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The metalation of the tetradentate molecule pyrphyrin by copper substrate atoms on a Cu(111) surface is studied. Pyrphyrin, in contrast
to porphyrin, consists of four fused pyridine groups instead of pyrrol groups. Using thermal desorption spectroscopy (TDS) and N 1s X-ray
photoelectron spectroscopy (XPS), we show that metalation of the monolayer of pyrphyrin with Cu adatoms from the Cu(111) surface
occurs at 377 K. The formation of an extended two-dimensional (2D) network is observed with scanning tunneling microscopy (STM). A
honeycomb-like lattice of metalated pyrphyrin molecules is formed by intermolecular connection via the two cyano groups at the
periphery of pyrphyrin as well as Cu adatoms. Dehydrogenation at the periphery of the molecule is observed during annealing at 520 K.

The surface adsorbed metal-pyrphyrin has the potential to serve as a molecular catalyst.

Keywords: 2D metal coordination ¢ scanning tunneling microscopy ¢ pyrphyrin  surface self-assembly

Introduction

Surface functionalization with macrocycles, such as porphyrin or phthalocyanine, presents a fascinating platform for studying physical
and chemical phenomena at interfaces and provides the basis for many applications. These predominantly planar macrocycles can
coordinate a metal ion, rendering them interesting model systems to study coordination chemistry at surfaces.”™ In addition, the central
metal ions can coordinate an axial ligand at the site opposite to the surface.’” For example, this has led to the demonstration of special
catalytic properties for water oxidation on porphyrin derived 2D layers containing different transition metals.”™ An attractive alternative

to the deposition of metal containing macrocycles is to perform the coordination of a metal atom (i.e. metalation) in-situ directly at the
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surface under ultrahigh vacuum (UHV) conditions. The metal atoms can be provided either by the surface (sometimes termed as ‘self-
metalation’) or supplied by co-deposition through evaporation.***™

In this work, we report the on-surface chemistry of the macrocycle pyrphyrin (2HPyr, Scheme 1) on the copper(211) surface. In contrast to
molecules from the tetrapyrrole family, such as porphyrin or phthalocyanine, the pyrphyrin macrocycle consists of four fused pyridines
instead of pyrrols.™*” Specifically, two 2,2'-bipyridine subunits are bridged by cyano-methylene units to form a plane consisting of two
iminic (=N-) and two pyridinic (-NH-) nitrogens. Compared to porphyrin with 16 atoms in the inner macrocycle (12C + 4N), 2HPhr has
there only 14 atoms (10C + 4N). After dehydrogenation of free base 2HPyr, the planar tetradented pyrphyrin ligand can coordinate ions
such as Zn(I1),"*! Mn(ICI™ and Co(I)**’. The on-surface formation of CoPyr has been achieved previously on the Au(111) surface in

presence of Co adatoms.™ In solution, CoPyr derived complexes have been shown to catalyze the reduction of water under illumination

[12 [17-

with light.*? Cyano-functionalized molecules in general may also act as ligands for surface adatoms.™*" Such coordination at radial or

[22-24]

terminal functional groups leads often to the formation of highly ordered 2D metal-organic coordination networks.

Scheme 1. Metalation of 2HPyr to CuPyr. The cyano groups can also coordinate transition metal atoms, thereby bridging several molecules into a 2D metal-

organic layer.

Results and Discussion

Submonolayer coverages of 2HPyr were obtained by sublimation in UHV on clean Cu(111) single crystal substrates (cf. Experimental
section). Here, one monolayer (ML) is defined as the most densely packed layer achieved by Pyr molecules on the Cu(111) surface without
any molecules in a second layer. The molecular coverage was tuned by the evaporation time and monitored with X-ray photoelectron
spectroscopy (XPS) by comparing the intensity ratio of Cu 2p,, and C 1s peaks and calibration of the absolute coverage using scanning

tunneling microscopy (STM).
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Figure 1. XP spectra in the N 1s peak region revealing the metalation reaction of 2HPyr to CuPyr (1.0 ML). After deposition, the N1s signal can be
deconvoluted into 3 components, i.e. iminic (-NH-, 400.5 eV), pyridinic (=N-, 398.8 eV) and cyano (C=N, 399.1 eV) nitrogen. The narrower N 1s peak
observed after annealing can be deconvoluted into N-Cu (398.9 eV) and C=N-Cu (399.8 eV) species at 4:2 peak area ratio, respectively. The background of

the clean sample was subtracted.

