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Driving Multi-Step Regioselectivity in On-Surface Polymer Synthesis
by Molecular Coverage

Kalyan Biswas+, Alba García-Frutos+, Berta Álvarez, Marco Lozano, Ana Barragán,
Jesús Janeiro, Jesús Bello-García, Diego Soler-Polo, Koen Lauwaet, José M. Gallego,
Dolores Pérez, Rodolfo Miranda, José I. Urgel,* Pavel Jelínek,* Diego Peña,* and David Écija*

Abstract: On-surface synthesis has revolutionized the design of low-dimensional organic nanomaterials, introducing
unprecedented families of compounds while offering precise control over their structural and functional properties. A
critical challenge in this field is achieving regioselective control over covalent bond formation, which is essential for
tailoring polymerization processes. Here, we demonstrate a novel approach toward regioselective polymerization on
Au(111) using a dicyclopentaanthracene precursor, an acene derivative that comprise two terminal indene moieties.
Through a combination of scanning tunneling microscopy, non-contact atomic force microscopy, and density functional
theory calculations, we reveal a molecular coverage-dependent regioselective homocoupling mechanism. At low coverage,
one-dimensional polymers formed via indenyl couplings in anti-configuration dominate, involving both five-membered
rings of the precursor. Increasing the coverage to half a monolayer shifts the regioselectivity, yielding a quasi-1D staircase
polymer through indenyl couplings that engage only one five-membered ring of each precursor. At higher coverages, a two-
dimensional porous network emerges, driven by the activation of the four benzylic positions of the molecular precursor. Our
findings highlight the ability to steer regioselectivity and, consequently, polymer dimensionality by controlling molecular
coverage, significantly advancing the fields of on-surface synthesis and polymer science.

Introduction

On-surface synthesis has emerged over the past two decades
as a distinct discipline in chemistry, physics and material
science enabling the design of low-dimensional materials at
interfaces while allowing the study of their intrinsic physic-
ochemical properties with remarkable spatial resolution.[1–3]

A key aspect of this field is the ability to tailor specific cova-

lent products by identifying and controlling the parameters
necessary to synthesize the desired organic nanomaterials.[4–6]

Regioselectivity is a fundamental concept in chemistry
that dictates the preferential formation of bonds at specific
positions within a molecule during a chemical reaction.[7,8]

This control is especially crucial in polymerization processes,
where the precise arrangement of monomers determines the
structural and functional properties of the resulting polymer.
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Scheme 1.Molecular coverage as a reaction parameter to steer regioselective homocoupling mechanism. a) On-surface synthesis of 1 to 1D polymers
with anti- and syn-linking (2a and 2s), 1D staircase polymers (3), and 2D networks (4) driven by molecular coverage and formed via activation at
carbons at different sites of the precursors upon deposition on Au(111) at room temperature and subsequent annealing to 200 °C. b) Solution-phase
synthesis of the molecular precursor 1.

In the realm of on-surface synthesis, various param-
eters have been explored to tailor reaction products,
including the nature,[9] structure,[10,11] and temperature
of the substrate[12–14] molecular coverage;[15] and pre-
cursor stoichiometry.[16] However, achieving regioselec-
tivity in the polymerization of organic nanomaterials
through an external parameter on surfaces has remained
elusive.

Recently, we discovered a regio- and stereo-selective cou-
pling of indenyl moieties that affords the formation of one-
dimensional polymers on Au(111) by exploiting molecular
precursors equipped with a terminal five-membered carbon
ring.[17] Building on this reaction, we have synthesized dicy-
clopentaanthracene 1, bearing two terminal five-membered

rings, in order to explore the possible formation of 2D porous
nanostructures by indenyl coupling on Au(111). Based on our
previous work,[17] the four benzylic positions of compound
1 (i.e., C1, C3, C7, and C9) could be involved in an indenyl
coupling (Scheme 1a). Our comprehensive scanning probe
microscopy study, combining scanning tunneling microscopy
(STM), scanning tunneling spectroscopy (STS), and non-
contact atomic force microscopy (nc-AFM), complemented
by density functional theory (DFT) calculations, illustrates
that when these precursors are deposited on the metal
substrate and annealed to 200 °C, a multistep regioselec-
tive homocoupling reaction is observed, being triggered by
molecular coverage. At very low coverage, the predominant
formation (48 ± 2%) of the one-dimensional (1D) polymer
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2a with anti-configuration is observed (C1–C7 coupling),
which coexists with minority sections (24 ± 2%) of the
syn-polymer 2s (C1-C9 coupling). Increasing the coverage
to half a monolayer drastically alters such scenario, since
now a quasi-1D staircase polymer 3 is achieved, arising from
the regioselective coupling exclusively involving activation
at carbons C1 and C3 of the precursors. Finally, at higher
coverages, small patches of a two-dimensional (2D) porous
network 4 are formed, based on the activation of all the
benzylic carbon atoms.

