum acquired on the sequence I sample

after annealing at 450 K for 2 min (third curve from bottom in
Figure 2) is significantly narrower than the 300 K spectrum,
because the contributions from the initial complex are strongly
reduced. According to previous work,5 the new peak at 398.3
eV (green) represents the central porphin nitrogen atoms of
the fully metalated porphyrin species, Cu(II)TPyP (see below).
According to a quantitative analysis, only 14% of the initial
complex remains at this temperature. The peak related to the
pyridyl N atoms (purple) has the same position as before
heating.
The presence of Cu(II) after annealing at 450 K is proven by

the Cu 2p3/2 XP data in Figure 3. The corresponding spectrum
(third from bottom) shows a new peak at 934.7 eV, which is
attributed to Cu(II) in Cu(II)TPyP. The position of the
residual Cu(0) peak remains unchanged at 932.2 eV. The
emerging of the fully metalated Cu(II)TPyP species as
evidenced by the N 1s and Cu 2p XP spectra suggests that
the dimmer molecules observed in STM (Figure 4) are indeed
these Cu(II)TPyP complexes. Note that the number of the
dimmer species in STM does not account for 86%. The
discrepancy of the ratio of Cu(II) between STM and XPS may
be due to statistical errors (both in XPS and STM) and possibly
some differences in annealing temperature of STM and XPS
experiments. Nevertheless, the observed trend that the dimmer
species become more and more abundant with increasing
temperature is consistent with this attribution.

Figure 5a shows an overview STM image of the sequence I
sample after annealing at 520 K, and Figure 5b is a magnified

view. Both images reveal defect rows appearing in the network,
which consist of closely packed molecules. The defect rows can
be modeled as neighboring molecules being linked by weak
(van der Waals or hydrogen bonding) intermolecular
interactions. Most molecules exhibit a uniform height with
few exceptions showing a pronounced height. The line profile
drawn in Figure 5c indicates that the average height of the
majority of molecules is 2.9 Å, while the higher one is 4.0 Å.
After the samples are annealed at 570 K, the close-packed
arrangement becomes more pronounced. Figure 5d shows that
the molecules form very large domains of a close-packed
structure, and no isolated network islands are observed. Only
inside the close-packed domains or at the domain boundaries,
small patches of the network structure remained. A similar
transformation from the coordination network phase to the
close-packed molecular phase was reported in Cu coordination
with Zn(II)TPyP on Au(111).16 This phenomenon was

Figure 4. (a) STM topograph (150 × 150 nm2, −1.31 V, 0.25 nA) of
2HTPyP with Cu deposited on a Au(111) surface after 450 K
annealing (sequence II). (b) A magnified view (22 × 22 nm2, −1.31 V,
0.25 nA) of panel a. (c) Profile of the blue line in panel b from top to
bottom. (d) High-resolution image (7 nm ×6.5 nm2, 1.21 V, 0.32 nA)
showing intramolecular features with molecular models of TPyP and
Cu atoms overlaid; yellow refers to Cu(II) and green to Cu(0).

Figure 5. (a) STM topograph of 2HTPyP with Cu deposited onto a
Au(111) surface (sequence II) after annealing at 520 K (100 × 100
nm2, −1.11 V, 0.39 nA). (b) A magnified view of panel a (30 × 30
nm2, −1.31 V, 0.28 nA). (c) Profile of the blue line in panel b from left
to right. (d) STM topography of 2HTPyP with Cu deposited on a
Au(111) surface (sequence I) after 570 K annealing (100 × 100 nm2,
−1.39 V, 0.46 nA). (e) A magnified view of panel d (25 × 25 nm,
−1.39 V, 0.46 nA). (f) Profile of the blue line in (e) from top to
bottom.
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tentatively attributed to Cu alloying with the Au substrate at
high temperature, which results in Cu deficiency for
coordination. The reduced intensity of the Cu 2p3/2 signal for
570 K in Figure 3 and the angle-dependent Cu 2p3/2 XP spectra
in Figure S6 in the Supporting Information prove that this is
indeed the case here (see also the separate discussion of the
XPS data below): at 570 K, Cu atoms diffuse into the Au
substrate, so Cu coordination is suppressed due to Cu
deficiency; as a result, the arrangement of the molecules is
dominated by weak intermolecular interactions. The molecules
exhibit a very homogeneous topographic height of about 3.0
nm, as revealed by the magnified view in Figure 5e and the line
profile in Figure 5f. Note that the apparent molecular height
contrast in Figure 5e is due to the substrate herringbone
reconstruction of the Au(111) surface.
The uniform molecular height suggests that the molecules

