On-Surface Synthesis of Polyene Linked Porphyrin Cooligomer
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Abstract
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]π-conjugated molecules are viewed as fundamental components in forthcoming molecular nanoelectronics, in which semiconducting functional units are linked to each other via metallic molecular wires. However, it is still challenging to construct such block cooligomers on surface. Here, we present a synthesis of [18]-polyene linked Zn-porphyrin cooligomers via two-step reaction of the alkyl groups on Cu(111) and Cu(110). Nonyl groups (-C9H19) substituted at the 5,15-meso positions of Zn-porphyrin were first transformed to alkenyl groups (-C9H10) by dehydrogenation. Subsequently, homocoupling of the terminal -CH2 groups resulted in the formation of extended [18]-polyene linked porphyrin cooligomers. The structures of products at each reaction step were investigated by bond-resolved scanning tunneling microscopy at low temperature. A combination of angle-resolved photoemission spectroscopy and density functional theory calculations revealed the metallic property of the all trans [18]-polyene linker on Cu(110). This finding may provide an approach to fabricate complex nano-carbon structures on surface.
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π-conjugated molecules have attracted tremendous attention in the past decades due to the remarkable potential for application in molecular electronic devices1,2. The delocalized valence electrons in molecules lead to tunable semiconducting properties3-5. To this end, a number of complex and large π-conjugated systems have been synthesized by coupling small molecules in solution6,7. Since the solubility of products decreases with increasing the molecular mass, the alkyl groups are often introduced to each monomer6-8. However, to obtain sufficient solubility, the insulating alkyl groups usually take a major part of the products, which may deteriorate the electronic property and reduce thermal stability.
On-surface synthesis became an alternative approach for bottom-up fabrication of large π-conjugated systems with atomically defined structures. In this reaction, small precursor molecules are sublimed on surfaces in vacuum, and subsequently linked with each other by annealing9,10. So far, various nanomaterials, such as nanographenes11,12, graphene nanoribbons13-19, their hetero-structures20-24, and covalent organic frameworks25-27, have been successfully synthesized mainly by Ullmann-type coupling10,28,29 and/or cyclization11-13. In order to increase the variety of products, several on-surface reactions have also been developed, such as Glaser-type coupling30-32, Sonogashira-type coupling33-35, Bergman-type reaction36,37and dehydrogenative coupling38-40. To facilitate the use of such products in the forthcoming electronic devices, it is of importance to conjugate conductive molecular wires (e.g. polyynic carbyne chain and polyacetylene) and functional units (e.g. fullerene and porphyrin) in a controlled way. However, such synthesis has remained challenging41,42. 
[bookmark: _Hlk160720567]Here, we present on-surface synthesis of [18]-polyene linked Zn-porphyrin cooligomers as large π-conjugated molecular system. The nonyl groups (n-C9H19) substituted at the 5,15-meso positions of Zn-porphyrin were first transformed to alkenyl groups (n-C9H10) by dehydrogenation on Cu(111) and Cu(110). Subsequent homocoupling between the terminal -CH2 groups resulted in formation of [18]-polyene linked Zn-porphyrin oligomers. The structures of the products after each reaction step were identified by bond-resolved scanning tunneling microscopy (STM) at 4.3 K. Density functional theory (DFT) calculations indicate that aromatic characters of Zn-porphyrin core were changed by dehydrogenation of the nonyl groups. Furthermore, a combination of angle-resolved photoemission spectroscopy (ARPES) and the DFT calculations revealed the metallic property of all trans [18]-polyene in the porphyrin cooligomer caused by strong interactions with Cu substrates.