Our results illustrate the potential to steer regioselectivity
by molecular coverage at interfaces, enabling the design
of polymers featuring distinct dimensionality, thus notably
expanding the toolbox of on-surface synthesis and polymer
science.

Results and Discussion

Inspired by our recent on-surface synthesis of acenoin-
denylidene polymers exploiting a regio- and stereo-selective
indenyl coupling of acene derivatives,[17] we have designed
1,2,3,7,8,9-hexahydrodicyclopenta[b,i]anthracene (1) due to
its potential to drive homocoupling from both termini at the
metal interface. The synthesis of precursor 1 was achieved in
the solution phase by means of aryne chemistry, as shown
in Scheme 1b. Thus, treatment of compound 5[18] with 3,6-
di-2-pyridyl-1,2,4,5-tetrazine (6) afforded the highly reactive
isobenzofuran 7, which was reacted with aryne 8 (generated
from 9 with tetrabutylammonium fluoride), leading to the
formation of the epoxy derivative 10 by a Diels–Alder
reaction. It should be mentioned that compound 5 was
also obtained from triflate 9 by [4 + 2] cycloaddition of
aryne 8 with furan. Finally, compound 10 was subjected
to a deoxygenative aromatization protocol to afford the
dicyclopentaanthracene 1, which was employed for the on-
surface experiments. Further synthesis and characterization
details are provided in Figures S1–S3.

The deposition of a submonolayer coverage of 1 on an
Au(111) held at room temperature resulted in the formation
of a supramolecular assembly based on intact molecules
stabilized by van der Waals interactions (cf. Figure S4).

Once the integrity of species 1 upon adsorption was
confirmed, we proceeded to examine the influence of the
molecular coverage on potential homocoupling reactions.
Annealing at 200 °C a low coverage sample of 1 (0.16 ± 0.03
ML) on Au(111) affords the formation of 1D polymers
with an anti-configuration (2a). These polymers feature
regioselective homocoupling between adjacent monomers
(48 ± 2% of frequency) involving carbons C1 and C7 of
each species, thanks to dehydrogenation and subsequent
carbon–carbon bond formation, as illustrated in Figure 1a,b
by STM imaging. This initial step of dehydrogenation
results in some isolated monomeric species, namely 1,7-
dihydrodicyclopenta[b,i]anthracene, due to dehydrogenation
at the C1 and C7 positions. The structural characterization
and associated electronic properties of such monomers are
presented in Figure S5. Residual homocoupling between
carbons C1 and C9 of the species results in minor sections of

the syn-polymer (2s, 24 ± 2%). Defective connections scale
up to 23 ± 2% (see Table S1).

Importantly, high-resolution frequency shift nc-AFM
images (Figure 1c,d) reveal that the monomers have lost
the extra hydrogen atoms from each of the five-member
units of the precursor, i.e., they have undergone a six-
fold hydrogen cleavage. The quality of the nc-AFM images
ratifies the structural identification of the monomers as
dicycloanthracene-based moieties, which is further supported
by nc-AFM simulations using the PP-AFM code[19] (Figure
S6). Notably, the potential radical character of the polymers
at the termini (Figure 1e) is quenched by either incomplete
dehydrogenation of unlinked sites or, alternatively, if initially
dehydrogenated, by passivation through residual atomic
hydrogen, as depicted in Figure 1g.

Next, we characterized the electronic structure of polymer
2a by STS at selected positions, revealing prominent features
at −0.77 and 1.04 V (cf. Figure 1h). Experimental dI/dV
mapping acquired at such resonances and comparison with
theoretical dI/dV maps[19] obtained from DFT calculations[20]

of the valence band maximum (VBM) and the conduction
band minimum (CBM) of the polymer (cf. Figure 1i), allow
us to establish a bandgap of 1.81 eV. In comparison, sections
of polymer 2s display a slightly higher bandgap of 2.01 eV (cf.
Figure S7).