For 1.0 ML of 2HPyr deposited on Cu(111) kept at room temperature (RT, 295 K), XP spectra (Figure 1) reveal an N 1s signal with two
distinctive peaks. This is consistent with the 3 nitrogen species present in 2HPyr, i.e. for pyridinic nitrogen (-NH-) at 400.5 eV, iminic
nitrogen (=N-) at 398.8 eV, and the cyano nitrogen (-C=N]|) at 399.1 eV binding energy, with a peak area ratio of 2:2:2. The assigned
binding energies are consistent with the literature for 2HPyr™®, free base tetraphenylporphyrin (2HTPP) and cyano-functionalized

2478 After annealing to 473 K for 10 min, a narrower N 1s peak is observed

molecules at monolayer coverage on various metal surfaces."
which can be deconvoluted into N-Cu (398.9 eV) and a C=N-Cu (399.8 eV) signals at 4:2 peak area ratio, respectively.®***5*¥ This
feature is characteristic for the dehydrogenation of two imino groups in the molecular core due to the incorporation of a Cu atom in the
macrocycle, leading to four equivalent nitrogen atoms. The binding energies agree with previous results on porphyrin metalation on
copper surfaces™ and with CoPyr on Au(111)."® Remarkably, the C=N component shifts towards a higher binding energy by 0.7 eV
indicating a significant modification of the cyano groups' chemical environment, namely, a more positively charged N-atom due to the
additional bond to a Cu atom. A similar N 1s peak shift has been observed after coordination of Cu adatoms to cyanohelicene
derivatives.”™® Hence, the shift of the cyano-N indicates that Cu coordination at the cyano groups also occurs for pyrphyrin on Cu(111)
upon annealing.

By measuring the evolution of molecular hydrogen using thermal desorption spectroscopy (TDS) further insight into the process of
metalation is gained. Ramping the temperature at a rate of 3 K s™, two distinct H, desorption maxima a. and B are observed in the mass
spectrometer at 377 K and 696 K, respectively (Figure 2). The spectrum obtained on clean Cu(111) under identical conditions does not
exhibit these features, because hydrogen from the residual gas does not adsorb on copper at RT. Based on the observation of complete
metalation with XPS after annealing to 423 K, we assign the a peak to the dehydrogenation reaction of the pyridinic nitrogen atoms
during metalation, which is consistent with observations of porphyrin metalation on Cu(111) reported in the literature.**® Considering

the heating rate of the TDS experiment, this means that the metalation of 2HPyr on Cu(111) occurs at 377 K within seconds.
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Figure 2. Thermal desorption spectra for molecular hydrogen (m/z = 2) obtained for 1.2 ML of 2HPyr deposited on Cu(111) kept at 110 K. The temperature
ramp rate is 3 K s™*. Two distinct maxima a and B are observed at 377 K and 696 K, which are assigned to H, desorbing during metalation and

dehydrogenation of the carbon backbone, respectively.

The intense and broad TDS f peak is assigned to dehydrogenation at the periphery of the molecule, i.e. C-H bond breaking. Its broad
shape means that this reaction occurs over a wide temperature range, which is explained by the non-equivalence of the peripheral
hydrogens. Such pyrolysis is a common feature for adsorbed hydrocarbons that are too tightly bound to the surface to become desorbed

