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ABSTRACT

On-surface chemistry in ultra-high vacuum offers complementary routes to synthesize molecular
complexes which are not accessible through standard solution chemistry. Presence of surface not
only impose spatial 2D confinement, but frequently acts as source of adatoms actively
participating in the chemical reactions. Here we demonstrate the formation of gold porphyrins
derivatives via thermally induced chemical transformations of a fluorinated free-base porphyrin,
2H-4FTPP, on an Au(111) surface, which are rarely accessible via standard protocols of solution
chemistry. We also provide accurate description of the mechanisms of on-surface reactions and
self-assembly processes, including structural and electronic characterization of intermediates and
products using high-resolution scanning probe microscopy with CO-tip supported by
computational study. An initial annealing step at 500 K induces planarization of the adsorbed
free base via dehydrogenation and ring-closing reactions that preserve the integrity of the C-F
bonds. A second annealing step at 575 K enables metalation, producing unprecedented surface-
supported gold-coordinated planarized porphyrins (Au-4FPP). A final annealing step at 625 K
induces C-F and C-H activation, leading to intermolecular C-C coupling between phenyl termini
to form planarized porphyrin oligomers. These results open new avenues for engineering step-
wise thermally sensitive on-surface chemical reactions and metal-organic compounds not

accessible in solution chemistry.
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INTRODUCTION
Rational strategies for designing molecular systems on surfaces and controlling their chemical
transformations and nanostructures are needed to further our understanding of on-surface

chemistry and to support the development of molecule-based devices.'

Porphyrins are extraordinary compounds that play central roles in biological processes including
metabolism, respiration, and photosynthesis. They have also attracted great interest due to their

potential applications in molecular sensing, catalysis, spintronics and nanomagnetism.*?

Because of their importance, many studies conducted in the last two decades have examined the
self-assembly of porphyrin derivatives on various surfaces.*!” Despite there is some research
about the reactions they undergo on surfaces when activated by external stimuli,'*?° detailed
structural data on the products of these reactions®® and their conformations are needed to

understand the chemical reactions, but are very scarce.’!

In parallel to the studies on porphyrin self-assembly on surfaces, there have been many efforts to
modify the physicochemical properties of surface-confined porphyrin derivatives in situ by
macrocycle metalation.’>* However, self-metalation of porphyrins on gold surfaces has been
elusive, presumably because of the inertness of the substrate. Furthermore, no chemical
transformations of gold porphyrin derivatives on surfaces have been reported. The lack of studies
on these processes is surprising given the growing importance of gold porphyrins, which are
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strong electron acceptors that have applications as photoinduced photosensitizers and

catalysts,*® and are becoming increasingly relevant in chemotherapy and anti-HIV treatments.?”-
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Here we report a comprehensive study on the chemical transformations of the fluorinated free
base 5,10,15,20-Tetrakis(4-fluorophenyl)porphyrin, to be termed 2H-4FTPP, on Au(111)
induced by three sequential annealing steps (see Sketch 1). The free base porphyrin and its
chemical transformations were characterized by low-temperature scanning tunneling microscopy
(STM) and high-resolution non-contact atomic force microscopy (nc-AFM) with a CO tip,*!**?
complemented with theoretical calculations. 2H-4FTPP bears fluorine substituents on its
peripheral phenyl rings, giving it sufficient thermal stability to undergo sequential intramolecular
transformations (planarization and metalation) before participating in intermolecular coupling

via activation of its C-F and C-H bonds.* This enables stepwise thermal control of its reactivity

on Au(111) surfaces.