Increasing the molecular coverage of 1 to close to half
a monolayer on pristine Au(111) (0.44 ± 0.06 ML) and
further annealing at 200 °C results in a drastically different
scenario. We observe the formation of long sections of
1D staircase polymers 3, spanning the whole surface (cf.
Figure 2a). High-resolution STM and nc-AFM frequency
shift images (cf. Figure 2b–d) allows to unambiguously dis-
cern dicyclopentaanthracene-based moieties linked through
carbon–carbon couplings. These arise from the regioselective
activation of carbons C1 and C3 of the same five-membered
ring of each precursor (50 ± 1% in frequency, see Table S1),
in an analogous reaction as the one previously found by us
for cyclopentaanthracene on Au(111).[17] Notably, a bright
protrusion is observed by nc-AFM imaging at the termini
of each monomer and assigned to an extra-hydrogenation
of those carbon positions, which allows us to propose a
dominant resonant form of the polymer expressing one
Clar sextet per monomer (cf. Figures 2e and S8). Thus,
while the system displays an intrinsic tendency toward open-
shell character, the residual atomic hydrogen atoms in the
chamber passivate any potential radicalism (Figure S6).
Comparing polymers 2a and 3, it is worthmentioning that
the regioselectivity has has changed from involving carbons
C1 and C7 from different five-membered rings to carbons
C1 and C3 of the same five-membered moiety, as depicted
in Scheme 1. We tentatively attribute such a phenomenon
to the increase in the molecular coverage. In the first
scenario, molecules are sparsely distributed across the surface,
and they prefer to interact through carbons C1 and C7.
However, for a certain coverage (above half a monolayer),
some areas form minute supramolecular assemblies, even at
high temperature, promoting covalent nucleation sites and
the regioselectivity via carbons C1 and C3. This behavior
is illustrated in Figure S4 by probing a supramolecular
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Figure 1. Low coverage: Structural and electronic characterization of 1D polymer with anti- and syn-connections on Au(111). a) Constant-height
high-resolution overview STM image acquired with a CO-functionalized tip of an Au111) surface after the deposition of a low coverage (0.16 ± 0.03
ML) of precursor 1 and subsequent annealing to 200 °C. V = 5 mV, I = 50 pA, Zoffset = 100 pm, scale bar = 1 nm. b) and e) Constant-current
high-resolution STM images of polymers 2a without and with a terminus, respectively. (b) V = 100 mV, I = 10 pA and (e) V = 0.5 V, I = 50 pA, c) and
f) Laplace-filtered constant-height frequency-shift nc-AFM images of a selected segment (marked with orange rectangle box) of (b) and (e) acquired
with a CO-functionalized tip V = 5 mV, 50 pA, Zoffset = 150 pm (b) and 200 pm (e), scale bar (b, c) = 1 nm and (e, f) = 0.5 nm. d) and g) Chemical
sketch of the resulting polymer shown in (c, f). h) dI/dV spectra with two pronounced peaks of 2a polymers acquired at the positions indicated by the
blue-colored cross inset image. Reference spectra taken on the bare Au(111) surface is depicted in orange, and the acquisition position is marked with
an orange cross in the inset image. Open feedback parameters for dI/dV spectra: V = −1.5 V, I = 100 pA, Vrms = 20 mV. Scanning parameter of inset
image V = 5 mV, I = 30 pA, scale bar = 1 nm. i) Constant current dI/dVmaps acquired at the approximate energies of the VB and CB (left) with the
corresponding simulated maps (right). dI/dV parameters: VB (V = −0.76 V, I = 250 pA) and CB (V = 1.1 V, I = 250 pA), with Vrms = 20 mV.

assembly of 1 on Au(111) held at rt, in which the interacting
motifs favor the subsequent formation of polymer 3 upon
annealing.

The characterization of the electronic structure of an
oligomer of 3 reveals resonances at −0.19 and 0.19 eV, respec-
tively. dI/dV mapping at such energy values displays the onsets
of the VB and CB, respectively, which match nicely with the
theoretical modelling of a free-standing polymer, thus ratify-
ing our rationalization and revealing a bandgap of 0.38 eV.

Notably, at such medium coverage, we concomitantly
observed the formation of very small 2D covalent porous
networks (4, 25 ± 1% in frequency; see Table S1). Increasing
the coverage of 1 close to the monolayer (0.94 ± 0.05 ML)
followed by annealing at 200 °C promotes higher lateral
regioselective reactions, affording the synthesis of numerous

