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Abstract

Porphyrin polymers merge the photophysical, electrochemical, sensory and catalytic proper-
ties of porphyrins with the processability and robustness of polymeric materials, offering ver-
satile and synergetic platforms for optoelectronics and catalysis. Here we report an on-surface
strategy for the atomically precise polymerization of porphyrins via regioselective indenyl cou-
pling. Deposition of an indenyl-functionalized porphyrin on Au(111) and sequential annealing
drives a stepwise transformation: cyclodehydrogenation at 100 °C planarizes the precursor
into TT-extended porphyrins, while annealing above 125 °C triggers carbon—carbon homocou-
pling through five-membered moieties, forming short oligomers. Heating to 150 °C promotes
chain growth into one-dimensional polymers with a 1.1 eV bandgap and extended 1 delocali-
zation, alongside a minor fraction of cyclic trimers featuring a 1.1 eV HOMO-LUMO gap with
both local and global aromaticity. The methodology also proceeds for Co-metallated precur-
sors, confirming that indenyl coupling is also compatible for metalloporphyrins, establishing a
general route to design t-extended porphyrin polymers.



Porphyrins constitute a versatile family of macrocyclic molecules that play a central role in both
natural processes and technological applications. Their electronic structure can be precisely
modified, making them valuable across disciplines from renewable energy research to medical
diagnostics. The unique combination of light-absorbing capabilities, metal-binding characteris-
tics, and molecular recognition properties positions these compounds as candidates for cata-
lyst development and chemical sensing platforms.’ Biologically, porphyrin-based structures
are indispensable since the heme group enables oxygen delivery and electron transfer in nu-
merous proteins,?2 while chlorophyll molecules capture solar energy to power photosynthesis
in plants.®>4 On the technological front, their capacity to absorb and emit visible light has
sparked interest in optoelectronic devices, including solar cells, organic electronic materials,
and LED technologies.>® Their discriminating binding behavior also makes them attractive for
sensor applications targeting specific gases, metal ions, and biological markers.” Beyond sens-
ing, porphyrins serve as biomimetic catalysts that replicate enzymatic functions in chemical
transformations.®® Recent investigations further highlight their potential contributions to next-
generation energy storage technologies, encompassing advanced battery designs and fuel cell
systems.°

Building on this versatile foundation, porphyrin polymers represent a fascinating class of mac-
romolecular materials that bridge the gap between biological systems and synthetic chemistry.
The resulting materials combine the unique properties of porphyrins with the processability of
polymers, creating opportunities for applications ranging from organic electronics to catalysis
and photodynamic therapy.'"-'* To fully realize this potential, the exploration of novel synthetic
strategies to access unique polymeric architectures is essential.

Over the past two decades, the development of on-surface covalent synthesis has established
a new paradigm in chemistry. Conducted under ultra-high vacuum (UHV), this strategy uses
surfaces to drive covalent reactions’®>?? and enables direct, atomic-scale imaging of the prod-
ucts.? It has proven powerful for synthesizing structures that are challenging for solution-phase
chemistry, yielding a growing array of unique materials including nanographenes, one-dimen-
sional wires, nanoribbons, and two-dimensional covalent organic frameworks,'%-?? although
typically relying on Ullmann coupling,®**® which involves undesirable halogen byproducts on
the surface.

In particular, recognizing the significance of porphyrins, the surface science community, as-
sisted by scanning probe microscopy, has focused on studies of their adsorption, confor-
mation, self-assembly, metalation of their inner cavity and on-surface reactivity.?’-*° Despite
this extensive investigation into their surface properties, the polymerization chemistry for cre-
ating porphyrin polymers remains underdeveloped and limited to very few on-surface chemical
reactions_32,35,37,38,41—48