Results and discussions
[bookmark: OLE_LINK3][bookmark: OLE_LINK6][bookmark: OLE_LINK2][bookmark: OLE_LINK1][bookmark: _Hlk160724257]5,15-Dinonylporphyrinatozinc(II) (1), in which Zn-porphyrin core has two nonyl (C9H19) groups at the 5,15-meso positions, was employed as a precursor (Scheme 1). Zn-porphyrin and its derivatives are one of the important compounds for catalysis43, solar cells44, and optoelectronic devices45. In addition, in contrast to the free-base porphyrin, the Zn center pulls pyrrole subunits inward, increasing the rigidity of the porphyrin core. The relatively flat adsorption geometry on surface would reduce the diffusion barrier46, which may help for increase of the reaction yield. The nonyl groups (n-C9H19) transform into polyene groups (-C9H10) via dehydrogenation40,47 by annealing on Cu(111) and Cu(110) at 100 °C and 150 °C, respectively, yielding Zn-porphyrin with alkenyl (n-C9H10) groups 2. The intermolecular C-C coupling at the termini of the alkenyl groups is further caused at higher temperature, leading to the formation of [18]-polyene linked Zn-porphyrin oligomers 3. Unlike a sequential reaction of unit by unit to synthesis cooligomers48, this method produces the cooligomers with well-defined alternating unit structures.

[image: ]
Scheme 1. Reaction process towards the formation of long cooligomers composed of Zn-porphyrin core and [18]-polyene linker on Cu(111) and Cu(110) surfaces.


[bookmark: _Hlk162268251][bookmark: _Hlk151670986]We first deposited molecule 1 on Cu(111) held at room temperature under ultra-high vacuum condition and found formation of one-dimensional self-assemblies (Figure 1a). On close inspection, two types of structures were identified in the STM topographies. Type I was composed of alternating corrugated and dark square units with a periodic distance of 2.20 nm as indicated by yellow and blue arrows in Figure 1b, respectively. In order to resolve the inner structures, the tip apex was terminated by a CO molecule49,50 and scanned over the molecule at a constant height while recording the differential conductance dI/dV signal (Figure 1c). We found that the corrugated parts in the topography correspond to the alkyl groups, which are condensed to each other. Between the alkyl groups, four-fold symmetric Zn-porphyrin cores and even the pyrrole subunits were seen (Figure 1c). We found that the periodic distance of Type II (1.93 nm) is smaller than that of Type I (Figure 1d). Because the alkyl groups in Type II were extended to out of the longitudinal axis of one-dimensional structure, the porphyrin cores located closer to each other. The corresponding constant height dI/dV map shows that the length of the alkyl-alkyl contact of Type II was shorter than that of Type I (Figure 1e), indicating presence of a weaker van der Waals interaction. Since the statistical analysis over 144 linkers shows the ratio of Type I to Type II to be approximately 4:1, Type I is more stable than Type II. These self-assembled structures can be separated through tip manipulation (Figure S1). To gain a deeper insight to the structure, we conducted DFT calculation to obtain optimized geometries of the molecules on Cu(111). The initial configurations of the alkyl chains were derived from experimental STM images. Subsequent molecular dynamics (MD) simulations and DFT geometry optimizations of Type I and Type II yielded relaxed structures as shown in Figures 1f and 1g, respectively. The top views show that the terminus of the alkyl chains in Type II contact the porphyrin core, leading to a shorter periodic lattice spacing (1.99 nm) compared to Type I (2.22 nm). Additionally, the side views show that alkyl chains in both Type I and Type II protrude noticeably from the Cu(111) surface compared to the porphyrin core, resulting in distinct bright features in the constant height dI/dV maps (Figure 1c and 1e). Furthermore, we occasionally found individual 1 on Cu(111) (Figure S2). The alkyl chain exhibits a higher apparent height than the Zn-porphyrin core, which is further supported by the DFT calculations. (Figure S2). Note that the CO molecules tend to adsorb at the center of Zn-porphyrin core as indicated by arrows in Figure 1a (Figure S3).
[image: ]
[bookmark: _Hlk151671107]Figure 1. Self-assembly of Zn-porphyrin molecules on Cu(111). (a) STM topography of as-deposited 1 kept at room temperature. (b) Close-up view of Type I and (c) the corresponding constant height dI/dV map with a CO-tip. (d) Close-up view of Type II and (e) the corresponding dI/dV map. (f)(g) DFT-optimized self-assembled structures: (f)Type I and (g) Type II. Measurement parameters: Sample bias voltage V = 200 mV and tunneling current I = 2 pA in (a), V = 100 mV and I = 20 pA in (b), (d). STM characterization at 4.3 K.

