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Abstract: We assess the crucial role of tetrapyrrole flexibility in
the CO ligation to distinct Ru-porphyrins supported on an
atomistically well-defined Ag(111) substrate. Our systematic
real-space visualisation and manipulation experiments with
scanning tunnelling microscopy directly probe the ligation,
while bond-resolving atomic force microscopy and X-ray
standing-wave measurements characterise the geometry, X-ray
and ultraviolet photoelectron spectroscopy the electronic
structure, and temperature-programmed desorption the bind-
ing strength. Density-functional-theory calculations provide
additional insight into the functional interface. We unambig-
uously demonstrate that the substituents regulate the interfacial
conformational adaptability, either promoting or obstructing
the uptake of axial CO adducts.

Introduction

For the creation of novel materials and devices, inspira-
tion is frequently sought in nature. Porphyrins and other
natural tetrapyrrole compounds can incorporate a large
fraction of the chemical elements in the periodic table. Their
functionality is tuned by choice of the complexed species,
possible axial ligands and substituents in the macrocycle
periphery. For example, in biology, the binding of small
molecules to metal centres determines many vital functions.
Opver the past decades we have witnessed an intense interest

in utilizing porphyrins on surfaces as functional building
blocks with a myriad of possible applications: ranging from
atomic switches to single-molecule magnets and catalysts.!!
The surface chemistry of cyclic tetrapyrrole compounds is
therefore a topic of extended research® and includes the on-
surface metallation® as well as s-block and p-block!
element functionalisation. In this context, the effect of the
macrocycle substituents has been studied systematically.”
Moreover, the reactivity of individual metal atoms on surfaces
is a topical issue in single-atom catalysis,[”! whereby arrays of
metalloporphyrin layers under vacuum conditions present
a versatile playground due to the coordinatively unsaturated
metal centres provided by the generally favoured adsorption
geometries with the macrocycle residing parallel to the
substrate lattice.

Complexes of inorganic gaseous molecules with metal-
loporphyrins are important intermediate species in catalysis.
CO,BINO,®* I NH,,['"" and H,0!"" have been shown to bind on
metal supported metalloporphyrins and phthalocyanines
axially to the metal centre. In particular, CO also exhibited
an unusual cis-p-dicarbonyl ligation on top of Fe (and Co)
tetraphenyl porphyrins on Ag(111) (and Cu(111)).""! Ligation
to the metal centre gives rise to the so-called structural trans-
effect, whereupon the metal atom is electronically and
physically decoupled from the substrate.!“!?l Generally,
a significant alteration of the porphyrin’s reactivity and
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Figure 1. Models of a Ru tetraphenyl porphyrin (Ru-TPP, left) and

a planarized Ru-TPP derivative (right) on Ag(111). The substituents
are faded to highlight the difference in the conformation of the
porphyrin macrocycles.” Ru, C, N, H, and Ag are shown in raspberry,
grey, blue, white, and silver, respectively.

electronic structure occurs due to the interaction with the
metal surface.™” Turning our attention on the topic of “switch
on” functionalities of organic layers on metal surfaces, we can
find a common approach of “decoupling” the molecule from
the surface by for example, a rigid tethering,™ bulky
substituents,™ or a platform™® which enables a “lift-off” of
the functional moiety. In a biological environment, the
macrocycle conformation can influence its functionality.!”
Here, we will examine this aspect: can we influence the
function present in the free molecule (here CO binding) by
the conformation of the porphyrin macrocycle (Figure 1),
hosting the metal centre, on the surface?

For Ru tetraphenyl porphyrins (Ru-TPPs), CO is deter-
mined to have an unusually high ligation energy (1.9 V),
hence can be considered as a prototypical out-of-plane ligand
with the stability of a covalent attachment. Here, we study the
effect of the porphyrin surface environment on this ligation
for Ru-TPP and its planarized derivatives (Ru-TPP,) on
Ag(111). We use scanning tunnelling microscopy (STM) to
find a cis-p-dicarbonyl ligation"!! stable at low temperatures
(5K) and an axial ligation at higher temperatures (200 K),
which is also examined with temperature programmed
desorption (TPD). In stark contrast, there is no evidence of
CO binding to the planarized Ru-TPP derivatives on Ag(111)
under either conditions. We correlate the axial binding to
conformational and electronic changes, rationalised by den-
sity functional theory (DFT), X-ray and ultraviolet photo-
electron spectroscopy (XPS and UPS) and normal incidence
X-ray standing waves (NIXSW).
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Results and Discussion
Imaging in Real Space

When deposited on Ag(111) at room temperature in
submonolayer coverages, Ru-TPP (Figure 2 inset) molecules
self-assemble in a square phase!'” described by the epitaxial

matrix (Z g).m] Figure 2 A shows the assembly on such

a surface cooled down to 5 K (overview image in Figure S1).
For negative bias voltages (~—1V), the single molecule
appearance of the pristine Ru-TPP (outlined in orange) is
characterised by three bright protrusions along the macro-
cycle and four less bright in the periphery marking the phenyl
substituents. The central bright protrusion corresponds to
a filled electronic state of the Ru centre (cf. UPS below),?"
whereas the outer ones can be assigned to the protruding évw-
pyrroles (a-pyr) of the macrocycle."!! The downward bending
k@tw-pyrroles (k-pyr) are not discernible. In the STM images
of the layer we can also identify molecules with additional
protrusions, located on the sides of the Ru centre and
perpendicular to the axis of the a-pyr (examples outlined in
white and blue). Their STM appearance is virtually identical
to the p-carbonyl rider ligation on Co-TPP and Fe-TPP,'! and
given a small residual pressure of CO (cf. experimental
section), we can confidently assign those to the analogous Ru-
TPP ligation. The molecule outlined in white can be identified
as featuring a cis-u-dicarbonyl binding geometry (Figure S2)
and the example outlined in blue is characteristic of a single
CO adsorbed in the rider mode and switching between the
two adsorption sides during the STM imaging.