intact. This process has also been observed for monolayers of tetrapyrroles adsorbed on metal surfaces.”s*7293"
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The energy barrier for the dehydrogenation of the pyrphyrin core and therefore for metalation can be obtained by numerically
propagating the Polanyi-Wigner equation for increasing temperatures (see Experimental section). For simplicity we keep the attempt
frequency v, fixed to 10*° s, which has been obtained by Ditze et al. for metalation of 2HTPP on Cu(111).”® Assuming first-order kinetics,
the simulation of peak a (Figure 2) delivers best results (peak maximum temperature and peak shape) for an activation energy of 113
kJ/mol. This is substantially lower than observed for monolayers of 2HTPP on Cu(111), where the activation energy for the rate limiting
step, i.e. incorporation of the Cu adatom into the macrocycle,["] has been reported as high as 143 kJ/mol®® and 134 kJ/mol,™” using the
same attempt frequency of v,= 10™ s™. The smaller cavity of pyrphyrin may lead to a higher metal-ligand binding energy, but our method
determines only the activation energy of the process, which includes also hydrogen release, recombination and desorption. Because
recombinant hydrogen desorption occurs at much lower temperatures on Cu(111), the latter two steps must proceed very fast and the
rate-limiting step must be assigned to the hydrogen release and Cu atom incorporation. Consequently, the lower activation energy must
be attributed to a stronger surface interaction of 2HPyr, favoring the dissociation of the two H atoms from the molecule. Considering the
lack of sterically demanding groups, which would keep a larger distance of the macrocycle from the surface (as in 2HTPP for example),
this lower activation barrier for metalation of 2HPyr seems consistent with the assumed small distance to the surface. However, the
slightly smaller cavity of 2HPyr compared to porphyrins does not appear to strongly affect the metalation temperature. Also note that
the temperature for metalation has been shown to depend on the coverage, as this can modulate the distance of the molecule with
respect to the surface, as reported for 2HTPP on Cu(111).”® For the monolayer of the plain porphyrin-core species 2H-porphine and a
submonolayer sample of 2H-phthalocyanine on Cu(111), the onset for metalation was reported at 373 K% and 240 K, respectively.®
There, the low temperature for porphine metalation has also been attributed to an increased interaction with the surface due to a lower

height above the surface.”!

In order to investigate the structural changes of the molecules in the monolayer we performed STM investigations below metalation
temperature and after annealing the adsorbate system above metalation temperature and above the temperature of periphery-
dehydrogenation. Figure 3 displays STM images obtained for a 1.05 ML of 2HPyr deposited at RT surface temperature. Under these
conditions, the molecules are not metalated. Using STM, we observe self-assembled domains as well as disordered areas. The streaks
along the fast STM (horizontal) scan direction in the disordered areas are an indication for high partial mobility of molecules. Indeed, in
subsequently recorded images we observe the attachment and detachment of molecules to and from the self-assembled arrays (see
Figure S1 in Supporting Information). The hexagonal symmetry of self-assembled domains reflects the symmetry of the Cu(111) top
surface layer. The molecules appear approximately square shaped with a depression in the center. Note that in STM, when operated in
constant current mode, parts of a molecule farther away from the surface are coded with such relative higher brightness. As the cyano
groups are not resolved, the exact orientation of each molecule cannot be determined. Some molecules appear fuzzy and roundish,
presumably due to thermally induced rotation. The STM appearance of the molecules and the mode of self-assembly is quite similar to

2HPyr on Au(111).%¢

Figure 3. STM images of 1.05 ML of 2HPyr deposited on Cu(111) at 295 K and of the clean surface (insets). (a) Self-assembled domains (framed with blue
lines) of molecules coexist with disordered areas (U =1.28 V, I = 20 pA, T = 295 K). Streaks appear along the fast scan direction (horizontal) in the disordered
areas, indicating that some molecules are mobile. (b) Small scale image (U =0.94 V, I = 20 pA, T = 295 K) showing the molecules in a self-assembled domain.
The insets display an overview image (inset in a, U = 1.25 V, | = 60 pA, T = 295 K) and atomic resolution (inset in b, U = -4.6 mV, I = -2.9 nA, T = 295 K),

respectively. Blue arrows indicate unit-cell vectors (3x for better visibility) of the clean surface and the molecular layer, respectively.
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Figure 4 shows STM images of metalated Pyr on Cu(111). The sample has been obtained after deposition of 0.7 ML 2HPyr at 295 K,
annealed to 423 K for 10 min and recorded at 130 K due to too high surface mobility at room temperature. The overview (Figure 4a)
reveals that metalated molecules assemble predominantly into a honeycomb lattice. The chain and honeycomb motives consist of two or
three cyano groups coordinating a Cu adatom. About 10% of the surface is covered by molecular chains (framed in blue). Such chain
morphology has been also observed for molecules with two cyano groups attached at opposite sides of the same molecule.” ™ At a
higher coverage, the chain motif has been replaced by the denser honeycomb motif." Therefore, we conclude that the coexistence of
chain and honeycomb motifs is due to the coverage being slightly too low for the pure honeycomb phase.’ We did not observe a four-

f,%3 which seems sterically impossible in a purely 2D motif.

fold (or higher) coordination moti
Interestingly, both the formation of an adatom stabilized honeycomb network and the shift to higher binding energy of the cyano Nis XP
signal has not been observed for 2HPyr/Au(111) after metalation with Co atoms.™ This may be due to the presence of too small amounts
of Co for both metalation and cyano-coordination or it may reflect a more profound difference between the two-

molecule/adatom/substrate systems.