[bookmark: _Hlk153127093][bookmark: _Hlk153127941][bookmark: _Hlk153127975][bookmark: _Hlk153128195]Annealing at 100 °C for 5 min induced drastic changes of the molecular structures on surface. While the one-dimensional self-assembled structure disappeared, individual molecules with both straight and bent chains appeared as indicated by blue and red arrows, respectively (Figure 2a). We took a close-up view of the individual molecule indicated by a rectangle at the bottom of Figure 2a. Instead of the flexible alkyl groups, the straight chains were connected to the 5,15-meso positions of the porphyrin core (Figure 2b). Moreover, their longitudinal axes were offset against each other. Such observation suggests that the nonyl (n-C9H19) groups were transformed during the annealing process. The bond-resolved dI/dV map taken in a constant height mode (Figure 2c) and the corresponding Laplace filtered image (Figure 2d) provide detailed structural information. We found that the contrast of the straight chain is in good agreement with that in the previous report of on-surface [n]-polyene formation via dehydrogenation40. Thus, the nonyl groups connected to the porphyrin core were transformed into the alkenyl (n-C9H10) groups (Figure 2e), that is product 2. The alkenyl group exhibits a lower apparent height than alkyl group, which was also confirmed by the DFT-optimized structures (Figure S2). The straight chain corresponds to all trans alkenyl group while the kink site arises from the cis isomer segment (Figure 2a and Figure S4). We also found bright dots at the termini of the chain as indicated by white arrows in Figure 2a. The corresponding constant height dI/dV map shows that the terminal methyl group still existed (Figure S5). This observation suggests that cascade dehydrogenation of the nonyl groups started at the α-methylene side (presumably with the aid of radical stabilizing nature of porphyrins)51. Besides the monomer as the main product, we found syntheses of dimers and short oligomers (Figure S6). Apparently, such oligomerization was caused by intermolecular C(sp2)-C(sp2) homocoupling between the termini of the alkenyl groups.
[bookmark: _Hlk151497458]We attempted to promote the homocoupling by annealing at a higher temperature of 150 °C. The product indeed became longer, yet many kinks also appeared instead of desired straight oligomers (Figure 2f). The constant height dI/dV map taken with a CO terminated tip (Figure 2g) revealed the inner structure of the bent oligomer segment (inset of Figure 2f). The corresponding Laplace filtered image at the bottom-right in Figure 2h shows that the linker has four cis segments as indicated by arrows in the top-left of Figure 2h. Among them, cis-1, -2, and -3 result from a double bond formation via thermal trans-cis isomerism (Figure 2h). In contrast, cis-4 arises from a single bond with the cis configurations.
[image: ]
Figure 2. Dehydrogenative polyene synthesis. (a) Large-scale STM topography of Cu(111) with molecules after heating at 100 °C for 5 min. (b) Close-up view of a single molecule, (c) the corresponding constant-height dI/dV map, and (d) Laplace filtered image as well as (e) the chemical structure. (f) STM topography of Cu(111) after annealing at 150 °C for 5 min. Inset shows the close-up view of the oligomer segment and (g) the corresponding constant-height dI/dV map. (h) Top left: the corresponding chemical structure. Bottom right: Laplace filtered image of (g). Measurement parameters: Sample bias voltage V = 200 mV and tunneling current I = 5 pA in (a), V = 100 mV and I = 10 pA in (b), V = 50 mV and I = 10 pA in (f). STM characterization at 4.3 K.