We show that despite its fluorination, the electronic properties and initial self-assembly behavior
of 2H-4FTPP are very similar to those of its non-fluorinated counterpart 2H-TPP when adsorbed
on Au(111) at room temperature. Upon annealing, 2H-4FTPP on Au(111) initially undergoes a
planarization process involving dehydrogenation and electrocyclic ring closure. The peripheral
fluorine substituents are preserved during this process that forms four distinct products, one of
which is much more abundant than the others. The resulting fluorinated planarized species
establish intermolecular C-H:--F-C interactions that cause their self-assembly into novel
porphyrin-based one-dimensional supramolecular wires. The second step of the annealing
process involves an unprecedented surface-assisted self-metalation of the planarized porphyrins
with gold. The third and final step of the annealing process is an on-surface coupling between
monomers, which is shown to occur via intermolecular C-C coupling between phenyl moieties
resulting from the thermal activation of the C-H and C-F bonds of the pendant phenyl rings. This

process forms oligomers incorporating both gold-metalated and metal-free porphyrins.



These results reveal new ways to control intra- and intermolecular chemical reactions on surfaces
and to characterize reaction products, expanding our ability to create tailored porphyrin

derivatives and nanoarchitectures on technologically relevant supports.

RESULTS AND DISCUSSION
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Chemical sketch 1. Thermal reaction pathways of 2H-4FTPP on Au(111) affording: (i) Planarization of the
molecular backbone via cyclodehydrogenation and electrocyclic ring closure, (ii) self-metalation with an

Au atom from the Au(111) surface, and (iii) terminal C-H and C-F activation.

Chemical sketch 1 shows the free-base porphyrin 2H-4FTPP, which was used as the molecular
precursor in this study. Importantly, this compound is functionalized with fluorine substituents
on its pendant phenyl rings. In wet chemistry, the high electronegativity and small atomic radius
of fluorine are exploited to modulate the electronic properties of macrocyclic ligands without
inducing large structural deformations. In this work, a fluorinated precursor was used to compare

the activation of C-H and C-F bonds, as discussed below.

The deposition of a submonolayer coverage (0.5 ML) of 2H-4FTPP species on Au(111) at room
temperature gives rise to spatially extended closed-packed islands (cf. Fig.1a), highlighting the
high mobility of the species (cf. Figure 1a). The high resolution image shown in Figure 1b

indicates that the self-assembled structure can be described by a rectangular unit cell (|a| = 14.4 +



0.5 A, |b| = 14.0 = 0.5 A, enclosing angle of the unit cell vectors f = 92 + 1°), which is very
similar to the structure formed by the analogous non-fluorinated compound 2H-TPP.!® 4 Each
molecule exhibits the characteristic two-fold symmetry resulting from the deformation of the
porphyrin macrocycle upon surface confinement.> The inner depression is assigned to the free-
base macrocycle, while the four terminal protrusions are attributed to the fluorinated aryl
moieties. The saddle-shaped deformation of the adsorbed porphyrins is clearly visible in the nc-

AFM and constant height images (cf. Figure 1c,d).
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Figure 1. Self-assembly and electronic structure of 2H-4FTPP species on Au(111). a) Long-range STM
image of the close-packed assembly. b) High resolution STM topography of the close-packed rectangular
nanoarchitecture, highlighting the unit cell (blue vectors) and intramolecular features. c) nc-aFM image
showing the non-planarity of the intact 2H-4FTPP species. d) Current map at constant height (feedback-
loop open) acquired simultaneously with image c). €) STS spectra recorded on the pristine Au(111)
substrate (yellow) and over one corner of an intact adsorbed 2H-4FTPP molecule (purple). The spectrum
of the adsorbed molecule features resonances at ca. -0.9 and 1.6 eV. Setting parameters for STS: l= 250
PA, Vb= -0.9 V, Vmoduaton = 10 mV, frequency= 773 Hz, integration time per point = 36 ms, sampling



energy= 3.0 meV. f) Topography (left) and associated di/dV maps at constant current (right) recorded at
the approximate energies of the two resonances. Setting parameters for dli/dV maps: |t = 180 pA,
Vmodulation= 10 mV, integration time per point = 10 ms. Image size: a) 30 x 17 nm?, b) 5.0 x 2.8 nm?, c-d)
7.0 x 3.9 nm?, f) 2.0 x 4.2 nm?. Tunneling parameters: a) Vb = 0.7 V, It=50 pA ; b) Vo = 0.7 V, lt= 500
pA; d) Vb =10 mV, Ri-1 GQ.