Some pores of the honeycomb lattice, as marked by blue arrows in Figure 4b and 4c, are filled with an additional molecule. For these
molecules, the rectangular shape of pyrphyrin is not resolved, but still they appear with the same contrast, including the depression in the
center. This difference in appearance is explained by continuous hopping of the rectangular molecule between identical orientations in
the hexagonal pore.B* The reason for this ‘rotation’ is explained by the lack of coordination of the additional molecules in the pores.
While the molecules of the honeycomb network are coordinated via the three fold Cu-nodes, an additional molecule in the pore does not
have such possibility of intermolecular binding. Few pores of the honeycomb lattice appear differently, that is, they show bright three-
lobe protrusions (Figure 4b, red arrow). However, the nature of this appearance remains unclear.

In the constant current STM mode used in this work, the height of the tip above the sample is continuously controlled to keep the
tunneling current at the set point value. Therefore the dark appearance in the center of the molecules is due to a reduced overlap of
orbitals at the tip and the surface, resulting in a lower tunneling probability and therefore a smaller tip sample distance which is coded
dark in the images. The dark appearance of the center of the molecules therefore implies the absence of 3d states with predominantly
out-of-plane character close to the Fermi level,?3¥ consistent with the presence of a Cu in the center of the molecule. In contrast, Co in
CoPyr/Au(111) were imaged as high (coded bright) protrusions, consistent with the presumed presence of out-of-plane 3d states in 3d’

. 6
low-spin Co.™®

Due to the robust nature of the honeycomb lattice, we were able to obtain images with very small bias voltages and high tunneling
currents. Under these conditions, the STM tip approaches close to the molecule, thereby increasing the intramolecular resolution and
permitting tunneling into in-plane orbitals.®” Figure 5 exhibits a series of STM images obtained at a bias voltage of 57 mV and tunneling
currents increasing from 4o pA to ~2 nA. At a larger tip sample distance (i.e. low tunneling currents) the image resolution is lower. This is
also reflected in the larger appearance of the molecules at low tunnel currents. At tunneling currents above 500 pA, a small protrusion
inside of a depression becomes visible (Figure 5d-f). Such a small protrusion inside of a depression was also observed in STM experiments
on Cu-porphine at low bias voltage and high tunneling current.B® We tentatively identify this contrast to tunneling into in-plane orbitals
of Cu enabled by the smaller tip-sample distance.

The third regime identified by XPS and TDS corresponds to molecules that are partially dehydrogenated at the periphery. The onset of
this pyrolysis, as observed with TDS at seconds-time scale, is at ~550 K. Hence, we deposited molecules onto the sample kept at 520 K,
accounting for the substantially longer deposition times (20 min/ML). Under these conditions a significantly different morphology of the
dehydrogenated CuPyr molecules is observed (Figure 6). The molecules appear then with slightly irregular shapes and regular self-
assembly is absent. A similar appearance was also observed for tetrapyrrole monolayers on Cu and Ag substrates which also

dehydrogenated at the periphery by annealing to 500 - 640 K 5772973
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Figure 4. STM images of 0.7 ML 2HPyr after annealing to 423 K. The large scale image (a, U = 58 mV, / = 17 pA, T = 130 K) exhibits an extended honeycomb
porous network. Small domains with linearly coordinated molecules, appearing as chains, are also present (framed by a blue line). An image at larger
magnification (b, U=363 mV, / = 20 pA, T = 130 K) shows that some pores of the honeycomb lattice are filled with molecules (indicated by blue arrows).
These molecules do not have the distinct square shape, but seem to rotate even at 130 K. Some pores show bright three-lobe features (red arrow), whose

identity is unclear. A superposition of the molecular structure and Cu adatoms involved with an STM image (c, U= 57 mV, [ = 230 pA, T = 130 K) illustrates the

structure of the metal-organic honeycomb lattice.

a
L8

Figure 5. STM images for a 0.7 ML 2HPyr layer after annealing to 423 K at different tunneling currents (U = 57 mV, T = 130 K). With increasing tunneling
current the STM operates with the tip closer to the surface, resulting in a more localized tunneling process. This allows that more intramolecular details are
resolved and the molecules appear smaller. At high current set points (>500 pA) a small protrusion becomes visible in the depression in the center of the

molecule. The images do not necessarily display the same spot on the surface. Each image shows one honeycomb pore which is filled by an additional

molecule. The scale bar in (a) applies to all images.