[bookmark: _Hlk163662487][bookmark: _Hlk157027927][bookmark: _Hlk157000943][bookmark: _Hlk161319525]Interestingly, we found that the contrast of Zn-porphyrin core in the dI/dV map was significantly changed by the formation of the nonyl group. Such a variation can be seen in the bond-resolved images of 1 and 2 (Figures 3a and 3b, Figure S7). The Zn-porphyrin 1 core was composed of bright pyrrole rings at the corners and a cross with the rectangle core at the center (Figure 3a). In contrast, the Zn-porphyrin core of 2 was composed of nine small blocks, in which the pyrrole ring is smaller than that in 1 while the zinc core remarkably broadened as a square (Figure 3b). We assume that bond orders in the Zn-porphyrin core were rearranged by the reaction, resulting in modification of the planarity in the core. In addition, porphyrin has a macrocyclic ring with 18 π-electrons, which is aromatic according to the Hückel theory52 and can affect the on-surface reactions53,54. In contrast, the substitution of the alkenyl group results in the transformation of the C1-C2 and C3-C4 bonds in the Zn-porphyrin core into single bonds (Figure 3c). This transformation may lead to the formation of the so-called quinoidal porphyrin, which is known as a non-aromatic unit due to lack of the π-conjugated cycle ring, as reported in previous literature55-57. The direct measurement of the bond length was challenging due to the limited resolution on the dI/dV maps, which may result from the slightly corrugated porphyrin cores. To gain a deeper insight, we obtained the nucleus independent chemical shift (NICS) values of 1 and 2 with the DFT method. Since the NICS values were evaluated at 1 Å above the porphyrin plane, these are denoted as NICS(1). The calculated NICS(1) values at the Zn-porphyrin core for 1 were more negative, indicating high aromaticity of this part (Figure 3d). In contrast, the NICS(1) values of 2 were closer to zero, especially in small rings 5,6,7 and 8 containing zinc ion (Figure 3e). These calculations reveal the significant reduction of the aromaticity by the dehydrogenation from 1 to 2. We further conducted DFT calculations and analyzed the bond lengths of 2 adsorbed on Cu(111) (Figure S8). We observed that the C-C bond length of the alkenyl group closest to the porphyrin core is shorter than a typical single bond (~1.5 Å) but longer than a double bond (~1.3 Å), suggesting a bond order of approximately 1.5. This bond order may result from a resonating structure between quinoidal and diradical porphyrin cores.
[image: ]
Figure 3. (a) Constant height dI/dV maps of Zn-porphyrin cores of 1 and (b) 2 taken with a CO-tip. (c) Chemical structures of 1 and 2. (d)(e) DFT calculated NICS(1) values of Zn-porphyrin core of (d) 1 and (e) 2.