In this manuscript, we introduce a pioneering on-surface synthesis protocol to homocouple
porphine derivatives into covalent zero-dimensional (OD) cyclic trimers and one-dimensional
(1D) linear polymers via the recently established regioselective indenyl coupling (see Figure
1a)*. To this end, a porphine species (1) was rationally designed and synthesized incorporat-
ing a dicyclopentaanthracene (DCPA) moiety, an acene derivative that comprises two terminal
indane moieties.?® Upon deposition on an Au(111) substrate held at room temperature and
subsequent annealing at 100 °C, this precursor undergoes cyclodehydrogenation forming in-
dividual and planar species 2. Further annealing above 125 °C activates the homocoupling
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through indenyl coupling between the two five-membered ring terminal moieties, with the re-
sulting polymers (3) growing longer at higher annealing temperatures. The dominant products
are 1D linear polymers with a bandgap of 1.1 eV and extended 1 delocalization. Minor cyclic
covalent trimers (4) are also detected, featuring a highest occupied molecular orbital-lowest
unoccupied molecular orbital (HOMO-LUMO) gap of 1.1 eV. According to anisotropy of the
induced current density (AICD) analysis, these trimers display global aromaticity®' along the
periphery (7811) and local aromaticity in the inner macrocyclic rings (181r), also confirmed by
negative nucleus-independent chemical shift (NICS) values. The same reaction pathway is
preserved for a Co-metallated precursor (5), illustrating universality of the coupling reaction for
both free-base and metallated porphyrin precursors.
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Figure 1 | On-surface synthesis of linear (3, 7) and cyclic (4, 8) porphyrin architectures via indenyl coupling and solution-
phase synthesis of precursors 1 and 5. a. Deposition of free-base precursor 1 (M = 2H) or Co-metallated precursor 5 (M = Co)
on Au(111) held at room temperature, followed by annealing at 100 °C induces cyclodehydrogenation (orange bonds), yielding
species 2 (M = 2H) and 6 (M = Co), respectively. Further annealing above 125 °C promotes indenyl coupling (pink bonds) between
neighbouring porphyrins, affording the linear polymers 3 (M = 2H) and 7 (M = Co) as the major products. Under these conditions,
a minor fraction of cyclic porphyrin trimers 4 (M = 2H) and 8 (M = Co) is also formed. b. Solution-phase synthesis of the molecular
precursors 1 (M = 2H) and 5 (M = Co).

Our work establishes a novel on-surface regioselective indenyl coupling route to fabricate and
characterize unprecedented one-dimensional porphyrin polymers and cyclic trimers featuring
complex aromaticity. The obtained porphyrinoids, with their engineered bandgaps and distinct
electronic features, exemplify a significant breakthrough in the bottom-up construction of func-
tional organic nanomaterials. Collectively, these findings set the stage for further advance-
ments in the controlled fabrication of molecular architectures with bespoke electronic proper-
ties, holding clear implications for the development of next-generation systems in organic
electronics, energy storage, sensing and catalysis.



RESULTS AND DISCUSSION

The molecular precursor was synthesized to steer the formation of a -expanded porphyrin
via intramolecular reactions,?' which then could be polymerized thanks to the recently discov-
ered indenyl coupling.#®® To this end, a free-base porphine precursor was functionalized with
a DCPA moiety, which features two indane termini, as depicted in Figure 1.

In particular, we targeted 5-(1,2,3,7,8,9-hexahydrodicyclopenta[b,iJanthracen-5-yl)porphyrin
(see Figure 1) in both the free-base form (1) and as a cobalt complex (5). A key intermediate
in the synthesis illustrated in Figure 1 was 1,2,3,7,8,9-hexahydrodicyclopenta[b,Janthracene-
5-carbaldehyde (11), which was obtained via Rieche formylation of the corresponding anthra-
cene 10, itself prepared through a multistep aryne-chemistry strategy described in our recent
work.4%50 The aldehyde functionality of 11 enabled construction of the porphyrin core through
established condensation of dipyrromethanes 9 and 12 (see Figures S1 — S10 in the Sl), while
the indenyl termini were incorporated to guide the following on-surface homocoupling at the
metal interface. Complexation of the macrocycle with Co(ll) was used to modulate the proper-
ties of the precursor and to investigate its effect on the electronic characteristics of the resulting
porphyrin polymers. Full characterization of the precursors by nuclear magnetic resonance
(NMR) spectroscopy and mass spectrometry (MS) confirmed their structure and purity, provid-
ing a robust starting point for subsequent on-surface polymerization studies.

The reaction products obtained after deposition of precursors 1 or 5 onto an atomically clean
Au(111) surface and the subsequent post-annealing steps were discerned thanks to the com-
plementary combination of scanning tunneling microscopy (STM) and non-contact atomic force
microscopy (nc-AFM), assisted by density functional theory (DFT) calculations, as discussed
below (cf. Figures 1-3 and Figures in the SI).