are in a homogeneous chemical state and that virtually all
2HTPyP molecules reacted to form the complex Cu(II)TPyP.
This is confirmed by the N 1s and Cu 2p3/2 XPS data. The N 1s
spectrum taken after annealing to 570 K (top curve in Figure 2)
shows only contributions from Cu(II)TPyP, while the signal
components of the initial complex Cu(0)−2HTPyP disap-
peared. The pyridyl-related peak at 398.7 eV is shifted by 0.2
eV to lower binding energy relative to its position at 300 and
450 K but retains its width. This is in agreement with the
observation derived from STM that the peripheral nitrogens
lose their coordination with Cu: since the dative bonds N→Cu
are removed, more electron density remains at the pyridyl-N,
which should result in a lower N 1s binding energy. In the
related Cu 2p3/2 spectrum (Figure 3, top curve), the
component at 934.7 eV, attributed to Cu(II), increases by 5%
relative to the 450 K spectrum, in agreement with the
completion of the metalation reaction.
The intensity of the Cu(0) peak decreases when the sample

temperature increases, while its position (932.2 eV) remains
unchanged. The widths are 0.86 eV for Cu/Au(111) without
porphyrin and 1.0 eV for the other spectra (with 2HTPyP).
The fact that the width of the Cu(0) peak does not change
between 300 and 573 K indicates that the different Cu(0)
species (Cu in initial complex, Cu in bridging positions, Cu on
or in the subsurface region of the Au surface) have essentially
the same Cu 2p3/2 binding energy. At 573 K, only the latter
Cu(0) species remains, because Cu atoms in the initial complex
have already been oxidized to Cu(II), and the peripheral pyridyl
groups no longer coordinate Cu(0) atoms, as can be seen in the
STM images (Figure 5d,e). The decreasing overall intensity of
the Cu 2p3/2 signal at elevated temperatures (Figure 3) and the
angle-dependent Cu 2p3/2 XP data in the Figure S6, Supporting
Information, prove that the Cu atoms thermally released from
the py−Cu−py bridges diffuse to the subsurface and bulk
region of the Au(111) sample.
Note that all XPS data presented here were taken using

samples prepared with deposition sequence I. A parallel study
with deposition sequence II yielded very similar results. The
respective XPS data are presented in the Supporting
Information (Figures S4 and S5).
3.3. Density Functional Theory (DFT) Calculations. To

obtain a detailed mechanistic understanding of the metalation
reaction, we performed gas-phase DFT calculations of the
reaction between the porphyrin core (2H-porphyrin (2HP) was
here used as the model system) and a Cu atom at different
levels of theory along the lines of our previous publication on
the mechanism of direct porphyrin metalation.5b Figure 6

shows the lowest-energy reaction profile for the reaction of a
bare Cu atom with 2HP at the different levels of theory. The
first stage of the reaction is the barrierless formation of the
initial complex 1. This reaction is exothermic with respect to
the ground-state Cu atom and 2HP at infinite separation by
−79.3 and −86.2 kcal mol−1 at the B3LYP/6-31G* and OLYP/
6-31G* levels of theory, respectively. Inclusion of the larger
basis set (i.e., triple-ξ quality basis set 6-311+G**) lowers the
exothermicity of the formation of the initial complex to −26.9
(B3LYP) and −17.9 kcal mol−1 (OLYP).
From the initial complex 1, the reaction proceeds via the late

transition state TS1, which describes a hydrogen transfer from
the pyrrolic N to the Cu atom, to form the intermediate 2. The
formation of intermediate 2 is exothermic at all levels of theory.
Transfer of the other pyrrolic hydrogen atoms to the Cu atom
via the early transition state TS2 and desorption of H2
complete the reaction, the end product of which is the Cu(II)
porphyrin, 3. The first barrier is by far the largest with
activation energies between 23.8 (B3LYP/6-31G*) and 37.0
kcal mol−1 (B3LYP/6-311+G**). Similar trends were found at
the OLYP/6-31G* and OLYP/6-311+G** levels of theory
(barriers for the TS1 formation are 25.5 and 32.3 kcal mol−1).
We also compared results of the calculations for 2HP with

the results for the metalation of the larger 2HTPyP system at
the B3LYP/6-31G* level. The barrier for the TS1a formation is
then 32.3 kcal mol−1, see Figure S7 in the Supporting
Information. This means that the reactions will be sufficiently
fast at the time scale of our experiment in the range between
400 and 600 K, if a pre-exponential Arrhenius factor of the
order of 1013 s−1 is assumed, in agreement with our
experimental observation. (Note that the comparability is
limited by the fact that all influences of the substrate surface on
the reaction are ignored in the calculation.)
In order to investigate the mechanism of the coordination of