[bookmark: _Hlk153128319][bookmark: _Hlk151472633][bookmark: _Hlk151739330]It is known that the trans polyacetylene has a higher electric conductivity than the cis one58,59. Thus, extended all trans [18]-polyene linked Zn-porphyrin cooligomer can be regarded as an alternative metallic and semiconductive one-dimensional chain. In order to obtain the long oligomer, we first increased the coverage of molecules 1 on Cu(111), but found the synthesis of disordered structures after annealing (Figure S9). We deduced that the three-fold symmetric substrate was not suitable for the synthesis of one-dimensional structure. Therefore, we switched the substrate to Cu(110) since the rows of the surface lattice running along the [1 −1 0] direction can align adsorbed molecules (Inset of Figure 4a)60. Indeed, 1 deposited on the clean substrate kept at room temperature adsorbed on the surface along [1 −1 0] and [0 0 1] directions (Figure 4a). The porphyrin core is adsorbed at a given atomic site of the corrugated Cu(110) surface while keeping a certain freedom of the geometry of alkyl chains. Since the alkyl-alkyl chain interaction was not strong enough to reposition the porphyrin core, no ordered self-assembled structure was seen. Since the flexibility of the chain remained unchanged as forming the cis- and trans co-existing structures (“R” and “S” types), the molecule should be intact. We found that the alkyl groups of molecules transformed into straight structures after annealing at 150 °C for 5 min (Figure 4b). A close-up view shows a single straight molecule (Figure 4c), whose shape is the same as that of porphyrin with two alkenyl groups on Cu(111) (Figure 2b). The bond-resolved dI/dV map and the corresponding Laplace filtered image confirmed the synthesis of product 2 (Figure 4d-f). Since no other structure was observed, the reaction yield of dehydrogenation of the nonyl group on Cu(110) was close to 100 %, much higher than that on Cu(111). After annealing at 200 °C for 10 min, longer oligomers formed, yet accompanying with undesired cis isomers in the polyene groups (Figure 4g). We deduced that the low coverage of precursor molecules allowed the porphyrin cores to diffuse in any direction during annealing, which is responsible for the formation of the cis isomers. We then formed one monolayer of 1 on Cu(110) kept at room temperature, subsequently annealed the substrate at 180 °C for 30 min. The large-scale STM topography shows the synthesis of extended oligomers, which were almost perfectly aligned along the [1 −1 0] direction (Figure 4h). Therefore, high coverage of molecules effectively prevents trans-cis isomerism, which can be seen in the statistical analysis of the product length (Figure S10). Note that a small number of defects and kinks correspond to the trans structures in polyene chains. We found a hexamer whose length was approximately 19.3 nm (Figure 4i). The corresponding bond-resolved STM image was shown in Figure 4j and chemical structure was exhibited in Figure 4k. These results demonstrate the synthesis of target product 3. We further performed DFT geometry optimization of 3 on Cu(110), utilizing a periodic Zn-porphyrin trimer as the model. Subsequently, we analyzed the C-C bond lengths of the polyene chain segment (Figure S11). At the middle of the chain, alternating single and double bonds exist. Such repeat modulation of the bond length disappears once with increasing the distance from the middle of polyene and appears again at the termini connected to the porphyrin core. Since the C2-C3 and C18-C19 bonds are significantly shorter, the double-bond character in these bonds can be reasonably assigned, in consistent with the periodicity of the single-double bonds in the middle of the polyene. These observations indicate the synthesis of [18]-polyene unit instead of [20]-polyene unit.


[image: ]
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: _Hlk151672249]Figure 4. On-surface synthesis of 3 on Cu(110). (a) STM topography of as-deposited 1 on Cu(110) kept at room temperature. Inset shows the Cu(110) surface with atomic resolution, scale: 3 nm × 3 nm. (b) STM topography of the surface with a low coverage of molecules after annealing at 150 °C for 5 min. (c) Close-up view of a single molecule, (d) the corresponding constant-height dI/dV map, and (e) Laplace filtered image as well as (f) the chemical structure. (g) STM topography of the surface after annealing at 200 °C for 10 min. (h) Large STM topography of the surface with a high coverage (~1 ML) of molecules after annealing at 180 °C for 30 min. (i) STM topography of a long hexamer on surface. (j) Constant height dI/dV map of the hexamer, and (k) the corresponding chemical structure. Measurement parameters: V = 100 mV and I = 50 pA in (a), V = 100 mV and I = 20 pA in (b), V = 200 mV and I = 10 pA in (c), V = 50 mV and I = 50 pA in (g), V = 10 mV and I = 100 pA in (h), V = 6 mV and I = 50 pA in (i). STM characterization at 4.3 K.