First, the sublimation of a submonolayer coverage of compound 1 onto Au(111) held at room
temperature resulted in the adsorption of intact and non-planar species, as depicted in Figure
S11. Upon annealing at 100 °C, the adsorbed precursors undergo intramolecular cyclodehy-
drogenation between the porphyrin and the DCPA framework, resulting in molecular planari-
zation and the formation of individual Tr-extended porphyrins (2), as shown in Figure 2a. High-
resolution STM and nc-AFM images, together with the corresponding simulated adsorbed ge-
ometry and nc-AFM image of 2 are presented in Figures 2b-f. The presence of two bright
protrusions at the edges of the DCPA moiety in the nc-AFM images indicates that species 2
retains two additional hydrogen atoms. Attempts to remove these hydrogen atoms by tip-in-
duced manipulation were unsuccessful. As observed in Figure 2f, the simulated nc-AFM image
reproduces well the experimental one (cf. Figure 2d), supporting the proposed structure of 2.



Figure 2 | On-surface synthesis of individual w-extended porphyrins 2 by cyclodehydrogenation, porphyrin oligomers,
and 1D porphyrin polymers 3 by indenyl coupling. a. Overview STM image acquired after deposition of precursor 1 on Au(111)
and annealing at 100 °C, showing individual planar species, 2. (V, = 0.50 V, Iy = 10 pA, scale bar = 2.2 nm). b, c. High-resolution
constant-current and constant-height STM images of 2, respectively. (V, = 0.50 V, I, = 50 pA, scale bar =5.0 A, and V, =5 mV, |
=50 pA, scale bar = 3.5 A, respectively) d. Laplace-filtered nc-AFM image of 2. (Z-offset: 160 pm above STM set point: 5 mV, 50
pA. Scale bar = 3.5 A). e, f. Calculated adsorption geometry (top and side views) and corresponding simulated nc-AFM image
(scale bar = 0.5 nm). g. Overview STM image acquired after deposition of precursor 1 on Au(111) and annealing at 125 °C,
showing short oligomers of 3, where n = 1. (V, =0.35V, |y = 50 pA, scale bar = 4.0 nm). h, i. High-resolution constant-current and
constant-height STM images of 3 (n = 1), respectively. (V, = 0.50 V, Iy = 50 pA, scale bar = 1.0 nm, and V, = 5 mV, |, = 50 pA,
scale bar = 1.0 nm, respectively). j. Corresponding nc-AFM image. (Z-offset: 130 pm above STM set point: 5 mV, 50 pA. Scale
bar = 1.0 nm). k, |. Calculated adsorption geometry (top and side views) and corresponding simulated nc-AFM image (scale bar
= 0.5 nm) of 3 (n = 1), respectively. m. Overview STM image acquired after deposition of precursor 1 on Au(111) and annealing
at 150 °C, showing long polymers of 3 (V, = 1.00 V, |y = 50 pA, scale bar = 4.0 nm). n, o. High-resolution constant-height STM
image (Vp, =5 mV, |, = 50 pA, scale bar = 2.2 nm) and nc-AFM image (Z-offset: 170 pm above STM set point: 5 mV, 50 pA. Scale
bar = 2.2 nm) of decamer of polymer 3 (n = 8), respectively. p, g. Experimental (Z-offset: 150 pm above STM set point: 5 mV, 50
pA. Scale bar = 8.0 A) and corresponding simulated (scale bar = 1 nm) nc-AFM images, respectively, of a zoomed-in region of
the decamer of polymer 3, illustrating the excellent agreement between experiment and theory.

