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ABSTRACT
Porphyrins are essential heteroatomic macrocycles, fundamental to both biological systems and advanced technology. Their
unique molecular architecture enables key functions in nature, such as oxygen transport in hemoglobin and light harvesting
in chlorophyll, and inspires cutting-edge applications in chemical sensing, catalysis, renewable energy conversion, and
optoelectronics. Consequently, significant efforts are dedicated to develop their solution-phase chemistry, particularly by
strategically modifying the macrocyclic structure to tailor their properties. Inspired by the field of on-surface covalent synthesis,
we introduce a pioneering strategy to tailor porphyrin macrocycles at interfaces, specifically expanding an 18-π porphyrin into
a 20-π system. Such transformation is achieved by depositing a porphyrin precursor, equipped with two trifluoromethyl (-
CF3) functional groups in a trans configuration, onto a hot Ag(111) surface. By combining scanning probe microscopy and
spectroscopy, complemented with density-functional theory calculations, we confirm the successful formation of the 20-π free-
base expanded porphyrin, exhibiting potential high antiaromaticity attributed to the preservation of planar conformation at the
interface according to theoretical calculations. The transformation occurs through precursor dehalogenation and subsequent
insertion of two carbon atoms into the macrocycle, driving its expansion, and affording a narrow bandgap of ∼0.2 eV. Furthermore,
we demonstrate its coordinative capabilities toward cobalt, forming a unique two-fold coordination node within the expanded
core. Our findings pave the way for engineering expanded porphyrins at interfaces enabling enhanced antiaromaticity and narrow
bandgaps, while affording the design of novel coordination motifs, and, simultaneously, demonstrating the capabilities of surface
science in exploring such expanded macrocyclic architectures at the atomic scale.
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Introduction

orphyrins are multifunctional macrocyclic compounds, essen-
ial to life and technology alike. Their tunable electronic prop-
rties make them valuable compounds in materials science,
edicine, and renewable energy applications. Furthermore, due
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to their chemical versatility, photophysics, and ability to coor-
dinate metal ions they have also been used for gas sensing and
catalysis [1]. In biological systems, they are integral to heme
proteins such as hemoglobin, myoglobin and cytochromes, which
are involved in oxygen transport, storage, and electron transfer
[2, 3], respectively, while they also form the core of chlorophyll in
ork.

cense, which permits use, distribution and reproduction in any medium, provided the original

1 of 9

https://doi.org/10.1002/anie.202525787
https://orcid.org/0000-0002-8661-8295
mailto:ana.barragan@imdea.org
mailto:aurelio.gallardo@imdea.org
mailto:nazmar@ucm.es
mailto:david.ecija@imdea.org
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1002/anie.202525787
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202525787&domain=pdf&date_stamp=2026-04-10


p
a
[
s
d
r
s
b
c
a
p
e

S
m
n
t
p
a
i
w
t
c
o
p
e
f
c

I
e
c
u
s
t
T
b
l
s
n
a

R
e
p
a
g
d
s
r
t
a
o
a

I
t
e
2
p
a

2

 15213773, 2026, 30, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202525787 by U

niversidad A
utonom

a D
e M

adrid, W
iley O

nline L
ibrary on [05/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reat
hotosynthesis [3, 4]. In addition, they are widely used as contrast
gents for magnetic resonance imaging in medical applications
5]. In artificial systems, porphyrins are utilized in organic
emiconductors, solar cells and light emitting diodes (OLEDs),
ue to their strong absorption and emission in the visible
egime [6, 7]. Additionally, they serve as key building blocks in
ensors for detecting gases, volatile compounds, heavy metals and
iomolecules, thanks to their sensitivity and specificity [8]. Their
atalytic properties also enable them to mimic natural enzymes
nd facilitate a wide range of chemical reactions [9, 10]. Notably,
orphyrins have recently emerged as promising candidates for
nergy storage, including advanced batteries and fuel cells [11].