The electronic structure of the adsorbates was investigated by scanning tunneling spectroscopy,
which revealed two clear resonances at -0.9 and 1.6 eV (cf. Figure le). By comparison to the
STS spectra of other surface-confined tetrapyrrole derivatives, these resonances were assigned
unambiguously to the HOMO and LUMO of the species, revealing that the HOMO-LUMO gap
of 2H-4FTPP on Au(111) is around 2.5 eV. This value is consistent with that determined for 2H-
TPP on Au(111),'"® demonstrating that the fluorine substituents have little effect on the overall
electronic structure of the molecule. To visualize the spatial distribution of the frontier orbitals,
constant current dI/dV maps were acquired at the targeted bias voltages for the isolated species
(see Figure 1f, right-hand panels). The HOMO appears to have a bowtie shape while the LUMO
has a four-lobed flower shape, both of which are again consistent with observations of other free-

base porphyrins on Au(111).%

Annealing a submonolayer coverage of 2H-4FTPP (0.5 ML) on Au(111) at 500 K resulted in the
formation of one-dimensional supramolecular chains (cf. Figure 2a,b) that were stabilized by
intermolecular C-H---F-C interactions. Monomers could be displaced from these chains, creating
tailored architectures as shown in Figure SI1. Atomistic models indicated that the mean distance
between a fluorine atom and the nearest terminal hydrogen was 2.1 + 0.4 A.*® The STM images
suggested that the annealing process planarized the molecular precursors by inducing
dehydrogenation and electrocyclic ring closure of their aryl termini and macrocyclic pyrroles,

giving rise to four planarized porphyrin species (PPs) designated A, B, C and D; A was the major



product. The observation of a predominant species is consistent with DFT calculations, which

indicated that species A has the lowest total energy of the possible PPs (cf. Figure SI2).

The chemical structures and appearances of the four PPs products were determined by analogy to
similar PPs synthesized on silver surfaces?® 47 (cf. Figure 2¢). The occurrence of planarization
was unambiguously demonstrated by high-resolution STM and nc-AFM with a CO-tip, as shown
in Figures SI3, SI4, and 3. Annealing at temperatures slightly below 500 K allowed us to observe
various partially planarized intermediates in which one, two, or three phenyl units remained

unconverted and were observed to be out-of-plane by STM and nc-AFM (cf. Figures SI3 and

SI4).
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Figure 2. Planarization and self-assembly of porphyrin derivatives upon annealing of 2H-4FTPP on
Au(111). a) Long-range STM image showing the four distinct products, labelled A, B, C and D, forming a
1D supramolecular chain. b) Zoomed-in image of a supramolecular chain. c) Ball-and-stick models of the
planarized species showing their relative abundances (+ 1% error), with A representing the major
planarized species. d) STS spectra of the major species A; the red and blue stars in the inset image
indicate the points at which the spectra plotted in red and blue were acquired. Setting parameters for
STS: 1t=300 pA, Vb= -1V, Vmodulation = 10 mV, frequency = 773 Hz, integration time = 36 ms per point,
sampling energy= 2.0 meV. e) Zoomed-in topography of four monomers with the associated constant
current dl/dV maps recorded at approximately the energy of the resonances observed in d). Setting
parameters for dl/dV maps: lt= 500 pA, integration time= 12 ms, Vmodulation = 10 mV. Image size: a) 35 x
27 nm?, b) 6.0 x 4.7 nm?, e) 4.25 x 8.5 nm2. Tunneling parameters: a) Vo= 0.1 V, It= 50 pA; b) Vb =-0.7
V, lt= 120 pA.