Further annealing to 125 °C activates the regioselective indenyl coupling between neighbour-
ing porphyrin derivatives, resulting in the formation of dimers and short linear oligomers of 3,
as shown in Figure 2g and Figure S12. Representative high-resolution STM and nc-AFM im-
ages of a selected free-base linear porphyrin-based trimer reveal the covalent connection of
adjacent m-extended porphyrin units through their five membered rings. The observed bond-
length alternation, supported by the corresponding nc-AFM simulations, is consistent with the
proposed double carbon-carbon bonds via five-member moieties (cf. Figures 2h-l and bond-
length alternation analysis in Figure S13). The calculated adsorption geometry of a trimer of 3
(cf. Figure 2k) matches well with the experimental findings revealing a flat adsorption on
Au(111), and the agreement of experimental and simulated nc-AFM images is excellent (cf.
Figures 2j and 2I). Importantly, resonance structures maximizing the number of Clar sextets
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within the acene-derived framework may involve terminal radical centres (Supplementary Fig.
S14 and discussion therein).?25253 However, the additional protrusions observed at the oligo-
mer termini in the nc-AFM images (cf. Figure 2j), together with the corresponding simulations,
are consistent with hydrogen passivation of these positions. Such hydrogen termination pro-
vides a chemically plausible stabilization mechanism by saturating the terminal sites associ-
ated with the proposed open-shell resonance structures. Finally, the telegraphic signal of the
current is observed in the STM signal when the tip is positioned over the cavities of the free-
base porphyrins in both 2 and 3 (cf. Figure S15). We assign this behavior to porphyrin tautom-
erization?°4%5 thereby confirming that the two inner hydrogen atoms remain intact after cy-
clodehydrogenation and polymerization.

The average polymer length increased by raising the annealing temperature to 150 °C (Figure
2m and Figure S16), affording longer free-base 1D staircase polymers (3) or cyclic porphyrin
trimers (4). These polymers preferentially assemble along the FCC regions of the Au(111)
herringbone reconstruction (cf. Figure 2m). Notably, the polymerization of porphyrins by in-
denyl coupling is also detected on Ag(111), yielding both linear and cyclic architectures, as
illustrated in Figure S17. This demonstrates that the coupling reaction is not restricted to
Au(111) and can also proceed on a different metal surface.

Subsequent post-annealing at 200 °C induced partial self-metallation of the porphyrin cavities
by Au adatoms, as shown in Figure 3a-d, giving rise to metallation of most of the cavities at
250 °C (cf. Figure S18). Compared with the empty porphyrin cavities, Au-metallated centers
appear as small protrusions in the constant-height STM images (cf. Figure 3b) and as bright
cross-shaped features in the nc-AFM images (cf. Figure 3c).%¢

We next sought to extend the indenyl-coupling-based polymerization of porphyrin units to a
broader range of metalloporphyrins. To this end, the same thermal protocol was applied to the
Co-metallated precursor 5, yielding analogous individual species 6 after annealing at 100 °C
(Figure S19) and one-dimensional polymers 7 after annealing at 200 °C, without alteration of
the metal centers (cf. Figure 3e-h), highlighting the generality of the indenyl coupling strategy
for designing porphyrin polymers. In the Co-metallated polymers 7, the Co centers appear as
pronounced central protrusions in the constant-height STM images (cf. Figure 3f), whereas
they appear as voids in the nc-AFM images (cf. Figure 3g).5” For comparison, Co-metallated
polymers could also be obtained by depositing Co atoms in situ onto the preformed free-base
polymers (3) (Figure S20).
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Figure 3 | Gold self-metallation of free-base porphyrin polymers and formation of Co-metallated porphyrin polymers, 7.
a. Overview STM image after deposition of precursor 1 and post-annealing at 200 °C (V, = 0.5V, Iy = 50 pA, scale bar = 9.1 nm).
b. High-resolution constant-height STM image of a long polymer after post-annealing at 200 °C (V, = 5 mV, |, = 50 pA, scale bar
= 3.0 nm). ¢, d. nc-AFM image (Z-offset: 115 pm above STM set point: 5 mV, 50 pA. Scale bar = 3.0 nm) and corresponding
chemical structure of the selected polymer region, highlighting the Au-metallated porphyrin centers. e. Overview STM image after
deposition of Co-metallated precursor 5 on an Au(111) surface and subsequent post-annealing at 200 °C (V, = 0.5V, |, = 40 pA,
scale bar = 5.0 nm). f. High-resolution constant-height STM image of a long 1D Co-metallated polymer, 7 (V, =5 mV, Iy = 50 pA,
scale bar = 9.1 A). g. Corresponding nc-AFM image (Z-offset: 95 pm above STM set point: 5 mV, 50 pA. Scale bar = 9.1 A). h.
Corresponding chemical structure of an infinite Co-metallated polymer, 7.