ince the suggestion of the porphyrin macrocyclic arrange-
ent more than a century ago [12], the design of porphyri-

oids has attracted significant research interest, particularly
hrough solution-phase chemistry [1]. An emerging theme in
orphyrinoid chemistry is the deliberate induction and study of
ntiaromaticity, particularly within expanded macrocycles. By
ncreasing the π-electron count beyond the classic 18-π frame-
ork, expanded porphyrins can access 4n π-electron circuits

hat destabilize the ring’s electron delocalization, leading to
haracteristic paratropic ring currents and unique redox and
ptical behaviors. Harnessing antiaromaticity in these larger
orphyrinoids not only offers a route to tune their frontier orbital
nergies and reactivity profiles, but also opens new avenues
or applications in molecular switches, responsive sensors, and
atalysts with unconventional optoelectronic properties [13–16].

n the past two decades, a new discipline of chemistry has
merged, on-surface covalent synthesis, which leverages the
hemical reactivity of molecular species on surfaces under
ltra-high vacuum (UHV) environment [17–24]. Importantly,
uch approach allows for the atomic-scale characterization of
he reaction products using surface science techniques [25].
hrough this methodology, unique molecular products have
een synthesized, typically inaccessible in solution chemistry,

argely due to concomitant solubility challenges. The list of
uch products continues to grow exponentially, encompassing
anographenes, one-dimensional molecular wires, nanoribbons,
nd two-dimensional covalent networks [17–24].

ecognizing the significance of porphyrins, the surface sci-
nce community, particularly since the advent of scanning
robe microscopies, has extensively explored the deposition,
dsorption, geometrical conformation, self-assembly, metalation,
as ligation, catalysis and on-surface synthesis of porphyrin
erivates [26–28]. However, despite such enormous effort, the
ynthetic transformations of porphyrin macrocycles at interfaces
emains elusive, with reported chemical modifications limited
o peripheral transformations or polymerization [29–37]. Indeed,

long-standing goal has been to induce skeletal rearrangement
f porphyrinoid precursors at interfaces to promote enhanced
ntiaromaticity [13, 15, 38].

n this manuscript, we introduce a pioneering on-surface syn-
hesis protocol to transform a prototypical porphyrin macrocycle,
xpanding it from an aromatic 18-π core (1) to an antiaromatic
0-π vinylogous porphyrin (2). To this aim, an ABAB-type
orphyrin was rationally designed and synthesized, incorporating
nthracenyl substituents and trifluoromethyl (–CF3) groups at
of 9
the meso positions in a trans configuration (1). Upon deposi-
tion on Ag(111) held at 200–300 ◦C, this precursor undergoes
dehalogenation, inserting the remaining carbon atoms from the
gem-trihalide functional group to form two vinylene bridges
within the macrocycle. Concurrently, four oxidative ring closures
at the anthracenyl substituents extend the π-conjugation of the
lateral moiety, yielding the expanded porphyrin (2). Our scanning
probe microscopy study, complemented by density functional
theory calculations, elucidates the structure and electronic
properties of the expanded porphyrin, revealing a remarkably
low bandgap of ∼0.2 eV. Notably, our theoretical simulations
signal the expression of enhanced antiaromaticity reaching a
value of 19.0 ppm for NICS(0). The production of 2 coexists
with distinct reaction products, including extra hydrogenated
(2′) or doubly extra hydrogenated 20-π expanded porphyrins
(2″), as well as π-extended tetrapyrroles with distinct degrees
of dehalogenation and hydrogen passivation (3, 31, and 32),
alongside with ethynylene-linked π-extended porphyrin wires
(4). Notably, such porphyrin expansion is precluded on Au(111),
where only individual species and polymers preserving the intact
macrocycle are found. Finally, inspired by such unique chemical
cavity at interfaces, the capabilities towards metallation of the
porphyrinoid were explored, revealing the transformation from
the free-base form to Co-metallated species via a distinct two-fold
nitrogen-cobalt coordination. Our findings establish a seminal
strategy to transform porphyrins at interfaces, demonstrating in
particular how to enlarge π-conjugation in large macrocycles and
potentially expressing antiaromaticity, while enabling atomistic-
scale investigation of their structure and electronic properties.