Performing STM investigations at higher temperatures
(150 K), we found solely a single mode of CO ligation,
recognisable by uniform protrusions directly on top of the Ru
centres (example outlined in green in Figure 2C,D). We
attribute these to axial carbonyls.®™ Monitoring the same area
of a Ru-TPP layer by STM (Figure 2B-D), while dosing CO
in situ, we note that increasing the CO exposure led to an
increase in the number of protrusions until all Ru-TPP
molecules became brighter, which was achieved after a nom-
inal exposure to ~2 Langmuir (L) of CO. It should be noted
that an estimate of the sticking coefficient cannot be
extrapolated from the nominal value, as the real exposure
will differ due to effects such as tip shadowing.

Figure 2. STM images of CO-ligation on Ru-TPP on Ag(111). A) Ligation modes at 5 K: pi-geometry (white & blue) and uncapped (orange).
(=1.0V, 50 pA) B-D) Evolution of Ru(CO)-TPP formation (capped molecules marked in green) in situ at 150 K under CO exposure (1.25V,
80 pA).
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Figure 3. Removal of a single CO ligand by a voltage pulse with the
STM tip. A) While recording the STM image (1.25V, 50 pA, scanning
from bottom to top), a voltage pulse was applied at the position
marked by the green cross. B) Tip height profile of the voltage pulse
from 1.28 V to 2.15 V, with a current of 50 pA. At ~2.1V the tip
approaches the surface abruptly, indicating desorption of CO. C) Fol-
low-up STM image (1.25V, 50 pA) confirming the removal of the
ligand.

The CO ligands can be selectively removed by STM tip
manipulations at 150 K as illustrated in the sequence of STM
images in Figure 3: At the position marked by the green cross
(Figure 3 A), the voltage was ramped from 1.28 V to 2.15 Vin
a constant current mode (50 pA) while monitoring the tip
height (Figure 3B). A sudden change in the vertical tip
position at ~2.1 V indicates desorption of the CO ligand,
which is confirmed by a follow-up image revealing a pristine
Ru-TPP at the location of the voltage pulse (Figure 3 C). This
procedure allows reliable removal of single CO ligands. On
similar systems both tunnelling current induced desorp-
tion®??! and electric field induced desorption®! have been
observed, though smaller bias voltages (< 1 V) were required.
For voltages > 1.5V, a non-local desorption is often repor-
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ted.®>24 Such a desorption behaviour is also observed in
this system with a bias voltage of 2.0V, when higher
tunnelling currents are applied (Figure S3).

To investigate the effect of the macrocyclic conformation
on the CO ligation to the Ru centre, we have investigated the
adsorption behaviour of Ru-TPP on Ag(111) after annealing
to 620 K. This process causes cyclodehydrogenation reactions
between the macrocycle periphery and the phenyl substitu-
ents, leading to a family of four planarized Ru-TPP deriva-
tives, Ru-TPP,.l""*"l Based on DFT calculations, the binding
energy of the most commonly occurring Ru-TPP, 307 to
Ag(111) is 5.66 eV, 1.26 eV higher than that of pristine Ru-
TPP. The different derivatives can be identified by matching
the characteristic outline of the structural formula (Fig-
ure 4 A) to the STM image (Figure 4B,E), whereas nc-AFM
imaging can visualise more directly the chemical identity, as
illustrated for one of the more frequently occurring species in
Figure 4 C. The resulting porphyrin macrocycle appears to
exhibit a subtle bowl shape with pyrrole tilt angles of 6° and 8°
(see nc-AFM and respective simulation in Figure 4C,D and
Table 2) and also offers a coordinatively unsaturated metal
centre. We note that the surface depicted in Figure 4E has
been exposed to the small amounts of CO at 5 K needed for
the tip functionalisation, however no evidence of a lateral
adsorbate stabilisation was found on the Ru-TPP,, molecules
by STM/nc-AFM. As the rider ligation is associated with the
saddle shape deformation,™ we would not expect this bowl
configuration to permit such ligation. However, it is with
some surprise that we do not observe an axial ligation at all.
The protrusion in the centre of Ru-TPP,; observed in STM at
negative bias (Figure 4B,E,G) arises, similarly to Ru-TPP,
from the Ru centre®®® (cf. UPS below) and is not related to
potential CO adsorption, as confirmed by the corresponding
nc-AFM image (Figure 4C). At experiments of methodical
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Figure 4. A) Structural formulas of the planarized Ru-TPP derivatives (Ru-TPP,). B-D) Images of the Ru-TPP, 4 on Ag(111). B) STM topography
(=50 mV, 50 pA, 5 K). C) nc-AFM frequency shift image (tip height Z=—20 pm with respect to the STM set point above Ag(111), oscillation
amplitude 80 pm, 5 K). D) nc-AFM simulation. E) STM overview image (—0.5V, 50 pA) of the mixture of Ru-TPP,, after CO exposure at 5 K. The
bright central protrusion arises from the Ru centre. The numbers (1-4) indicate examples of the four different derivatives (1-4), respectively. F—
H) Mixed layer of Ru-TPP, product 1 and Ru-TPP before (F), during (G) and after (H) CO exposure at 150 K (F,H: 1.25V, 50 pA, G: —=1.25V,
50 pA, see Figure S5 for an identification of the different species).
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exposure of Ru-TPP,/Ag(111) to CO at 150 K (Figure 4F-H
and Figure S4) no CO uptake by Ru-TPP, was observed in
STM data.