Finally, we present direct evidence that the metalation of 2HPyr on Cu(111) proceeds also into the multilayer (Figure 7). TD spectra
obtained at m/z ratios 386 (2HPyr) and 447 (CuPyr) for (~3-5 ML of 2HPyr deposited on Cu(111) clearly show that in part the free base, but
also metalated CuPyr, desorb from the surface. We recall that CuPyr directly located on the metal surface is too strongly bound and
undergoes dehydrogenation and decomposition. However, the TD spectra resolve both 2HPyr and CuPyr desorbing at around 550 K from
the multilayer as intact molecules. Our results are consistent with the literature, where metalation in the multilayer has also been

8
observed for tEtl’apyrroles_[33'3 301
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Figure 6. STM image (U= -1.0V, | =-2.8 nA, T = 295 K) acquired after deposition of the molecules (0.9 ML) onto a sample kept at 520K, i.e. at temperatures

where dehydrogenation occurs. The molecules appear in part as irregular shapes. No ordered self-assembly is observed.
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Figure 7. TD spectra for 2HPyr (m/z = 386) and CuPyr (m/z = 447) obtained on multilayers (~3-5 ML) of 2HPyr on Cu(111). The heating rate is 2 K s™. Both
2HPyr and CuPyr are detected, demonstrating that the metalation does occur in part in the multilayer. The 2HPyr spectrum is offset along the intensity axis

for clarity.

Conclusions

The pyrphyrin-Cu(111) surface system shows a wealth of metal-organic chemistry, including on-surface metalation and formation of
highly ordered metal-organic 2D layers with the molecules bridged by coordinated Cu adatoms. The metalation proceeds in part also into
the multilayers. Our results show that concepts of surface functionalization and chemistry, like the on-surface metalation of macrocycles,
that have been previously developed for porphyrines and phthalocyanines can be extended to systems with probably different

functionality and specific catalytic activity.

Experimental Part

Sample preparation and analysis

The experiments were performed in ultrahigh vacuum (base pressure below 3 x 10™° mbar). The Cu(111) surface was prepared by
repeated cycles of Ar" sputtering and annealing to 723 K and cleanliness was checked by XPS and STM. 2HPyr was purified by re-

sublimation in high vacuum (~10® mbar), thoroughly degassed and sublimated from a Knudsen cell (583 K, rate: ~0.05 ML min™). For XPS
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(Specs PHOIBOS 100), photoelectrons were excited using non-monochromatic Al Ka X-rays and collected along the direction normal to
the crystal surface. The spectra were calibrated using the Cu 2p,, signal (932.7 eV) and the Fermi level (0.0 eV) of the crystal. STM images
were recorded with the Specs Aarhus 150 instrument, in constant current mode with a Ptlr (9o% Pt) tip. The images were processed using
the WSxM software® and calibrated using the atomic resolution of Cu(111). TDS was recorded with a differentially pumped quadrupole
mass spectrometer (Balzers QME 200) and a thermocouple inserted into a hole in the side of the single crystal. The mass spectrometer
was mounted in a housing equipped with a small pinhole in order to collect exclusively material desorbing from the surface.

TDS Simulations

41,42]

The simulations were performed by numerically propagating the Polanyi-Wigner equation (1% on a linear temperature T ramp.

de E
rE- =V 0™ exp (_ﬁ) 1)
Here, E is the barrier height, v, the attempt frequency, n is the order of reaction and R is the gas constant. Using an initial coverage 6,
which is arbitrary for the first order kinetics used here, the reaction rate r(t) and the coverage 6(t) are evaluated step-wise while increasing
the temperature T with every step. 10* time steps were sufficient, i.e. more time steps did not affect the rate. For the case of desorption,

r(t) corresponds to the TDS signal intensity.
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