We next investigated the electronic structure of these nanostructures by means of point scan-
ning tunneling spectroscopy (STS) and dl/dV mapping at selected bias voltages (cf. Figures 4,
S21-23). To this end, we first characterized the planarized species 2, which reveals a HOMO-
LUMO gap of 1.7 eV, while the gap of a dimer and a trimer of 3 reduces to 1.5eV and 1.1 eV,
respectively (cf. Figures S21 and S22). Figure 4 displays representative dl/dV spectra acquired
at the selected positions of a section of polymer 3, revealing pronounced resonances at -0.65
eV and 0.45 eV. By mapping the spatial distribution of such resonances and comparing to free-
standing DFT simulations (cf. Figures 4 and S23), we could infer a bandgap of 1.1 eV, while
reinforcing our rationalization of the electronic structure of the dimeric and trimeric linear oligo-
mers, since their maps are analogous to polymer 3. Thus, the electronic bandgap of polymer
3 is already set at the trimer stage. Notably, the bandgap of the corresponding dl/dV maps
reveal distinct spatial distributions of the valence and conduction band states, reflecting their



different contributions from the 1-conjugated porphyrin units and the indenyl linkers. In partic-
ular, the valence band is delocalized over the rim of the porphyrin monomers and the C=C
links, whereas the conduction band shows a pronounced contribution at the edges of the five-
membered ring moieties. Altogether, the indenyl coupling exemplifies a synthetic procedure to
engineer porphyrinoid materials exhibiting C=C bonds that provide a direct 1T-conjugated path-
way between the porphyrin units.
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Figure 4 | Structural and electronic characterization of a section of polymer 3. a. Experimental constant-current STM image
of a section of polymer 3 (V, = 0.5V, |y = 50 pA, scale bar = 2.2 nm). b. Long range dl/dV spectra acquired on the positions
indicated by colors in the STM image. Grey reference spectrum was taken on the Au(111) surface. Open feedback parameters
for dl/dV spectra: V, =-1.0 V, |, = 200 pA, Vims = 30 mV. c. Experimental dI/dV maps taken at the indicated energies (-0.65 eV and
0.45 eV). |y = 250 pA. d. Corresponding simulated dl/dV maps, together with chemical schemes (scale bar = 2.2 nm).

Besides the dominant formation of 1D polymers, the reaction also yields a minor fraction (<
1%) of covalent cyclic porphyrin trimers, obtained as either the free-base species 4 or the Co-
metallated analogue 8. To the best of our knowledge, the formation of cyclic trimers 4 and 8 is
unprecedented in on-surface synthesis.3?3 The free-base cyclic trimer (4) adopts a highly
symmetric triangular geometry (cf. Figures 5a-d) in which three porphyrin monomers are fused
thanks to the homocoupling between carbons C1 and C9 of precursor 1 (cf. Figure 1). Notably,
the precursor has lost all extra hydrogenation at their termini of the five-membered rings. As
shown in Figure S24, high resolution STM and nc-AFM imaging of 8 reveal the same triangular
framework as observed for 4, with the three Co atoms appearing as characteristic bright pro-
trusions at the centers of the porphyrin macrocycles in constant-height STM images. Alto-
gether, the low yield of cyclic trimers suggests that their formation competes kinetically with
further chain propagation and occurs only when three suitably oriented molecules meet on the
surface.
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Figure 5. Structural, electronic and aromatic characterization of the cyclic free-base porphyrin trimer, 4. a. Constant-height
STM image of trimer 4. (V, = 5 mV, |; = 50 pA, scale bar = 6.6 A). b, c. Experimental (Z-offset: 150 pm above STM set point: 5
mV, 50 pA. Scale bar = 6.2 A) and corresponding simulated nc-AFM images (scale bar = 6.2 A), respectively. d. Calculated
adsorption geometry of trimer 4. e. Constant-current STM image. (V, = 50 mV, |, = 250 pA, scale bar = 8.0 A) f. dI/dV spectra
acquired at the positions indicated by the colored dots in the previous STM image. A reference spectrum recorded on Au(111) is
shown in grey. Open feedback parameters for d//dV spectra: V, = -1.5 V, |y = 250 pA, Vims = 30 mV. g. Experimental constant-
current dI/dV maps recorded at the indicated bias voltages (-0.75 eV and 0.35 eV). |, = 250 pA, scale bar = 8.0 A. h. Corresponding
simulated dI/dV maps. Scale bar = 1 nm. i. Representative resonance form of trimer 4. j. AICD isosurfaces and current-density
vectors illustrating the magnetically induced current distribution, with representative diatropic pathways indicated in blue. k. Spa-
tially resolved NICSzz(1) map calculated at 1.0 A above the molecular plane (blue: negative values; red: positive values). The
cyclic trimer exhibits local macrocyclic aromaticity, together with a secondary global peripheral aromaticity.