To corroborate the difference in adsorption behaviour
clearly with the same STM tip conditions, we prepared
a sample containing both Ru-TPP and Ru-TPP,, molecules on
Ag(111) (Figure 4F). In this mixed lattice exclusively the
planarized derivative 1 appears (Figure 4 A). This effect is
associated with the different molecular shapes of other
product species that do not fit into the expressed overlayer
lattice (Figure S5).%! The (stepwise) exposure of this layer to
doses of CO at 150 K resulted in saturating exclusively all Ru-
TPP centres with CO (Figure 4 H), whereas no changes were
encountered for the Ru-TPP, species. An intermediate CO
coverage acquired at negative bias (Figure 4 G) highlights the
difference in STM appearance between Ru-TPP, Ru(CO)-
TPP and Ru-TPP,, (see also Figure S5).

Binding Energy and Desorption Kinetics

To deduce information about the bond strength of the
axially ligated CO on the Ru-TPP layer and to confirm that CO
does not ligate to the Ru-TPP, under the same conditions, we
carried out systematic TPD measurements. After exposure of
the square phase of Ru-TPP on Ag(111) to CO, our results
show exclusively CO desorption (Figure S6) in the temper-
ature range of 200-550 K. Dosing different amounts of CO
onto a layer of Ru-TPP has no effect on the shape of the
desorption curve, but only on the intensity (Figure 5, purple),
indicative of first order desorption kinetics. The acquired
spectra can be modelled by assuming a pre-exponential factor
of ¥v=10"s"! and including two first-order desorption
processes of equal intensities with energies of Egy =
0.80 eV and Eg,,=0.84 eV (see details in Supporting Infor-
mation and Figure S7). The difference in binding energy of
0.04 eV could be related to Ru(CO)-TPP adsorption on both
fcc and hep hollow sites of the Ag(111) surface (see DFT
model of optimised structure in Figure S8). We note that
consistent with our experiments, in such a case we would not

30 15 1.0 05 0.0 05-1.0
Binding energy (eV)

788 286 284 282 280 278
Binding energy (eV)
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Figure 5. Coverage dependant TPD spectra and fitting of CO desorp-
tion for m/z=28. Different shades of purple indicate different initial
CO coverages 6, dosed at 200 K, on the same Ru-TPP layer. A heating
rate of 2 Ks™' was used. The red spectrum shows the same trace for
Ru-TPP, after CO exposure, confirming that CO is not ligating.

expect a preferential occupation for the lower binding
adsorption site, as no exchange of CO between the molecules
is possible at 200 K and the desorption temperature from the
Ag(111) is much lower.”! However, we cannot exclude
a more complex desorption behaviour as a cause for the
spectra’s signature. While the desorption energy is very
comparable to values found for Ru(CO)-TPP on the more
reactive Cu(110) surface,®! it is significantly smaller com-
pared to gas-phase molecules."®! After exposing a layer of Ru-
TPP, to CO, there is no desorption trace of CO detected
(Figure 5, red), confirming the results from STM/AFM
measurements that CO is not ligating to Ru-TPP,,.

At this stage, the following two questions arise: (1) How is
the Ru-TPP affected by the CO ligation? (2) Why are these
very similar porphyrins so different in their chemical reac-
tivity? The following analysis will discuss the impact of the
CO ligation on electronic and geometric properties of the Ru-
TPP.

x 1
L, | I

X X ¥ X X

1 =3

0 -1 -2
An (102 e A3)

Figure 6. A) XP spectra of the C 1s & Ru 3d region corresponding to (from bottom to top) submonolayer coverages of pristine Ru-TPP (300 K),
Ru(CO)-TPP (80 K) and a multilayer of Ru(CO)-TPP (300 K) on Ag(111). B) UP spectra for clean Ag(111) (grey), pristine Ru-TPP (blue), Ru(CO)-
TPP (purple) and Ru-TPP (red) on Ag(111). C,D) Charge density redistribution upon CO adsorption on Ru-TPP on Ag(111) deduced from DFT.
The one dimensional plot (C) shows differences in the electron density normal to the Ag(111) surface upon CO ligation, the three dimensional
plot (D) shows isosurfaces (0.04 e A=) indicating gain of electron density (orange) and loss of electron density (blue).
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Electronic Structure

We initially investigated the XPS signature of the Ru 3ds;,
core level as a measure of the electronic interaction with the
metal substrate (Figure 6A). Upon ligation of CO, the
binding energy of the Ru 3ds, core level shifts by 2.4 eV
towards higher binding energies, indicating a decoupling of
the Ru centre from the Ag substrate. The shift towards higher
binding energies is in good accord with the DFT prediction
(+1.8eV). Note that the Ru 3d;, component is coincident
with the C 1s peak (/285 eV), and can be observed as a small
shoulder on the lower binding energy side for Ru-TPP and at
the higher binding energy side for Ru(CO)-TPP layers.'?