small 2D covalent porous networks (4, cf. Figure 3a–c).
In such nanoarchitectures, carbons C1, C3, C7, and C9 of
each precursor have been activated for the regioselective
homocoupling through single carbon-carbon bonds in a
staircase fashion (73 ± 2% in frequency; see Table S1).
Again, the reason for such architectonics is presumably
related to local supramolecular assembly at high coverages
that initiates as a seed the covalent reaction, driving the most
favorable reaction sides. Thanks to the nc-AFM frequency
shift high-resolution images with a CO functionalized tip,
the dicyclopentaanthracene-like moiety is discerned, and
importantly, the rules for determining the dominant resonant
form can be established (cf. Figure 3d). In principle, a Clar
sextet per monomer could be possible to drawn, which
would imply that each five-member ring not connected to its
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Figure 2.Medium coverage: Structural and electronic characterization of 1D staircase polymers 3. a) Overview STM topography image with 0.44 ±
0.06 ML coverage showing the formation of 1D staircase (polymer 3) after deposition of 1 and subsequent annealing at 200 °C, V = −100 mV, I = 100
pA, scale bar = 10 nm. b) Magnified constant current STM image of a 1D staircase polymer (3), V = 5 mV, I = 10 pA, scale bar = 0.5 nm, and c)
high-resolution constant-height STM image of the same segment, V = 5 mV, I = 50 pA, Zoffset = 0 pm, scale bar = 1 nm. d) Constant-height
Laplace-filtered nc-AFM image from selected area (yellow box) of (b), V = 5 mV, I = 50 pA, Zoffset = 200 pm, scale bar = 0.5 nm. e) Corresponding
chemical sketch of the nc-AFM image in (d). f) Experimental determination of bandgap for 3 with STS acquired at the positions depicted by colored
cross in inset image 4 × 4 nm2, scale bar = 1 nm and orange curve on Au(111). Open feedback parameters for dI/dV spectra: V = −1.5 V, I = 100 pA,
Vrms = 20 mV. g) Experimental dI/dVmap of the VB and CB at constant current (left panel) and with the corresponding simulated maps (right
panel). dI/dVmap parameters: VB (V = −0.25 V, I = 250 pA) and CB (V = 0.15 V, I = 250 pA), with Vrms = 20 mV. Scale bar = 1 nm.

neighbors through single C-C bonds would present a radical,
or, alternatively, be passivated by residual atomic hydrogen,
as is the case (cf. Figure 3e).

Concerning the electronic structure, STS over selected
positions of a small patch reveals resonances at −0.5 and
0.25 V. In a second step, such resonances are spatially probed
by dI/dV mapping, matching nicely with the theoretical
modelling, and thus allowing us to set the onsets of the VB
and CB, establishing an overall bandgap of 0.75 eV.

Conclusion

In conclusion, our study demonstrates a strategy for tun-
ing regioselective polymerization on Au(111) by molecular
coverage as a control parameter. We demonstrate that
the activation sites of dicyclopentaanthracene precursors

systematically shift with molecular coverage. In a first step,
annealing a low coverage of the precursor on Au(111) at
200 °C resulted in 1D anti-polymers based on the activation of
carbons C1 and C7 of the precursor through dehydrogenation
and homocoupling of adjacent species. Repeating the same
procedure with half a monolayer of coverage gives rise to 1D
staircase polymers new opportunities through the activation
of carbons C1 and C3 of each species, thus illustrating the
regioselective control of an on-surface reaction by molecular
coverage. A final increase of molecular coverage over 0.9
ML and annealing to 200 °C triggers not only a distinct
regioselectivity, this time based on the cascade activation
of carbons C1, C3, C7, and C9, but also changes the
dimensionality of the system, now driving to small patches of
a 2D covalent porous network.

Our study introduces new opportunities to tailor on-
surface chemical reactions at interfaces, propelling fascinating
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Figure 3. High coverage: Structural and electronic characterization of 2D covalent networks 4 on Au(111). a) An overview STM topography image
displaying 0.94 ± 0.05 ML coverage illustrates the formation of small 2D patches (4) following the deposition of 1 and subsequent annealing at 200
°C (V = 0.5 V, I = 50 pA, scale bar = 5 nm). b) A zoom-in constant-current STM image highlights a segment of (4), while c) presents a
high-resolution constant-height STM image of the same segment acquired with a CO-functionalized tip. Scanning parameters (b) V = 5 mV, I = 20
pA, c) V = 5 mV, I = 50 pA, Zoffset = 160 pm, scale bar (b, c) = 0.5 nm). d) A constant-height nc-AFM image of (4), V = 5 mV, I = 20 pA, Zoffset = 160
pm, scale bar = 0.5 nm. e) The corresponding chemical sketch represents the nc-AFM image shown in d). f) High-resolution STM topography image
of a small patch of (4), V = −0.5 V, I = 250 pA, scale bar = 0.5 nm. g) Experimental dI/dV spectra on a 2D network at selected points indicated by the
colored crosses in (f). h) Experimental constant-current dI/dVmap of VB and CB, dI/dVmap parameters: VB (V = −0.5 V, I = 250 pA) and CB
(V = 0.3 V, I = 250 pA), with Vrms = 20 mV. i) corresponding simulated maps.

prospects for controlling site-specific reactions to drive the
expression of polymeric architectures of increasing dimen-
sionality and complexity.
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