Taking into account the potential interest in optoelectronics, we investigated the electronic
properties of the free-base species 4. To this end, we first performed STS at selected positions,
as illustrated in Figures 5e and 5f. In the negative bias regime a dl/dV curve with increasing
slope develops below -0.5 eV in comparison to the Au(111) reference signal, highlighting the
presence of potential HOMOs; whereas in the positive bias regime a strong and broad reso-
nance is observed, with a maximum at 0.55 eV. Mapping of the free-base cyclic trimer 4 at
increasing bias steps of 100 meV, reveals the onsets of the HOMO at -0.75 eV, the LUMO at
0.35 eV and the LUMO +1 at 0.55 eV, which are in excellent agreement with the DFT-simulated
ones, corroborating our rationalization, altogether highlighting a HOMO-LUMO gap of 1.1 eV
(cf. Figures 5g, 5h and S25).



The aromatic character of the free-base cyclic trimer (cf. Figure 5i) was investigated using
AICD calculations (cf. Figure 5j and Figure S26 for high resolution) in combination with NICSzz
maps (Figure 5k). The current density distribution shows that 11-electron delocalization cannot
be described in terms of isolated aromatic rings, but instead arises from multiple coupled ring-
current pathways extending across the entire conjugated framework. The most prominent fea-
ture of the AICD plot is the presence of a continuous diatropic current flowing along the outer
perimeter of the molecule, demonstrating that the overall TT-system sustains a global aromatic
ring current involving 78 T electrons (cf. Figure S26). This suggests the presence of global
aromaticity arising from long-range electron delocalization along the external boundary of the
molecule. In addition to this global circuit, each of the three wing subunits (porphine moieties)
supports its own independent diatropic macrocyclic current circulating around its perimeter and
internal pore, demonstrating that each wing behaves as an aromatic macrocycle featuring the
characteristic 18 1t circuit. The system therefore exhibits aromatic circuits coexisting at multiple
length scales: local macrocyclic and global. The NICSzz map of the cyclic trimer is fully con-
sistent with the AICD results, showing strongly negative values in the wing subunits and along
the outer perimeter.

To complement the qualitative AICD and NICSzz analysis, the magnetically induced current
density was quantitatively evaluated, revealing three wing macrocycles as the preferential ar-
omatic current pathways. Diatropic current strengths of 23.53, 24.00, and 24.41 nA/T were
obtained for the three wings, respectively, corresponding to an average value of 23.98 + 0.44
nA/T. Small opposite local contributions of only approximately 1.2 nA/T were detected within
these integration regions, resulting in net currents of 22.23, 22.70, and 23.08 nA/T. The very
small dispersion among the three symmetry-related wings, of only about 2%, provides an im-
portant internal consistency check for both the integration procedure and the assignment of
these pathways. These results therefore confirm that the intense diatropic circulation observed
around the wings in the AICD representation corresponds to a strong and essentially equiva-
lent macrocyclic aromatic response in the three subunits. A diatropic current can also be iden-
tified along the external perimeter of the complete molecular framework. Integration through
three symmetry-related sections of this outer pathway gives an average current strength of
10.62 + 0.22 nA/T. However, its magnitude is markedly smaller than that obtained for the indi-
vidual wing macrocycles. These quantitative results refine the aromaticity picture derived from
the AICD and NICSzz analyses. The molecule displays aromatic circulation at different spatial
scales, but these pathways are not equally favored. The dominant response corresponds to
the three essentially equivalent aromatic wing macrocycles, which constitute the preferential
current pathways of the 1-conjugated framework. A weaker diatropic circulation nevertheless
extends around the complete molecular perimeter, supporting the presence of a secondary
global aromatic contribution.
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CONCLUSIONS