From the XPS of a multilayer of Ru(CO)-TPP on Ag(111)
one can deduce that the CO ligand remains attached to the Ru-
TPP on the layers without direct contact to the Ag(111)
substrate at 300 K.*) The binding energy of the Ru 3ds, core
level of Ru(CO)-TPP directly on Ag(111) is 0.2 eV lower than
that observed in the multilayer films. Such a shift is consistent
with the expected polarisation screening by the metal sub-
strate.

UP spectra further show states for both Ru-TPP (Fig-
ure 6B, blue) and Ru-TPP, (Figure 6B, red) at binding
energies of 0.4 eV and 0.9 eV, which can be correlated to the
bright protrusion at negative bias voltages in the STM images
(Figure 2 A,B,E,G), similar to Co-TPP on Ag(111).% These
Ru states are extinguished for Ru(CO)-TPP (Figure 6B,
purple), indicating that the interaction of Ru centres and the
Ag substrate, responsible for these states, is no longer present
upon ligation (Figure S9).”!

Further insight into the electronic changes upon the
adsorption of CO is gained from DFT. Figure 6 C shows that
changes in the electron density upon CO adsorption are not
simply restricted to the porphyrin, but also evident in the Ru-
TPP/Ag(111) interface. The charge at the interface per
molecule is significantly reduced upon CO ligation (Agy, =
—0.47e, g1,y =0.18¢), confirming the electronic decoupling of
the Ru-TPP molecules from the Ag(111) surface correlated to
the CO ligation and the surface trans-effect. While the CO is
negatively charged (¢co=—0.18¢), the Ru centre gets more
positively charged (Agr,=0.27¢). A closer inspection of the
orbital structure (Figure 6D) reveals a decreased electron
density in the 5o orbitals of the CO and a commensurate
increase in electron density in the 2w orbitals, in agreement
with the Blyholder model for chemisorbed carbon monox-
ide.””! On the ruthenium centre, a decrease of electron density
in the d,. orbital, as well as an increase in the d,, and d,, orbitals
is observed. It is notable that this change in the Ru 3d electron
density is similar between, both, the Ru—CO, and Ru—Ag,
whereas for Ru-TPP,; 3 the corresponding DFT calculations
find the electron accumulation to be in d,, and depletion in the
d.. d,. orbitals® The depletion and gain of electrons in
orbitals of both Ru and CO show a back-donation of electrons
from the Ru centre to the CO ligand, which in addition to the
decoupling can contribute to the increase in binding energy of
the Ru 3ds), core level upon CO ligation (Figure 6 A).

Angew. Chem. Int. Ed. 2021, 60, 16561-16567 © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH www.angewandte.org 16565
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Structural Determination

Our earlier structural investigation of Ru-TPP and Ru-
TPP,, has shown that the adsorption height of the Ru centre
differs only by 0.14 A.””) Nevertheless, the adsorption height
of the Ru centre of Ru-TPP increases upon CO ligation at
200K by 0.59 A from 2.59+0.05 A to 318 +0.12 A, as
shown by NIXSW data of the Ru(CO)-TPP (Figure 7A,
Table 2).°% The high coherent fraction indicates a very well-
defined adsorption height for the molecules, confirming
a rather uniform geometry.”"! The C 1s NIXSW data (Fig-
ure 7B, Table 2) show an increased average adsorption height
also for the carbon atoms. Thus, we conclude that the non-
planarity of the Ru-TPP facilitates a conformational change
of the entire Ru-TPP upon CO ligation and enables the
decoupling of the Ru centre from the Ag surface. One should
note that the NIXSW measurements could only be performed
on mixed layers of Ru(CO)-TPP and pristine Ru-TPP. While
the Ru 3ds, peaks of the two species can be clearly
distinguished due to the large shift in binding energy (Fig-
ure 6 A, Table 1), allowing the adsorption height for each
species to be analysed individually, this is not possible for the
C 1s. The carbon spectra, as described above, have to be
understood as an average over all carbon atoms from both
species, which includes additionally a negligible contribution
of the Ru 3d;, core level. Therefore, only a qualitative
comparison is meaningful. With this in mind, the XSW results
are in excellent agreement with complementary DFT calcu-
lations (Figure 7 C, Table 2), which predict an increase of the
Ru adsorption height of 0.69 A and an increase of the average
C adsorption height of 0.11 A. We propose that the porphyrin
macrocycle is lifted, while the phenyl substituents remain in