Planarization profoundly affected the porphyrin derivatives’ electronic structures, changing both
the energies and the shapes of their frontier orbitals. Figure 2d shows the dI/dV spectra of the
planarized A-type species, revealing a HOMO peak at -0.75 eV and a LUMO peak at ca. 0.65
eV. These values correspond to an energy gap of approximately 1.4 eV, which is around 1 eV
lower than that for 2H-4FTPP. Notably, there is a shoulder peak at 0.85 eV. Constant current
dI/dV maps (cf. Figure 2e) were acquired to visualize the spatial distribution of the LDOS at the
approximate energies of the resonances. The HOMO peak at negative bias exhibited strongly
localized electronic states at the peripheral fluorophenyl units and at the center of the cavity,
whereas the LUMO was mostly located along the laterals of the long molecular axis. The
resonance at 0.85 eV was tentatively assigned to the LUMO+1, which had a distinctive

appearance with the charge density being located close to the protonated pyrrole moieties.

Figure 3 shows experimental nc-AFM images of a supramolecular chain consisting of four
planarized A-type molecules. These images and the DFT calculations of compound A confirm
the complete planarization of the annealed porphyrin derivatives, which together with DFT
simulations confirm the full geometrical planarization of the species. The region of C-F bonds at
the periphery of molecules features characteristic long rods for certain tip-sample distances (cf.
Figure 3a,b). In addition, DFT calculations of the total energy of compound A indicate that the
two tautomeric configurations of its inner protons are not energetically equivalent (cf. Figure
S12). Consequently, its tautomeric switching is quenched and these protons are fixed, explaining
the asymmetric contrast of the macrocycles seen in high-resolution nc-AFM images (cf. Figure

3¢).



To better understand these experimental observations, we performed simulations based on
selected AFM images using probe particle code. The excellent agreement between the
experimental images (see Figure 3a-c) and nc-AFM simulations of a 2H-4FPP species (see
Figure 3d,e) demonstrated the integrity of the C-F bonds (which are visualized as the previously
mentioned long rods) and the survival and fixed position of the pyrrolic protons, as shown in
Figure 3d. Both constant height high resolution nc-AFM images (Figure 3c) and constant
height/current topographs (cf. Figure 4) indicate the presence of a void in the center of the
macrocycle, so the faint protrusion observed in the dI/dV maps at -0.75 eV in Figure 2e is
assigned to an electronic feature of the planarized species rather than being indicative of

metalation.

nc-AFM

DFT Calculation AFM Simulation

Figure 3. Nature of the 2H-4FPP species on Au(111), revealing the integrity of the C-F bonds and survival
of pyrrolic protons. a) nc-AFM image of a one-dimensional supramolecular chain of species A showing
the retention of the fluorine atoms at the terminal positions of the peripheral aryl rings. b) High-resolution
nc-aFM image showing the different appearances of the C-F and C-H bonds. c) Appearance of the
macrocycle of the planarized species A. d) Side and top views of the relaxed model of species A after
optimization using DFT. e) Simulated nc-AFM image of a fluorinated A monomer, highlighting the C-F
bonds and the appearance of the asymmetric macrocycle. Image size: a) 4.5 x 2.7nm?, b) 1.1 x 2.2 nm?,
c) 1.0 x 1.0 nm2.

The first annealing step at 500 K thus planarized the fluorinated porphyrin precursor, but
preserved the integrity of the macrocycle and its C-F bonds. No products of intermolecular
Ullmann-type coupling reactions were observed, and the process yielded unprecedented