Cu atoms by the pyridyl groups, the DFT gas-phase
calculations were extended to the larger CuTPyP model
system. The formation of CuTPyP−Cu−CuTPyP (geometry
optimization resulted in a linear N−Cu−N orientation with Cu
between two pyridyl nitrogens, see Figure 7) was found to be
exothermic by −85.3 kcal mol−1 (at the B3LYP/6-31G* level of

Figure 6. Schematic energy profile for the reactive insertion of a Cu
atom into a porphyrin macrocycle in the gas phase: E + ZPE in kcal
mol−1 at B3LYP/6-31G* (first entry), B3LYP/6-311+G** (second
entry), OLYP/6-31G* (third entry), and OLYP/6-311+G** (fourth
entry). Bond lengths are given in Å.
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theory) and −91.3 kcal mol−1 (at the B3PW91/6-31G* level).
The N−Cu bond length in the py−Cu−py bridge was found to
be 1.81 and 1.82 Å at the B3PW91/6-31G* and B3LYP/6-
31G* levels of theory, respectively. One should stress here
again that calculations were performed without taking into
account effects of the surface. Since the adsorbed Cu atom has
the surface as an additional bonding partner, it is to be expected
that the actual Cu−N bonds are weaker in the adsorbed state.
This would explain why the calculated values suggest that the
network is stable up to 650−700 K (as estimated using the
Arrhenius equation with a pre-exponential of the order of 1013

s−1), whereas the experiment shows that the py−Cu−py bonds
are broken at much lower temperatures.
To gain insight into the oxidation state of Cu in the initial

complex Cu−2HTPyP (1a), in the final complex CuTPyP
(3a), and in the py−Cu−py bridge, a charge analysis (B3LYP/
6-31G*, Mulliken and NBO)17 was performed. In 1a, the
charge of the coordinated Cu atom was found to be +0.5e
(+0.8e, NBO), while in the final complex 3a a charge of +0.9e
(+1.1e, NBO) was found. This result is in agreement with the
Cu 2p XPS data, which show that the oxidation state of Cu in
the final complex 3a is higher than that in the initial complex
1a. (Note that the computed real charges of coordinated metal
ions are usually lower than the formal ion charges, due to
covalent contributions to the coordinative bond and resulting
electron donation from the ligand to the metal center.) In
CuTPyP−Cu−CuTPyP, the charge for the Cu atom in the py−
Cu−py bridge is +0.4e (+0.7e, NBO). This is only slightly
lower than the charge for the Cu atom in the initial porphyrin
complex and explains why the two species cannot be
distinguished by their Cu 2p XPS signals.

4. CONCLUSIONS

We have shown that tetrapyridylporphyrin (2HTPyP)
molecules on Au(111) exhibit a bifunctional behavior toward
coadsorbed Cu atoms. On the one hand, the molecules
coordinate neutral Cu(0) atoms with the N atoms in the

peripheral pyridyl groups, such that one Cu atom links two
pyridyl groups of neighboring molecules forming linear py−
Cu−py bridges. This coordination process leads to the
formation of a two-dimensional metal−organic coordination
network at 300 K. On the other hand, Cu(0) is also
coordinated by the four N atoms of the porphyrin macrocycle,
which results at 300 K in the formation of a Cu(0)−2HTPyP
complex. These initial complexes were identified by XPS and
STM; DFT calculations predict that they are metastable, in
agreement with previous experimental and theoretical inves-
tigations. At elevated temperatures (450 K), these Cu(0)
complexes undergo an intramolecular redox reaction. As a
result, the coordinated Cu atom is oxidized to a Cu(II) ion,
which is fully incorporated into the porphyrin macrocycle,
forming the complex Cu(II)TPyP. The network structure
persists at this temperature. Thus, the bifunctional nature of the
2HTPyP molecules results, by reaction with Cu atoms, in a
mixed-valence coordination network with alternating Cu(0)
and Cu(II) centers. Considering the different reactivities of
Cu(0) and Cu(II), this is a potentially bifunctional 2D metal−
organic structure. At 570 K, the py−Cu−py coordination
disappears, and the Cu(II)TPyP complexes form a densely
packed molecular monolayer structure. The Cu(0) atoms
released from the py−Cu−py coordination diffuse into the
Au(111) substrate. Gas-phase DFT calculations show that
coordination of Cu(0) by the intact porphyrin is energetically
favorable and that the formation of the final CuTPyP complex
has an activation barrier of 24−37 kcal mol−1, depending on the
method used. Formation of the py−Cu−py bridges was also
found to proceed exothermically (85−91 kcal mol−1) and to
result in a linear N−Cu−N geometry.
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C 2011, 115, 4155−4162. (l) Écija, D.; Auwar̈ter, W.; Vijayaraghavan,
S.; Seufert, K.; Bischoff, F.; Tashiro, K.; Barth, J. V. Angew. Chem., Int.
Ed. 2011, 50, 3872−3877.
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