4 A f =083+0.11 B
Ru3d,,

f,=0.11£0.02

P, =0.35£0.05 | ¢ 1 P, =0.40+0.03

Relative Absortpion

Figure 7. A,B) NIXSW photoelectron profiles and fits of the Ru 3d;,
and C 1s regions in (111) reflection for Ru(CO)-TPP. Purple (dark grey)
dots indicate the Ru (C) data points, light grey dots the reflection of
the Ag(111) substrate. C) DFT model of Ru-TPP? (left) and Ru(CO)-
TPP (right) on Ag(111). Ru, Ag, C, N, O and H atoms are depicted in
raspberry, silver, grey, blue and white, respectively.
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Table 1: XPS binding energies of Ru 3d, C 1s & N 1s core levels for
a submonolayer coverage of Ru-TPP on Ag(111), a submonolayer
coverage of Ru(CO)-TPP on Ag(111) and Ru(CO)-TPP on Ru-TPP
monolayer on Ag(111).

Ru-TPP/Ag- Ru(CO)-TPP/  Ru(CO)-TPP/Ru-

M) [ev]  Ag(111)[eV]  TPP/Ag(111) [eV]
Ru  Ru-TPP 279.440.1 279.440.1
3ds, Ru(CO)- 281.840.1 282.040.1
TPP
Cls 2847401  285.0+0.1 284.940.1
N s 398.64+0.1  398.940.1 398.840.1

Table 2: Structural parameters by DFT and NIXSW results from Ru 3ds, and C 1s core levels for the

underneath, which can be used to create patterns on a nano-
meter scale. The large shift in binding energy of the Ru 3d;,
core level upon axial ligation indicates an electronic decou-
pling of the Ru centre from the surface and both NIXSW and
DFT have confirmed significant conformational changes.
While the Ru centre is affected the most, increasing in
adsorption height by ~0.6 A, an increase of the adsorption
height is observed for the entire molecule (Figure 7C). From
TPD we determined the desorption energy of the axial CO
ligand to be 0.8£0.1 eV, reduced by 1.1 eV in comparison to
the CO binding strength to the free Ru-TPP.

For the planarized Ru-TPP de-
rivatives, there was no sign of CO
ligation in STM, AFM and TPD

different investigated systems. The adsorption heights are deduced from the coherent position, forthe C  measurements. With the bonding of

atoms it is an average value. In parentheses, we report the DFT simulated adsorption height that would

be the result of the respective NIXSW measurement for comparison.

the Ru centre to the Ag surface

being similar for both investigated

DFT Pyrrole (a-pyr/k-pyr) Adsorption height [A] by DFT  Adsorption height [A] by NIXSW porphyrins, our results emphasize

tilt angle by DFT

the crucial role of the flexibility of

Ru ¢ Ru ¢ the Ru-TPP in the ligation process
Ru-TPPI 28°/-9° 2.68 3.53 (3.20) 2.5940.05 3.0240.07 and the related ease of decoupling
RU(CO)-TPP 230/—"4O 3.37 3.64 (344) 3.184+0.12 3.30+0.07 of the Ru centre from the Ag(lll)
Ru-TPPP,[m] 8°,6° 2.48 3.01 (3.01) 2.45+0.02 2.99+0.05 surface.
Ru(CO)-TPP, 5° 0° 2.97 2.99 (2.99)

Our findings with this model

contact with the Ag(111) substrate. These conformational
adaptations can be interpreted as a rather strong surface
trans-effect 1232

To understand the anticipated structural trans-effect for
planarized Ru(CO)-TPP derivatives, we investigated a DFT
geometry optimisation (Figure S10). Here, the trans-effect
would increase the Ru adsorption height by 0.49 A whereas it
would leave the macrocycle mostly unaffected (Table 2). In
comparison with the saddle-shaped pristine TPP, these
deformations are smaller and show less adaptation of the
macrocycle with CO ligation, which is more restricted by its
adsorption to the silver surface.

It is notable that the planarized Ru(CO)-TPP derivative
investigated is also a stable geometry in simulation with
a binding energy of the CO predicted to be smaller by 0.5 eV
with respect to the pristine Ru-TPP. We can thus attribute the
lack of experimental evidence of this species to either a higher
activation barrier associated with the decoupling of the Ru
from the silver surface or to CO sticking coefficient differ-
ences of more than an order of magnitude.

Conclusion

We have studied the CO ligation on distinct Ru-porphyr-
ins on a silver surface by a combined theoretical and
experimental analysis of the electronic and geometric effects
of such a ligation.

Rider CO-ligation at low temperatures (at 5 K) and axial
CO-ligation (up to ~250 K), in agreement with the Blyholder
model® for chemisorption, were observed only for the
pristine saddle-shape Ru-TPP. STM allowed tip induced
desorption of single ligands without damaging the Ru-TPP

Ru-porphyrin/Ag(111) system are

expected to be relevant for the
elucidation to processes related to gas sensing,* and to
supported single-atom catalysts (e.g. Ru-N4).