2 Results and Discussion

The main idea behind the design of the initial molecular
precursor was to endow a porphyrin macrocycle with two
gem-trifluoride functional groups, each of them at the meso
positions and in a trans configuration, as depicted in Scheme 1,
pursuing the full dehalogenation and insertion of remaining
carbon atoms from the -CF3 groups into the porphyrin macro-
cycle. Such strategy was fuelled by recent findings on the
carbon rearrangement of acenes and sumanenes functionalized
with gem-dibromide moieties at interfaces [39, 40], as well as
on free-base porphyrins in solution [41]. To this end, a CF3-
substituted dipyrromethane was condensed with anthracene-
9-carbaldehyde, thereby extending the π-conjugation, under
standard conditions for ABAB-porphyrin synthesis (see Figures
S1–S4 for synthetic and characterization details of precursor 1).

Following such strategy, sublimation of a submonolayer coverage
of compound 1 on an Ag(111) surface held at 200 ◦C resulted
in the formation of distinct reaction species. The products were
elucidated thanks to the combination of scanning tunneling
microscopy (STM) and non-contact atomic force microscopy (nc-
AFM), complemented by theory [42], as it will be discussed below
(cf. Scheme 1, Figures 1a, and S5). All the reaction products
have undergone four cyclodehydrogenation reactions of their
anthracenyl substituents, being the difference between them the
nature of the macrocycle and the two -CF3 moieties upon reaction
on the surface. Additionally, a fraction of porphyrin wires was also
detected. A completely different scenario emerges upon the depo-
sition of 1 while the Ag(111) substrate is held at room temperature
Angewandte Chemie International Edition, 2026
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SCHEME 1 Chemical scheme of the on-surface transformation of precursor 1 into the 20-π expanded porphyrin 2, and reaction products 3, 3_1, 3_2
and 4.

FIGURE 1 On-surface synthesis of the 20-π expanded porphyrin (2), alongside concomitant reaction products by depositing precursor 1 on a
Ag(111) substrate held at 200 ◦C. (a) Overview STM image after deposition of precursor 1 on an Ag(111) substrate held at 200 ◦C. The different transformed
expanded porphyrin species identified are marked by the blue squares. Vb = 50 mV, It = 50 pA, scale bar = 4.0 nm. (b, c) Top and side views of the
adsorption geometry simulated by DFT of the transformed species 2, respectively. (d, e) Constant-current (with chemical sketch superimposed. Vb =
500 mV, It = 50 pA, scale bar = 5 Å) and constant-height (Vb = 5 mV, scale bar = 5 Å) STM images, respectively, of the transformed 20-π expanded
porphyrin 2. (f, g) Laplace-filtered constant-height frequency-shift nc-AFM image (Z-offset: 150 pm above STM set point: 5 mV, 50 pA. Scale bar = 5 Å),
acquired with a CO-functionalized tip, and corresponding calculated frequency-shift image, of species 2. (h–j) Constant-current STM (Vb = -100 mV, It
= 50 pA, scale bar = 5 Å), constant-height STM (Vb = 5 mV, scale bar = 5 Å nm), and Laplace-filtered constant-height frequency-shift nc-AFM (Z-offset:
100 pm above STM set point: 5 mV, 50 pA) images of species 3, respectively. (k-m) Constant-current STM (Vb = 500 mV , It = 50 pA, scale bar = 5 Å),
constant-height STM (Vb = 5 mV, scale bar = 5 Å), and Laplace-filtered constant-height frequency-shift nc-AFM (Z-offset: 140 pm above STM set point:
5 mV, 50 pA) images of a section of oligomer 4.

a
i
S

T
i
m

A

 15213773, 2026, 30, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202525787 by U

niversidad A
utonom

a D
e M

adrid, W
iley O

nline L
ibrary on [05/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
nd subsequently annealed to 200 ◦C, resulting in self-assembled
slands and amorphous nanostructures, respectively (cf. Figure
6).