In summary, in this work we present a pioneering on-surface synthesis strategy that employs
an indenyl coupling pathway to fabricate unique covalent porphyrin polymers. Taking ad-
vantage of an ex-professo synthesized free-base porphine monomer functionalized with a di-
cyclopentaanthracene moiety, to steer the coupling through the indene termini, it was possible
to induce the regioselective formation of 1D staircase m-extended porphine-based polymers
featuring a bandgap of 1.1 eV with high 1 delocalization. Notably, the reaction also yielded
unique porphine-based cyclic trimers, displaying a HOMO-LUMO gap of 1.1 eV and a complex
aromatic scenario yielding global peripheral aromaticity according to AICD and NICS calcula-
tions. Notably, the growth protocols also proved successful for Co-metallated precursors, yield-
ing both linear polymers and cyclic trimeric species.

Our results introduce a novel strategy for harnessing the intrinsic properties of porphyrins
within robust polymeric architectures. By demonstrating precise control over the synthesis of
these electronically distinct linear and cyclic nanostructures, our findings pave the way for en-
gineering bespoke organic nanomaterials with customized electronic landscapes. This work
underscores the critical role of surface science in developing the next generation of functional
molecular architectures for applications in optoelectronics, catalysis, and beyond.

More generally, our work demonstrates that indenyl coupling provides a versatile platform for
engineering conjugated porphyrin nanoarchitectures, with programmable topology, electronic
structure and aromaticity. Beyond porphyrins, this synthetic strategy opens new opportunities
for constructing atomically precise molecular materials with tailored functionalities on surfaces.

11



Methods

STM and nc-AFM experiments

Molecular precursors 1 and 5 were deposited by thermal evaporation (Kentax TCE-BSC) with
sublimation temperatures of 240 °C and 275 °C respectively, onto pre-cleaned Au(111) or
Ag(111) surfaces. In order to promote the indenyl coupling and the dehydrogenative reaction
between the macrocycle and the anthracene backbone, the samples were heated at the re-
ported temperatures after the molecular deposition. These samples were previously prepared
by several cycles of Ar+ ion sputtering (1.5 keV for 10 minutes) and subsequent post-annealing
(450 °C for 10 minutes).

Experimental STM and nc-AFM experiments were performed in custom-designed UHV sys-
tems, with base pressures around 1-10-10 mbar, using a low-temperature Scienta Omicron
microscope hosted at IMDEA Nanoscience for Au(111) substrates, and a LT-STM Createc,
hosted at ICMM, for experiments on Ag(111).

For STM imaging and STS experiments, an electrochemically etched tungsten tip was em-
ployed. For nc-AFM imaging, a Qplus tuning fork sensor from Scienta Omicron, operating at
4.3 K, was used. This sensor was driven at its resonance frequency (around 26 kHz), with a
constant oscillation amplitude of around 80 pm, controlled by a Zurich Instruments MFLI. Both
of them, the tungsten tip and the Qplus tuning fork sensor, were functionalized with a single
CO molecule (dosed at the surface for 10 seconds at 1-10-® mbar once the sample is prepared
and cold). Scanning parameters are specified in each figure caption. di/dV curves and maps
were recorded using the lock-in technique (SR830 model).

Computational details

DFT Characterization:

For the geometry optimization of the molecules adsorbed on the Au(111) substrate, we used
the FHI-AIMS Density functional theory package. [57] We employed different Au(111), 3-lay-
ered, orthogonal supercells for the adsorption on the isolated monomers, and trimers pre-
sented above. The lattice constant used for the Au(111) surface was a = 4.0782 A, except for
the case of the 1D infinite chains, which was a = 4.3678 A, and that will be justified in the
following paragraph. All these surfaces were designed to ensure a lateral separation of at least
1nm between the molecules and their periodic boundary conditions mirror images. The follow-
ing dimensions for the supercells where used: Figure 2e (monomer) (10x10) with lattice vectors
a, = 28.837A1 and @, = 24.974A j , Figure 2k (trimer) (16x16) with lattice vectors a; =
46.139A tand @, = 39.958A j, Figure 4d (infinite 1D chains) (10x8) with lattice vectors a; =
30.885A iand @, = 21.398A j and finally Figure 5d (cyclic trimer) (14x16) with lattice vectors
a; = 40.372A1and @, = 39.958A ] . Likewise, a perpendicular vector length of 3nm was used
to ensure a sufficient layer of vacuum. The geometry optimizations were performed using the
trust-radius-enhanced BFGS algorithm with a tolerance used for the convergence of the resid-
ual forces of 1072eV /A. The convergence parameters of each self-consistent step were set at
10~3eV for the total energy, 10~* A~3 for the charge density and 10~2eV for the sum of the
Kohn-Sham eigenvalues. The atom-centered basis used where the tier 1 light basis functions
provided with the FHI-AIMS package. The reciprocal space was described using the IN-point of
the first Brillouin zone and the optimizations were performed at the GGA-PBE level [58] with
the Tkatchenko-Scheffler treatment of the van der Waals interactions.%8
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The characterization of the infinite chains was done first optimizing the gas phase lattice con-
stant of the molecular chain, which was found to be 10.486 A per molecule. Then a 10 x 8
supercell was built using a lattice constant of a = 4.3678 A to match the lattice constant of the
chains in the [111] in which the molecular chains were experimentally found to align. The de-
cision to apply the strain to the surface was taken after checking that using the regular lattice
constant of a = 4.0782 A for the surface and applying the subsequent strain to the molecular
chains resulted on adsorption geometries that did not match the experimental results.