Acknowledgements

Our research was funded by the German Research Founda-
tion (DFG) (priority programme 1928 COORNETS, Excel-
lence Cluster e-conversion, the GSC 81: International Grad-
uate School of Science and Engineering (IGSSE) at TUM,
and Heisenberg professorship (W.A.)), the European Re-
search Council (Consolidator Grant NanoSurfs, no. 615233),
and the European Union H2020-MSCA-IF-2014 programme
(2DNano, no. 658070 (M.G.)) and the Engineering and
Physical Sciences Research Council (EPSRC) Centre for
Doctoral Training in Advanced Characterisation of Materials
(grant number EP/L015277/1 (PTPR)). We acknowledge
Diamond Light Source for the award of beam time under
proposal SI24320-1 and related financial support and the
computing resources at the Centro Svizzero di Calcolo
Scientifico (CSCS), Lugano, Switzerland, under Project
uzh11. Open access funding enabled and organized by Projekt
DEAL.

Conflict of interest
The authors declare no conflict of interest.
Keywords: ab-initio calculations - CO ligands -

metalloporphyrins - scanning probe microscopy -
X-ray spectroscopy

16566 www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH ~ Angew. Chem. Int. Ed. 2021, 60, 1656116567

85U8017 SUOWILIOD BAIIeID) 3|dedldde ) Aq peuenob e sjoiLe YO ‘8sn JO SaInJ o} A%eiqT8ulUO A1\ UO (SUORIPUOD-PUB-SWLBYWO™ A8 | 1M Ae.d 1 |Bul Juo//:Say) SUORIPUOD Pue swie 1 8y} 89S *[5202/20/02] Uo AreiqiTauliuo A8|IM ‘S8 1 Aq §2070T20Z'@1LUe/Z00T OT/I0p/W0d" A8 | im Atelq iUl uoy/:sdny wolj pepeojumod ‘0 ‘T202 ‘€22ET2ST


http://www.angewandte.org

GDCh
~~

[1] W. Auwirter, D. Ecija, F. Klappenberger, J. V. Barth, Nat. Chem.
2015, 7, 105-120.

[2] J. M. Gottfried, Surf. Sci. Rep. 2015, 70, 259-379.

[3] a) H. Marbach, Acc. Chem. Res. 2015, 48, 2649-2658; b) K.
Diller, A. C. Papageorgiou, F. Klappenberger, F. Allegretti, J. V.
Barth, W. Auwirter, Chem. Soc. Rev. 2016, 45, 1629 —1656.

[4] M. Schéniger, S. R. Kachel, J. Herritsch, P. Schroder, M. Hutter,
J. M. Gottfried, Chem. Commun. 2019, 55, 13665 —13668.

[5] A.Baklanov, M. Garnica, A. Robert, M.-L. Bocquet, K. Seufert,

J. T. Kiichle, P. T. P. Ryan, F. Haag, R. Kakavandi, F. Allegretti,

W. Auwirter, J. Am. Chem. Soc. 2020, 142, 1871 -1881.

M. Lepper, J. Kobl, L. Zhang, M. Meusel, H. Holzel, D.

Lungerich, N. Jux, A. de Siervo, B. Meyer, H.-P. Steinriick, H.

Marbach, Angew. Chem. Int. Ed. 2018, 57, 10074 -10079; Angew.

Chem. 2018, 130, 10230-10236.

a) R. Hellwig, M. Uphoff, T. Paintner, J. Bjork, M. Ruben, F.

Klappenberger, J. V. Barth, Chem. Eur. J. 2018, 24, 16126—

16135; b) A.J. Therrien, A. J. R. Hensley, M. D. Marcinkowski,

R. Zhang, F.R. Lucci, B. Coughlin, A.C. Schilling, J.-S.

McEwen, E. C. H. Sykes, Nat. Catal. 2018, 1, 192-198; c) A.

Wang, J. Li, T. Zhang, Nat. Rev. Chem. 2018, 2, 65-81; d) J.

Wang, R. You, C. Zhao, W. Zhang, W. Liu, X.-P. Fu, Y. Li, F.

Zhou, X. Zheng, Q. Xu, T. Yao, C.-J. Jia, Y.-G. Wang, W. Huang,

Y. Wu, ACS Catal. 2020, 10, 2754-2761.

a) K. Seufert, W. Auwirter, J. V. Barth, J. Am. Chem. Soc. 2010,

132, 18141-18146; b) T. Omiya, Y. Kim, R. Raval, H. Arnolds,

Surfaces 2019, 2, 117-130; ¢) T. Omiya, P. Poli, H. Arnolds, R.

Raval, M. Persson, Y. Kim, Chem. Commun. 2017, 53, 6148 -

6151.

[9] K. Flechtner, A. Kretschmann, H.-P. Steinrtick, J. M. Gottfried,
J. Am. Chem. Soc. 2007, 129, 12110-12111.

[10] P.S. Deimel, R. M. Bababrik, B. Wang, P.J. Blowey, L. A.
Rochford, P. K. Thakur, T.-L. Lee, M.-L. Bocquet, J. V. Barth,
D. P. Woodruff, D. A. Duncan, F. Allegretti, Chem. Sci. 2016, 7,
5647 —5656.

[11] K. Seufert, M.-L. Bocquet, W. Auwirter, A. Weber-Bargioni, J.
Reichert, N. Lorente, J. V. Barth, Nat. Chem. 2011, 3, 114-119.