he simulated adsorption geometry of the transformed species 2
s displayed in Figures 1b,c revealing a flat adsorption. Experi-

ental high-resolution STM and nc-AFM images of compound
ngewandte Chemie International Edition, 2026
2 (cf. Figure 1d–f), as well as apparent size comparison of the
distinct compounds (cf. Figure S7), reveals the formation of a 20-
π vinylogous (2.1.2.1) porphyrin, unprecedented at interfaces. The
agreement between experimental (cf. Figure 1f) and simulated
nc-AFM images (cf. Figure 1g from the calculated geometry in
Figure 1b) is excellent, ratifying a flat adsorption. Here, the
vinylene bridge is difficult to be resolved and only comparison
3 of 9
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ith theoretical simulations allows to discern its presence. Impor-
antly, such simulations highlight the preservation of the pristine
yrrolic rings, i.e., no loss of hydrogen atoms from the macrocycle
cf. Figure 1b) and plausible expression on the surface of the
wo expected tautomers, which are indistinguishable in this case
ith our techniques (cf. Figure S8). Alongside these findings,

he minor singly and doubly hydrogenation of species 2 at the
ermini of the extended π-backbone are detected, giving rise to
ompounds 2′ and 2″ (cf. Figure S5b and S5c).

oncurrently, compound 3 is observed and assigned to the
lanarization and cyclodehydrogenation on Ag(111) of the initial
recursor 1, which then forms a π-extended porphyrin that has
etained its -CF3 moieties (cf. Figures 1h–j). Regarding the macro-
ycle, high resolution nc-AFM imaging at distinct heights reveals
ts preservation, without coordination with surface adatoms (cf.
igure S9). Illustrating the reaction evolution of such species,
ompounds 31 and 32 result from the subsequent loss of one or
wo -CF3 moieties, respectively (cf. Figure S5e and S5f), followed
y hydrogen passivation.

dditionally, we detect the formation of one-dimensional wires
4), whose monomers are simply the above-mentioned π-
xtended porphyrins, which upon dehalogenation, they have
ngaged in homocoupling, being bridged through ethynylene
onds (cf. Figures 1k–m and S5g), thus reproducing the on-
urface reactivity of gem-polyhalide functional groups previously
eported for acene, periacene, and porphyrin derivates [22,
3–50].

n order to investigate the role of the substrate in the chemical
eactivity of compound 1, we examined two key factors: the
ubstrate temperature upon species arrival and the nature of
he substrate itself. By controlling the substrate temperature,
e were able to tune the formation of distinct species (cf.
igure S10), achieving a maximum yield of (16,0 ± 1.2) for
ompounds 2, 2′ and 2″ after deposition with the Ag(111) surface
eld at 300 ◦C, coexisting with 3, 31 and 32 (27.1 ± 1.5) and 4
29.2 ± 1.5) %. Additionally, conducting experiments on Au(111)
e prevented the expansion of porphyrins, i.e. we precluded

he formation of compound 2, highlighting the crucial role of
g(111) in enabling this unique interfacial reactivity of porphyrins

Figure S11).

n the search for a deeper understanding of the reaction mech-
nisms for the transformation of the 18-π core porphyrin (1)
nto the 20-π porphyrin (2), we performed a series of Quantum

echanics/Molecular Mechanics (QM/MM)-based Molecular
ynamics (MD) simulations [51]. Experimentally, we detected the
urvival of -CF3 in fully planarized species (3 and 31, cf. Figure S7),
ndicating that cyclodehydrogenation precedes dehalogenation.
omputationally, we found that the most likely scenario after the
ehalogenation of the -CF3 is the incorporation of the remaining
arbons into the macrocycle. We propose a six-step reaction
echanism, for the two carbon insertions into the macrocycle,
here the first three steps (shown in Figure 2) are analogous to

he last three (displayed in Figure S12).