[bookmark: _Hlk157029733]In order to investigate the electronic properties of 3 on Cu(110), we performed scanning tunneling spectroscopy (STS) measurements (Figure S12), and found no significant feature, which may relate to the strong interaction between the molecules and the copper substrate. Thus, the angle-resolved photoelectron spectroscopy (ARPES) measurements were conducted at 80 K. Figures 5a and 5d show the Fermi surfaces of a clean Cu(110) surface as a reference and the Cu(110) surface that is almost fully covered with 3, respectively. The surface covered with 3 was prepared by the same method as that used for Figure 4h, meaning that only a small number of defects, which will not affect the ARPES results, were present on the sample. Figures 5b and 5e show the ARPES images of the two surfaces along  at  and Figures 5c and 5f are those along  at . Note that the yellow dotted lines in Figure 5 indicate artifactual signals, resulting from the He I line of the light source (The energy of the He I line is 1.87 eV higher than the most intense He I line, and the relative intensity of the He I line and He I line is 100:1.5). Despite the unchanged Fermi surface and band dispersion of the metallic band of Cu(110) upon molecule adsorption, the two metallic bands observed in Figures 5d-f would correspond to the [18]-polyene moieties in 3. The dispersions of these two electronic bands are similar to those of longer trans-polyene40,61, in which a strong interaction between polyene and Cu surfaces induces charge transfer, leading to semiconductor-to-metal transformation. Therefore, [18]-polyene unit can be regarded as a conductive wire with electrons doping by underlying substrates.

[image: 時計 が含まれている画像
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Figure 5. (a) Fermi surface and (b) band dispersion measured along  at  and (c) at  of a clean Cu(110) surface. (d) Fermi surface and (e) band dispersions at  and (f)  of 3 adsorbed on Cu(110). The red dashed lines indicate the metallic bands of the molecular arrays.

[bookmark: _Hlk157076750][bookmark: _Hlk157076778][bookmark: _Hlk157076793]To get a deeper insight into the electronic structure, especially the metallic property of 3 on Cu substrate, the DFT calculations were carried out. The periodically repeated structure of 1 and 2 monomers adsorbed on Cu(110) were optimized. Figures 6a and 6b show the calculated charge density near the Fermi level (−1 to 1 eV) of 1 and 2, respectively. Note that the [18]-polyene linked Zn porphyrin core 3 corresponds to 2, while Zn porphyrin core is linked by the nonyl group in 1. The higher charge density in the linkage part of 2 indicates the higher electron density in the polyene part of 2, while there is minimal electron density in 1. Figures 6c and 6d show the localized density of states (LDOS) of C atoms in 1 and 2, respectively. The higher DOS value near the Fermi level (indicated by the dashed rectangles) is observed when the Zn porphyrin core is linked by polyene, while the DOS values are close to zero for the nonyl group linkage. These DOSs are consistent both with the charge density plot and with the ARPES experimental results, which indicate the metallic character of 3 caused by strong interaction with Cu substrates. Furthermore, the DOSs of the dimers and trimers of 1 and 2 are examined (Figure S13). The calculated DOSs are similar to those of monomer (i.e. Figure 6c and 6d), thus the above discussions should be held even when larger models are used. Thus, the DFT-calculated electronic states support the fact that the [18]-polyene linkage adsorbed on Cu(110) can lead to metallic character.
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Figure 6. (a) Charge density plots of Zn-porphyrin core linked by -C9H19 and (b) -C9H10. The charge densities were limited in energy range of −1 to 1 eV, relative to the Fermi level. The yellow part shows the positive charge density component. The LDOSs corresponding to (a) and (b) were shown in (c) and (d), respectively (relative to the Fermi level). The DOSs of alkyl and alkenyl chain carbon atoms are shown. The boxes with broken lines show the region near the Fermi level.




Conclusions
[bookmark: _Hlk163663223][bookmark: _Hlk157076820]We demonstrated a synthesis of block cooligomers composed of alternating Zn-porphyrin core and [18]-polyene linker on Cu(111) and Cu(110). Alkyl (-C9H19) groups substituted to the 5,15-meso positions of Zn-porphyrin first transformed into conjugated polyene (-C9H10) groups and subsequent terminal homocoupling led to the extended [18]-polyene bridged Zn-porphyrin oligomers. Bond-resolved STM revealed the inner structures of the molecule, which was all-conjugated. DFT calculations indicate the reduction of aromatic properties of Zn-porphyrin core after dehydrogenation. All trans [18]-polyene groups are metallic molecular wires between Zn-porphyrin cores due to electrons doping by Cu substrates. This method may provide a well guidance for designing more complex large molecules and novel nanostructures.