supramolecular chains of planarized porphyrin derivatives.
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A second annealing step at 575 K induced self-metalation in approximately 20% of the
planarized molecules within 30 minutes. Figures 4a-b show zoomed-in images of two planarized
macrocycles within a supramolecular chain. The left-hand macrocycle retains its pyrrolic protons
but the right-hand one has been self-metalated, resulting in the bright protrusion seen in the
constant current and constant height topographs. In addition, although the phenyl substituents are
elevated slightly above the rest of the molecular backbone, the macrocycle is clearly visible by
nc-AFM (cf. Figure 4c), enabling the observation of its pyrrole moieties. Notably, the metal-
organic links between the Au centers and the pyrrole moieties were visualized as unambiguous
dark lines. This revealed that the complexed Au centers were tetra-coordinated, as previously
shown for planar porphyrin species self-metalated with silver.!” DFT simulations confirmed the
planarity of the metalated species (cf. Figure 4d). The C-F bonds remained intact after this
second annealing step and could still be visualized as long rods on the periphery of the porphyrin
macrocycles. The on-surface synthesis of Au-4FPP was further supported by the very good
agreement between the experimental and simulated nc-AFM images (cf. Figure 4c,e). An
unprecedented self-metalation of porphyrins with gold that preserves the ligands’ planar
conformation was thus achieved by on-surface synthesis. Notably, the Au-4FPP species has an
estimated bandgap of ~1.75 eV (cf. Figure 4f), which is slightly greater (by ca. 0.35 eV) than

that for the non-metalated species.
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DFT Calculation AFM Simulation

Figure 4. On-surface self-metalation of 2H-4FPP on Au(111) by substrate annealing. a,b) Constant
current (a) and constant height (b) STM images of a supramolecular dimer in which the left-hand
macrocycle retains its inner protons but the right-hand macrocycle has been self-metalated with a gold
center and exhibits a bright protrusion in its inner cavity. c¢) Simultaneously acquired nc-AFM image of the
supramolecular dimer shown in a,b), revealing a bright protrusion in the macrocycle. d) Side and top view
of the structure of Au-4FPP on Au(111) obtained by DFT optimization. e) Simulated nc-AFM image of Au-
4FPP derivatives, highlighting the cross-like appearance of the macrocycle upon complexation with an Au
center. f) STS spectra of Au-4FPP, featuring strong resonances at -1.2eV and 0.65 eV. The spectra
plotted in yellow, green, and red were acquired at the positions indicated by the stars of the same color in
the inset image. Setting parameters for STS: k= 150 pA, Vb =-1.2 V, Vmoduiation = 10 mV, frequency= 773
Hz, integration time = 33 ms per point, sampling energy = 2.5 meV. Image size: a-c) 2.6 x 1.8 nm2.
Scanning parameters: a) Vo =10 mV, lt= 15 pA; b) Vb =10 mV and Rt~ 1 GQ.

A third annealing step at 625 K induced the activation of the porphyrins’ peripheral C-F and C-H
bonds. It is important to note that the competition between C-H and C-F bond activation at
fluorocarbons is complex. While the C-H bond is weaker than the C-F bond, the reaction of C-F
bonds at the metal surface is usually more exothermic than that of C-H bonds.* We did not
observe any chemoselectivity: C-F and C-H bonds of adjacent species were activated to similar
extents. The cleavage of C-F bonds can be followed by passivation with residual atomic
hydrogen, resulting in the formation of defluorinated planarized porphyrin monomers (PPs).

Alternatively, it may lead to the formation of planarized porphyrin oligomers via coupling
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between adjacent defluorinated C-F or dehydrogenated C-H moieties. Statistically, passivation

with hydrogen (~91%) is favored over intermolecular coupling (~9%).
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Figure 5. On-surface synthesis of porphyrin planarized monomers (PPs) upon annealing at 625K a submonolayer
coverage of 2H-4FTPP on Au(111). a) Model (top left), constant current STM topography image (center left), nc-
AFM image (bottom left), DFT simulation of the adsorption conformation (top and middle right), and nc-AFM
simulation (bottom right) of a metalated A-type planarized porphyrin (Au-PP). b) Model (top left), constant current
STM topography image (center left), nc-AFM image (bottom left), DFT simulation of the adsorption conformation
(top and center right), and nc-AFM simulation (bottom right) of a free-base A-type planarized porphyrin species
(Au-PP). c) Model (top), STM topography image (middle), and nc-AFM image (bottom) of metalated B-, C-, and D-
type planarized porphyrin species (Au-PPs). d) Model (top), STM topography image (middle), and nc-AFM image
(bottom) of B-, C-, and D-type free-base planarized porphyrin species (2H-PPs). Scale bars = 5 A.