[12] a) W. Hieringer, K. Flechtner, A. Kretschmann, K. Seufert, W.
Auwirter, J. V. Barth, A. Gorling, H.-P. Steinrtick, J. M. Gott-
fried, J. Am. Chem. Soc. 2011, 133, 6206—6222; b) C. Wickerlin,
D. Chylarecka, A. Kleibert, K. Miiller, C. Iacovita, F. Nolting,
T. A. Jung, N. Ballav, Nat. Commun. 2010, 1, 61.

[13] D. A.Duncan, P. S. Deimel, A. Wiengarten, R. Han, R. G. Acres,
W. Auwirter, P. Feulner, A. C. Papageorgiou, F. Allegretti, J. V.
Barth, Chem. Commun. 2015, 51, 9483 —9486.

[14] R. A.van Delden, M. K. J. ter Wiel, M. M. Pollard, J. Vicario, N.
Koumura, B. L. Feringa, Nature 2005, 437, 1337 —1340.

[15] a) A. C. Papageorgiou, J. Li, S. C. Oh, B. Zhang, O. Saglam, Y.
Guo, J. Reichert, A. B. Marco, D. Cortizo-Lacalle, A. Mateo-
Alonso, J. V. Barth, Nanoscale 2018, 10, 9561-9568; b) M.
Alemani, M. V. Peters, S. Hecht, K.-H. Rieder, F. Moresco, L.
Grill, J. Am. Chem. Soc. 2006, 128, 14446 —14447.

[16] B. Baisch, D. Raffa, U. Jung, O. M. Magnussen, C. Nicolas, J.
Lacour, J. Kubitschke, R. Herges, J. Am. Chem. Soc. 2009, 131,
442 -443.

[17] M. O. Senge, S. A. Macgowan, J. M. O’Brien, Chem. Commun.
2015, 51, 17031 -17063.

(6]

[7

—_—

[8

=

Research Articles

Internati

[18] N. Shafizadeh, S. Boyé-Péronne, S. Soorkia, B. K. Cunha de Mir-
anda, G. A. Garcia, L. Nahon, S. Chen, A. delaLande, L.
Poisson, B. Soep, Phys. Chem. Chem. Phys. 2018, 20, 11730—
11739.

A. Wiengarten, J. A. Lloyd, K. Seufert, J. Reichert, W. Auwarter,

R. Han, D. A. Duncan, F. Allegretti, S. Fischer, S. C. Oh, O.

Saglam, L. Jiang, S. Vijayaraghavan, D. Ecija, A. C. Papageor-

giou, J. V. Barth, Chem. Eur. J. 2015, 21, 12285 -12290.

P. Knecht, P. T. P. Ryan, D. A. Duncan, L. Jiang, J. Reichert, P. S.

Deimel, F. Haag, J. Kiichle, F. Allegretti, M. Schwarz, M.

Garnica, W. Auwirter, A.P. Seitsonen, J. V. Barth, A.C.

Papageorgiou, J. Phys. Chem. C 2021, 125, 3215-3224.

a) A. C. Papageorgiou, K. Diller, S. Fischer, F. Allegretti, F.

Klappenberger, S. C. Oh, O. Saglam, J. Reichert, A. Wiengarten,

K. Seufert, W. Auwirter, J. V. Barth, J. Phys. Chem. C 2016, 120,

8751-8758; b) A. C. Papageorgiou, S. Fischer, S.C. Oh, O.

Saglam, J. Reichert, A. Wiengarten, K. Seufert, S. Vijayaragha-

van, D. Ecija, W. Auwirter, F. Allegretti, R. G. Acres, K. C.

Prince, K. Diller, F. Klappenberger, J. V. Barth, ACS Nano 2013,

7, 4520-4526.

[22] S.R. Burema, K. Seufert, W. Auwirter, J. V. Barth, M.-L.
Bocquet, ACS Nano 2013, 7, 5273 -5281.

[23] A. Strézecka, M. Soriano, J. I. Pascual, J. J. Palacios, Phys. Rev.
Lett. 2012, 109, 147202.

[24] H. Kim, Y. H. Chang, W.-J. Jang, E.-S. Lee, Y.-H. Kim, S.-J.
Kahng, ACS Nano 2015, 9, 7722-7728.

[25] H. M. Sturmeit, I. Cojocariu, M. Jugovac, A. Cossaro, A.
Verdini, L. Floreano, A. Sala, G. Comelli, S. Moro, M.
Stredansky, M. Corva, E. Vesselli, P. Puschnig, C. M. Schneider,
V. Feyer, G. Zamborlini, M. Cinchetti, J. Mater. Chem. C 2020, 8,
8876 —8886.

[26] W. Hansen, M. Bertolo, K. Jacobi, Surf Sci. 1991, 253, 1-12.

[27] P.S. Deimel, P. Feulner, J. V. Barth, F. Allegretti, Phys. Chem.
Chem. Phys. 2019, 21, 10992 -11003.

[28] W. Auwirter, K. Seufert, F. Klappenberger, J. Reichert, A.
Weber-Bargioni, A. Verdini, D. Cvetko, M. Dell’Angela, L.
Floreano, A. Cossaro, G. Bavdek, A. Morgante, A. P. Seitsonen,
J. V. Barth, Phys. Rev. B 2010, 81, 245403.

[29] G. Blyholder, J. Phys. Chem. 1964, 68, 2772-27717.