irst, the carbon from the -CF3 moiety after the dehalogenation,
ikely assisted by an Ag adatom that passivates it [39, 40] is
nserted in the macrocycle, overcoming an energy barrier of
of 9
1.44 eV. Subsequently, molecular hydrogen would reduce the
alkynyl bridge into alkenyl [41]. This two-step process will
implicate two free energy barriers of 1.35 eV and 0.62 eV, taking
the system to a state 1.75 eV more favorable than the initial con-
figuration. Once the Ag adatom that participated in the process is
no longer chemically bonded to the molecule, we assumed it can
easily diffuse away from the molecule. To complete the 18-π into
20-π porphyrin transformation, a similar process would occur in
the opposite side of the molecule. The second part of the process,
shown in the Figure S12, would implicate a similar mechanism
and three energy barriers of 0.93 , 1.64 , and 0.83 eV. After the
two described reaction pathways, the exothermic transformation
of the 18-π core (1) porphyrin into the 20-π porphyrin (2) would
be completed, having liberated 3.75 eV of free energy in the
process. A chemical sketch of the complete process is shown in
Figure S13.

Next, given its novelty and significance at interfaces, we focus on
the electronic structure of the 20-π expanded porphyrin (2). First
of all, we paid attention to the potential antiaromatic character
of the species. To this aim, NICS(0) calculations [52] reveal an
enhanced value of 19.0 ppm highlighting a potential antiaromatic
ring within 20-π core (cf. Figure 3a). In addition, the values for the
π-extended planarized termini signal aromatic currents. Further
evidence for antiaromaticity is provided by the experimental
bond-length pattern along the periphery of the porphyrinoid 20-
π pathway, which agrees well with theoretical simulations (cf.
Figure S14). It is important to note that ideal antiaromaticity
is never observed experimentally, as such systems tend to alle-
viate electronic destabilization typically through bond length
alternation, as found here in some sections of the path, while
still preserving a paratropic current [53–55]. Future experiments
enabling direct ring-current measurements would be valuable to
corroborate the antiaromatic character of species 2.

While numerous expanded porphyrins have been synthesized [13,
15, 26, 38], only a subset have been characterized as antiaromatic
species [38, 41]. This is because antiaromatic 4n π-electron
counts are generally avoided through conformational distortions
(e.g., Möbius aromaticity) or redox/topological modifications
[38]. A seminal example of genuine antiaromaticity is trans-
[20]porphyrin(2.1.2.1) [41, 56], a macrocycle structurally related
[38, 41, 56–59] to compound 2, which exhibits a solution-phase
NICS(0) value of 16.63 ppm. To evaluate planarity, we com-
pared the mean deviation from the molecular plane in both
compounds. [20] porphyrin(2.1.2.1) shows a deviation of 0.052 Å,
while our compound 2, adsorbed on Ag(111), exhibits a deviation
of 0.09 Å, both indicating highly planar structures. Thus, our
findings underscore the potential of on-surface synthesis to yield
and stabilize planarized expanded antiaromatic porphyrins on
surfaces.

Intrigued by the expected low bandgap of such antiaromatic
species 2, we performed scanning tunneling spectroscopy (STS)
at selected positions of the species, which reveals a pronounce
resonance starting close to Fermi in the positive bias regime
(unoccupied states), without any other relevant fingerprint (cf.
Figure 3b). To circumvent such limitation, we carried out dI/dV
mapping at selected voltage biases from -0.65 V to 0.65 V (cf.
Figure S15), identifying the frontier orbitals at −0.15 V and 0.05 V,
resulting in a bandgap of ∼0.2 eV. The nice agreement between
Angewandte Chemie International Edition, 2026
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FIGURE 2 First three steps of the reaction mechanism for the incorporation of a carbon atom into the porphyrin backbone upon deposition of
1 on a Ag(111) substrate held at 200 ◦C and subsequent dehalogenation of -CF3 moieties. Free energy profile of the first three steps of the reaction
mechanism proposed for the transformation of 1 into 2, calculated within the QM/MM formalism. The analogous three-step process that completes the
transformation of 1 into 2 can be found in the Figure S12. The reaction coordinates specified for the three steps are: (1) 𝑦1 = 𝑑CC − 𝑑′

CC
, where dCC is

the distance between the two C atoms which are forming the bond we break and 𝑑′
𝐶𝐶

the distance between the two carbons that create the new bond.
(2) 𝑦2 = 𝑑HH − 𝑑CH − 𝑑′