Methods
STM experiments: All experiments were performed with home-made low temperature scanning tunneling microscopy (STM) operating at 4.3 K under ultrahigh vacuum condition (< 2 × 10-10 mbar). Clean single crystal Cu(111) and Cu(110) substrates were prepared through cyclic sputtering (Ar+, 10 min) and annealing (720 K, 15 min). The temperature of the sample was measured by a thermocouple and a pyrometer. 5,15-Dinonylporphyrinatozinc molecules were deposited from a Knudsen cell (Kentax GmbH). A STM tip was made from the chemically etched tungsten. For constant height dI/dV imaging, the tip apex was terminated by a CO molecule by picking up from the surface62. The sample bias voltage was set close to zero voltage. The modulation amplitude was 7 mVrms and the frequency was 510 Hz.

ARPES experiments: The high-resolution ARPES measurements were performed in an ultra-high vacuum chamber under a base pressure of  mbar. Photoelectrons excited by a p-polarized light (He I line;  eV) were collected by a hemispherical photoelectron analyzer (R4000, Scienta Omicron). The energy and momentum resolutions were set to 6.25 meV and less than 1% of the Brillouin zone. The sample was kept at 80 K during the measurement.

Theoretical canulations: The slab model was used to represent the Zn-porphyrin derivatives adsorbed on Cu(111) or Cu(110) surfaces. The Cu surfaces were constructed by repeating the unit cell by 12×6×3 for x, y, and z directions, respectively. This results in the Cu surface with 270 and 288 Cu atoms for (111) and (110) surfaces. The lattice constant was set to 3.61 Å. The vacuum region of ~15 Å was placed between slabs, to remove the artificial interaction between slabs. The dipole correction was also added for this purpose. In the DFT calculations, projector augmented-wave (PAW) method was used to represent the core electrons while the plane wave basis set was used to expand the valence electrons up to energy cutoff of 400 eV63. Perdew-Burke-Ernzefhof (PBE) functional plus van der Waals interaction (DFT-D3 with Becke-Johnson damping function) was used for the exchange-correlation functional64,65. Gaussian broadening with 𝜎 = 0.1 was used for smearing the electron occupancy near the Fermi level. The convergence thresholds of 1.0×10−5 eV and 0.05 eV/Å for the self-consistent-field calculation and geometry optimization, respectively. The reciprocal lattice space integration was done numerical with the k-points; two levels of k-points were used, 1×1×1 for molecular dynamics (MD) and geometry optimization calculation, and 4×2×1 was used when calculating the charge density and the DOS. Before optimizing geometry, the MD simulation with NVT ensemble was performed to alleviate the dependence of the initially set geometry. The MD calculations were performed at least 2.0 ps with 1 fs time step. The temperature was set to 200 K, and Berendsen thermostat was used to control the temperature. After the MD calculation, the geometry optimization was carried out. The NICS values were calculated to analyze the aromaticity of the Zn-porphyrin derivatives. These calculations were performed with Gaussian16 software66. The geometries were taken from the optimized geometry of the Zn-porphyrin derivatives adsorbed on Cu(111), while the Cu(111) parts were omitted in the NICS calculations. The PBE0 functional and aug-cc-pVDZ basis set were used. The NICS probes were placed 1 Å above the porphyrin ring, often denoted as NICS(1). All the calculations except for the NICS were performed by Vienna ab initio simulation package (VASP) version 5.467.

Synthesis of molecule: 5,15-Dinonylporphyrinatozinc (1)
5,15-Dinonylporphyrinatozinc (1) was synthesized by acid-catalyzed condensation reaction of bis(2-pyrrolyl)methane with decanal followed by addition of DDQ, and subsequent Zn insertion according to the previously reported method68.
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