[30] D.P. Woodruff, Rep. Prog. Phys. 2005, 68, 743-798.

[31] D.P. Woodruff, D. A. Duncan, New J. Phys. 2020, 22, 113012.

[32] P. Knecht, B. Zhang, J. Reichert, D. A. Duncan, M. Schwarz, F.

Haag, P.T.P. Ryan, T.-L. Lee, P.S. Deimel, P. Feulner, F.

Allegretti, W. Auwirter, G. Médard, A. P. Seitsonen, J. V. Barth,

A. C. Papageorgiou, J. Am. Chem. Soc. 2021, 143, 4433 —4439.

a) A.-M. Andringa, M.-J. Spijkman, E.C.P. Smits, S.G.J.

Mathijssen, P. A. V. Hal, S. Setayesh, N.P. Willard, O. V.

Borshchev, S. A. Ponomarenko, P. W. M. Blom, D. M. De Le-

euw, Org. Electron. 2010, 11,895-898; b) H. Ngo, K. Minami, G.

Imamura, K. Shiba, G. Yoshikawa, Sensors 2018, 18, 1640; c) G.

Bengasi, R. Meunier-Prest, K. Baba, A. Kumar, A. L. Pellegrino,

N. D. Boscher, M. Bouvet, Adv. Electron. Mater. 2020, 6,

2000812.

[20

—

[21]

33]

Manuscript received: March 23, 2021
Revised manuscript received: April 29, 2021
Accepted manuscript online: May 3, 2021
Version of record online: June 22, 2021

An dte

Chemie

Angew. Chem. Int. Ed. 2021, 60, 16561-16567 © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH ~www.angewandte.org 16567

85U8017 SUOWILLIOD BAIIR.D 3(dedldde au Aq peusenob ale sa(plie O ‘88N JO s3I 10y Arelq18UIIUO AB]IM UO (SUO I IPLOD-PUR-SULIBY WD A8 | IM°Aeiq 1B |UO//:SANY) SUOIPUOD PUe SWie | 38U} &8s *[G202/20/02] Uo AfreigiTauliuo A1IM ‘S81 Aq G0F0TZ0Z @1Le/Z00T OT/I0p/wod A8 | im Ateq 1 jpul|uoj/sdiy ol pepeojumoq ‘0€ ‘T202 ‘€LLETZST


https://doi.org/10.1038/nchem.2159
https://doi.org/10.1038/nchem.2159
https://doi.org/10.1016/j.surfrep.2015.04.001
https://doi.org/10.1021/acs.accounts.5b00243
https://doi.org/10.1039/C5CS00207A
https://doi.org/10.1039/C9CC07170A
https://doi.org/10.1021/jacs.9b10711
https://doi.org/10.1002/anie.201803601
https://doi.org/10.1002/ange.201803601
https://doi.org/10.1002/ange.201803601
https://doi.org/10.1002/chem.201803102
https://doi.org/10.1002/chem.201803102
https://doi.org/10.1038/s41929-018-0028-2
https://doi.org/10.1038/s41570-018-0010-1
https://doi.org/10.1021/acscatal.0c00097
https://doi.org/10.1021/ja1054884
https://doi.org/10.1021/ja1054884
https://doi.org/10.3390/surfaces2010010
https://doi.org/10.1039/C7CC01310H
https://doi.org/10.1039/C7CC01310H
https://doi.org/10.1021/ja0756725
https://doi.org/10.1039/C6SC01677D
https://doi.org/10.1039/C6SC01677D
https://doi.org/10.1038/nchem.956
https://doi.org/10.1021/ja1093502
https://doi.org/10.1039/C5CC01639H
https://doi.org/10.1038/nature04127
https://doi.org/10.1039/C8NR02537A
https://doi.org/10.1021/ja065449s
https://doi.org/10.1021/ja807923f
https://doi.org/10.1021/ja807923f
https://doi.org/10.1039/C5CC06254C
https://doi.org/10.1039/C5CC06254C
https://doi.org/10.1039/C8CP01190G
https://doi.org/10.1039/C8CP01190G
https://doi.org/10.1002/chem.201502001
https://doi.org/10.1021/acs.jpcc.0c10418
https://doi.org/10.1021/acs.jpcc.6b01457
https://doi.org/10.1021/acs.jpcc.6b01457
https://doi.org/10.1021/nn401171z
https://doi.org/10.1021/nn401171z
https://doi.org/10.1021/nn4010582
https://doi.org/10.1021/acsnano.5b03466
https://doi.org/10.1039/D0TC00946F
https://doi.org/10.1039/D0TC00946F
https://doi.org/10.1016/0039-6028(91)90576-E
https://doi.org/10.1039/C9CP01583C
https://doi.org/10.1039/C9CP01583C
https://doi.org/10.1021/j100792a006
https://doi.org/10.1088/0034-4885/68/4/R01
https://doi.org/10.1088/1367-2630/abc63a
https://doi.org/10.1021/jacs.1c01229
https://doi.org/10.1016/j.orgel.2010.02.007
https://doi.org/10.3390/s18051640
https://doi.org/10.1002/aelm.202000812
https://doi.org/10.1002/aelm.202000812
http://www.angewandte.org