CH
, where dHH is the distance between the H atoms in the H2 used for reducing the alkynyl bridge into alkenyl, and 𝑑CH, 𝑑′

CH

are the distances between the H atoms and the C atoms to be reduced. (3) dCH, which is the distance between the H and C atoms that remain to create
the bond.
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xperimental and theoretical dI/dV maps corroborated our ratio-
alization of the electronic structure (cf. Figures 3c–f). Based on

hese findings and the absence of a Kondo resonance near the
ermi level (cf. Figure S15), typically associated with an unpaired
lectron delocalized over the π-system, we rule out any significant
olecule–substrate charge transfer. Importantly, such narrow

alue for the bandgap could be related to the pronounced antiaro-
aticity calculated in species 2, since antiaromatic compounds

nherently exhibit small bandgaps, underscoring the potential
se of the reported species in optoelectronic applications where
fficient low-energy transitions are critical.

inally, we inspected the coordination capabilities [27, 28, 60, 61]
f the 20-π expanded porphyrin (2) at the atomic scale, selecting
obalt due to its strong propensity to metallate porphyrinoids. To
his aim, we first deposited precursor 1 on Ag(111) held at 300◦C
nd, subsequently, expose it to a flux of cobalt atoms (see overview
ngewandte Chemie International Edition, 2026
in Figure S16). Our inspection allows, in such a way, not only to
assess the potential metallation of the expanded porphyrins, but
also to provide an atomistic insight on the propensity of distinct
porphyrinoids for coordinating with 3d metals.

As illustrated by STM and nc-AFM imaging (cf. Figures 4a–c),
the metallation of 2 was successful, which is evidenced by the
presence of a protrusion in the cavity by STM and a cross-like
feature by nc-AFM, thus affording a two-fold coordinated species
2-Co with a yield of metallation of 21 ± 5% (cf. Figures S16 and
S17). The calculated optimized geometry of 2-Co (cf. Figure 4d)
highlights that the cobalt node is coordinated through two iminic
nitrogen atoms, while still two pyrrolic rings are present (see
Figure S18 for discarded dehydrogenation and metallation of
compound 2 tautomer). Metallation of residual 2′ and 2″ species,
giving rise to 2′-Co and 2′-Co was also successful as illustrated in
Figure S17.
5 of 9
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FIGURE 3 Antiaromaticity calculations and electronic characterization of 2 on Ag(111). (a) NICS(0) calculation of 2. NICS(0) positive (negative)
values indicate antiaromatic (aromatic) character. To facilitate the interpretation of the NICS(0) values we plotted the positive (negative) in blue (red)
and added clock-(counter clock-)wise arrows, based on their relation to the induced magnetic current density. (b) Long-range dI/dV spectra (right panel)
acquired on the positions indicated by colours in the topographic STM image (left panel). Reference spectrum (gray) was taken on the Ag(111) surface.
Vb = -0.35 V, It = 250 pA. Open feedback parameters for dI/dV spectra: Vb = -1.0 V, It = 400 pA, Vrms = 30 mV. (c–f) Experimental constant-current
differential conductance maps (left panels, It = 50 pA), taken at the energies indicated within each map (−0.35 V, −0.15 V, 0.05 V, 0.65 V), and simulated
dI/dV maps (right panels) of 2.