Figure 5 shows chemical structures, high resolution scanning probe images, and DFT simulations
of selected isolated defluorinated planarized porphyrin monomers (PPs), including both self-
metalated (Au-PPs) species and the corresponding free bases (2H-PPs). The structures and
conformations of defluorinated species with A-, B-, C-, and D-type structures were revealed by
constant height nc-AFM microscopy and comparison to simulations. The imaging results were
entirely consistent with the output of the simulations, confirming the loss of fluorine. As
discussed above, the C-F bonds of 2H-4FPP are visualized as rod-like structures associated with
the pendant aryl moieties in nc-AFM images (cf. Figures 3 and SI5); these rod-like structures are
absent in the nc-AFM images of the products obtained after the third annealing step (cf. Figures
5 and SI5). Instead, all of the positions of the phenyl termini are similar in appearance,
suggesting that the radicals are passivated with residual hydrogen during annealing or cooling, as

is often observed in on-surface syntheses of nanomaterials.*®

Finally, Figure 6 presents high resolution scanning probe microscopy images revealing the
chemical structure of a covalent porphyrin dimer consisting of two metalated A-type planarized
porphyrin species. Importantly, the conformations of the porphyrin components in the dimer are
identical to those seen in individual monomers. Furthermore, high resolution scanning probe
microscopy unambiguously show that the oligomers are formed by single C(F)-C(F) (see Figure

6), C(H)-C(F), or C(H)-C(H) (see Figure SI6) couplings between adjacent phenyl moieties
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resulting from the release of terminal fluorine atoms and/or the activation of C-H bonds. The
defluorinated carbon centers that do not participate in intermolecular bond formation are
passivated by residual atomic hydrogen, as shown in Figure 6 and Figure SI6. The latter figure
shows a structure in which one C-F moiety appears to have been retained. The coupling reactions
thus exhibit no detectable chemoselectivity. This and the rest of the experimental results suggest
that the activation energies of the C-H and C-F bonds of the pendant aryl moieties are quite
similar. In addition, the metalation of the macrocycle by a gold adatom had no detectable effect

on its coupling reactions because both metalated and free base monomers appeared to undergo

coupling with equal facility.

Figure 6. On-surface synthesis of a porphyrin planarized dimer upon annealing at 625K a submonolayer coverage of
2H-4FTPP on Au(111). a,b) High resolution constant current STM topography and nc-AFM image of a dimer of two
self-metalated type A planarized porphyrin species. Inset: simultaneously acquired constant height STM image. c)
Zoomed-in nc-AFM image confirming the formation of a single C-C bond after annealing. d) Chemical sketch of the
resulting bond. Image size: a) 3.4 x 3.4 nm?; b) 3.0 x 3.4 nm?; ¢) 1.2 x 0.7 nm?. Scanning parameters: a) l= 15 pA,
Vp =-100 mV, b) Inset: Vi, =10 mV and R;~ 1 GQ.
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CONCLUSION