SPM simulations:

The AFM simulated images were obtained using the probe particle model,*® with a k parameter
for the stiffness of the CO terminated probe of 0.24 N - m~?! and a charge correction coefficient
(q) of —0.1 e for the electrostatic interaction. The dl/dV simulated maps were also obtained
using the probe particle model employing the eigenstates of the molecules, with their geometry
optimized on the surface and in the absence of the substrate itself, calculated at the PBEO
hybrid potential, keeping their coordinates fixed in the ones obtained from the relaxation on the
surface. The constant-current STM simulated image shown in Figure S11e was obtained with
the probe particle model, obtaining first tridimensional matrix containing constant-current STM
at different heights and then representing the Az of constant-current isosurfaces within the
STM data.

Aromaticity calculations:

The aromatic character of the free-base cyclic trimer was investigated by means of nucleus-
independent chemical shift (NICS) calculations and anisotropy of the induced current density
(AICD) analysis. All magnetic-response calculations were performed using Gaussian 16 (Re-
vision C) at the B3LYP/def2-TZVP level of theory. To obtain spatially resolved NICSzz maps,
the quasi-planar molecular structure was oriented with its average molecular plane coinciding
with the XY plane (z = 0). A dense two-dimensional rectangular grid of ghost atoms (Bq) was
subsequently generated at z = 1.0 A, parallel to the molecular plane. The grid spacing was
selected to achieve high spatial resolution while maintaining sufficient separation between
neighbouring ghost atoms to avoid numerical instabilities. The lateral dimensions of the grid
were extended to encompass the entire cyclic trimer and its surrounding region, allowing the
magnetic response to be mapped across the complete conjugated framework. At each grid
point, the out-of-plane component of the magnetic shielding tensor was extracted, with NICSzz
defined as the negative of the corresponding 6zz component. The resulting values were used
to construct spatially resolved NICSzz(1) colour maps. The magnetically induced current den-
sity was further investigated using the AICD 3.0.4 program, employing magnetic-response data
obtained from Gaussian calculations within the continuous set of gauge transformations
(CSGT) formalism. The resulting current-density isosurfaces and vector fields were used to
visualize the principal diatropic and paratropic current pathways within the conjugated molec-
ular framework. To quantitatively characterize these pathways, the magnetically induced cur-
rent-density tensor was reconstructed on the three-dimensional Cartesian grid employed for
the AICD analysis (110 x 98 x 11 grid points). For an external magnetic field applied perpen-
dicular to the molecular plane, the corresponding induced current-density vector field was ob-
tained and integrated through cross-sectional surfaces-oriented perpendicular to the selected
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conjugated pathways. Current strengths were evaluated from the flux of the induced current
density through these surfaces and normalized to the applied magnetic field, yielding values
in nA T, Several slightly displaced equivalent integration planes were considered for each
pathway to assess the sensitivity of the calculated current strengths to the precise location of
the integration surface. The approximate threefold symmetry of the cyclic trimer provided an
additional internal consistency check by allowing equivalent current pathways in the three por-
phyrinic subunits and along the external molecular perimeter to be independently evaluated.
Further details of the numerical integration procedure and the resulting current strengths are
provided in the Supplementary Information.
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