FIGURE 4 Metallation of 20-π (2.1.2.1) porphyrin on Ag(111) by cobalt. Scanning probe microscopy of distinct products obtained after deposition
of precursor 1 on Ag(111) substrate held at 300◦C and dosing of Co atoms for 4 min. (a, b) Constant-current (Vb = 0.5 V, It = 30 pA, scale bar = 5 Å)
and constant-height (Vb = 5 mV, scale bar = 5 Å) STM images of the Co-metallated transformed 20-π expanded porphyrin, 2-Co. (c) Corresponding
experimental Laplace-filtered constant-height frequency-shift nc-AFM image, acquired with a CO functionalized tip (Z-offset: 145 pm above STM set
point: 5 mV, 50 pA. Scale bar = 5 Å). d) Top and side view of the DFT simulation of the relaxed geometry of 2-Co on Ag(111). (e–g) Constant-current
STM (Vb = 0.5 V, It = 50 pA, scale bar = 5 Å), constant-height STM (Vb = 5 mV, scale bar = 5 Å), and Laplace-filtered constant-height frequency-shift
nc-AFM (Z-offset: 160 pm above STM set point: 5 mV, 50 pA) images of the species 3 metallated with Co, 3-Co, respectively. (h–j) Constant-current STM
(Vb = 0.5 V, It = 50 pA, scale bar = 6 Å), constant-height STM (Vb = 5 mV, scale bar = 6 Å), and Laplace-filtered constant-height frequency-shift nc-AFM
(Z-offset: 200 pm above STM set point: 5 mV, 50 pA) images of a metallated oligomer 4-Co.

6 of 9 Angewandte Chemie International Edition, 2026
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rea
oncomitantly, we observed the metallation of different products
ormerly coexisting with compound 2, leading to the formation
f 3-Co, 31-Co and 32-Co (cf. Figures 4e–g and S17), as well as 4-
o oligomers (cf. Figures 4h–j and S17). These species are readily

dentified by the appearance of a protrusion within the cavities,
nalogous to that observed in the previously characterized 2-Co.

statistical analysis of 253 species enabled us to evaluate the
etallation propensity (Figure S16), revealing average yields of

70 ± 5)% for 3-Co, 31-Co and 32-Co, and (93 ± 5)% for 4-Co, both
igher than for 2-Co. The enhanced tendency for metallation

n the archetype tetrapyrrole-based species, compared to the
-expanded transformed compound 2, likely stems from the

ncreased cavity size in 2. In such expanded macrocyclic, the two
yrrolic nitrogen atoms lie 2.1 Å from the cobalt centre, whereas
he two iminic nitrogen atoms are 3.1 Å away (cf. Figure S18),
ignificantly further than in a typical porphyrin, thus reducing
he overall metallation rate.

Conclusions

n this work, we present a pioneering on-surface synthesis strat-
gy to expand a prototypical porphyrin macrocycle from an 18-π
romatic system to a 20-π antiaromatic vinylogous porphyrin,
nlarging the π-conjugation pathway. This transformation,
chieved through dehalogenation and subsequent carbon inser-
ion from trifluoromethyl functional groups at the meso positions
n a trans configuration, successfully extends the π-conjugation of
he macrocyclic core. By employing scanning probe microscopy
nd spectroscopy, complemented with density functional theory
alculations, we unambiguously identified the structure and elec-
ronic properties of the expanded porphyrin, revealing a narrow
andgap of ∼0.2 eV and a pronounced antiaromatic character
ccording to NICS calculations. Our findings underscore the
ritical role of the Ag(111) surface in directing this transformation,
ontrasted by the absence of product formation on Au(111), as
ell as the importance of elevated substrate temperatures during
recursor sublimation to enhance the yield of the desired product.
otably, the surface not only stabilizes the expanded species,
ut also preserves a planarized geometry, which is essential for
ustaining the enhanced antiaromaticity observed. We further
emonstrate the successful metallation of the 20-π system with
obalt, yielding a unique metallated complex featuring two-fold
itrogen-cobalt coordination, and importantly steering new paths

or exploring coordination environments with submolecular
esolution.

hese findings open new avenues for the controlled synthesis of
xpanded porphyrins on surfaces, providing a versatile approach
or tailoring their electronic, antiaromatic and coordination
haracteristics. The implications of our work extend beyond
undamental surface chemistry, offering potential applications
n organic electronics, energy conversion, and catalysis. Further-

ore, the observed substrate-dependent reactivity underscores
he importance of interfacial interactions in on-surface synthesis,
aving the way for the rational design of surface-mediated molec-
lar transformations. We envision future studies will leverage this
trategy to explore expanded macrocyclic systems, thus enriching
he field of functional organic materials, particularly those ones
isplaying unique features such as antiaromaticity.
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