We have demonstrated a strategy for the controlled in situ thermal synthesis of complex
porphyrin nanoarchitectures from molecular precursors via on-surface processes, which are
difficult to be synthesized via standard solution chemistry. This demonstrates the potential of on-
surface chemistry to prepare novel chemical compounds with interesting material properties. The
intermediates and final products were characterized by high-resolution nc-AFM imaging with a
CO-tip, enabling unambiguous determination of their chemical composition. The deposition of
2H-4FTPP on Au(111) resulted in the formation of close-packed islands whose topography and
electronic structure were similar to those of non-fluorinated 2H-TPP on Au(111). An initial
annealing step at 500 K induced the intramolecular planarization of the deposited precursor to
form 4F-TPP on Au(111) via ring-closing reactions between the four pendant phenyl moieties
and the macrocycle. This process forms four distinct planar monomers, with the type A monomer
predominating. During this process, the activation of C-H bonds at beta and meso positions to
afford dehydrogenation and ring closure occurs in preference to C-F defluorination. Remarkably,
the use of a fluorinated precursor results in the formation of unprecedented supramolecular
chains stabilized by intermolecular CH:--FC links. The second annealing step at 575 K affords
metalation of the inner macrocycle, and thus the on-surface formation of the long-sought self-
metalated gold porphyrins. A final annealing step at 625 K induced defluorination and C-H
activation in the pendant aryl moieties, leading to intermolecular coupling reactions that form
planarized porphyrin oligomers in which adjacent porphyrin units are linked by C-C single
bonds. These oligomers coexist with monomeric planarized porphyrin species. Importantly, the

initial planar conformation of the monomers is preserved in the covalently linked oligomers.
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These results show that the chemical reactions of surface-confined porphyrins can be controlled
by using porphyrin precursors with appropriate molecular designs, and that it is possible to
selectively trigger stepwise intra- or inter-molecular reactions by manipulating the annealing
temperature. Such on-surface syntheses can enable the creation of unprecedented structures and
oligomers, as demonstrated here for gold porphyrin nanoarchitectures. We anticipate that these

findings will further the development of the emerging field of on-surface synthesis.
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EXPERIMENTAL SECTION

Experiments were performed in a two independent custom designed ultra-high vacuum systems
that host a low-temperature Omicron and a Createc scanning tunneling microscope, respectively,
where the base pressure was below 5x1071° mbar. All STM images were acquired in constant-
current mode with electrochemically etched tungsten tips, applying a bias (Vyp) to the sample at a
temperature of ~4 K. The Au(111) substrate was prepared by standard cycles of Ar+ sputtering
(800 eV) and subsequent annealing at 723 K for 10 minutes. 2H-4FTPP was purchased from
Sigma Aldrich and was deposited by organic molecular-beam epitaxy (OMBE) from a quartz
crucible maintained at 373 K onto a clean Au(111) at room temperature. The samples were then
transferred to the STM stage, which was maintained at 4 K. In AFM imaging, a metal tip
mounted on a gplus sensor (resonant frequency =~ 30 kHz; stiffness ~ 1800 N/m) was oscillated
with a constant amplitude of 50 pm. The tip apex was functionalized with a CO-molecule, and all

images were captured in constant height mode.

DFT AND AFM SIMULATIONS

We employed Density Functional Theory calculations using the FHI-AIMS code® to different
porphyrin derivatives with the Au(111) surface. A model 6x6 supercell, composed of three Au
layers was used to represent the Au(111) surface. The single molecule was placed on the surface
according to the experimental findings. All the atoms of the slab, except the two bottom Au
layers, were allowed to relax until the remaining atomic forces and the total energy were below
102 eV/A and 103 eV respectively. A Monkhorst-Pack grid of 1x1x1 was used for the

integration in the Brillouin zone. All the geometry optimizations were performed at the GGA-
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PBE® level including the Tkatchenko-Scheffler treatment of the van der Waals interactions.’!

The scaled 0"-order regular approximation®? was applied to consider the relativistic effects.

The AFM images were calculated with Probe Particle code.’*>* We used the following
parameters of the flex- ible probe-particle tip model: the effective lateral stiffness k = 0.24 N/m

and effective atomic radius R¢ = 1.661 A. The electrostatic interaction between the molecule and

the probe particle was calculated using surface Hartree potential obtained from fully optimized

DFT calculations and a quadrupole-like charge distribution at the tip apex to simulate the CO-tip

(quadrupole charge of -0.05 x0.712 (3><A2).55
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