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Abstract: The temperature-controlled transformation of organic molecules at interfaces is an incipient yet powerful strategy
for tailoring their structural and physico-chemical properties. In this study, we investigate the substrate- and thermal-
selective reactions of bis(3,4-thiophene-fused)tetrabromo-p-benzoquinodimethane molecule (1), focusing on its behavior
at distinct coinage metal interfaces, namely Au(111) and Ag(111). Combining scanning probe microscopy and theory, we
demonstrate that its sequential transformations are highly dependent on the substrate material and the specific reaction
temperatures. When a benzodithiophene precursor, endowed with = CBr, units, is deposited under ultra-high vacuum
(UHYV) conditions on both substrates held at room temperature (RT), or annealed to 100 °C in the case of Au(111), a
self-assembly is formed comprising 1D covalent polymers achieved through debromination and homocoupling, which are
aligned in a parallel fashion thanks to supramolecular interactions, giving rise to a 2D supramolecular polymer. However,
when the substrate is held at or above 175 °C during deposition, the molecular precursors (1) undergo substrate-specific
intramolecular reactions. On Au(111), a major transformation into pentalenodithiophene species is observed, concomitant
with the formation of benzotrithiophene. On Ag(111), instead, pentalenodithiophene species are precluded. These findings
highlight the importance of substrate selection and temperature control in enabling precise molecular transformations at
the nanoscale.
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allowing the capabilities of scanning probe microscopies for
structural, electronic, and magnetic characterization at the
atomic scale.l'*] Notable examples of synthesis on metallic

Introduction

Over the past two decades, on-surface covalent synthe-
sis under ultra-high vacuum (UHYV) conditions, frequently
termed “on-surface synthesis”, has emerged as a power-
ful strategy for designing unprecedent molecular species,
involving unique reaction pathways, while at the same time,

surfaces include nanographenes,>'°! the formation of 1D
nanowires,[>!'"14 the engineering of quasi-1D conjugated
ladder polymers (graphene nanoribbons),[>8! or even the
atomically precise fabrication of 2D covalent networks.['*-2!]
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Scheme 1. Reactivity of precursor 1 on Au(111) and Ag(111) under distinct thermal annealing procedures.

A key aspect of the emerging field of on-surface synthesis
is understanding the various factors that govern chemi-
cal reactivity, including the choice of substrate, molecular
backbone, functional groups, and external stimuli such as
thermal annealing, light, or electron beam irradiation.[’?]
Remarkably, most successful experiments in terms of novel
reaction mechanisms and reaction products involve sublimat-
ing precursor molecules onto a substrate at room temperature
(RT), followed by annealing to a specific temperature. Driven
by such success, in the last decade a growing interest is set on
elucidating thermally selective reactions, specifically how the
substrate temperature during molecular deposition can steer
distinct reaction pathways.[3>-24]

Thiophene-containing compounds have garnered signif-
icant attention due to their versatile applications across
various fields.”>!] In material science, thiophene-based com-
pounds are pivotal in the development of organic semicon-
ductors, which are essential for organic photovoltaics (OPVs),
organic field-effect transistors (OFETs), and organic light-
emitting diodes (OLEDs).[?72*3] In medicinal chemistry,
thiophene derivatives are known for diverse pharmacological
activities, including antimicrobial, anti-inflammatory, anti-
convulsant, antifungal, and anticancer properties. Several
marketed drugs, such as Thiophenfurin, Teniposide, and
Cefoxitin, incorporate thiophene nuclei, underscoring their
therapeutic importance.**! Altogether, the unique electronic
properties, chemical versatility, and structural stability of
thiophene derivatives make them indispensable in both
medicinal and material sciences, driving ongoing research and
development in these areas.

Driven by such importance, the chemistry of thiophene
derivatives on metal surfaces has been broadly explored,
generally illustrating the preservation of thiophene units
on Au(111) or Ag(111),33-3] while demonstrating desul-
furization and intramolecular reactivity on Cu(111) or
Ni(111).57-401

Inspired by the relevance of this family of compounds, the
potential of thiophene to induce intramolecular reactivity at
metal interfaces, and by our recent discovery of intramolecu-
lar rearrangements(*!%341-47] using the gem-dibromovinylene
(C=CBr,) functional group on both Au(111) and Ag(111), in
this work we report the synthesis and on-surface reactivity
of precursor 1 (see Scheme 1). This compound is a ben-
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zodithiophene derivative endowed with two =CBr, groups,
each one of them placed at the apex of a six-membered ring,
enabling the exploration of competing intermolecular and
intramolecular reactions.

Our comprehensive scanning tunneling and non-contact
atomic force microscopy (STM/nc-AFM) studies under
UHV conditions, complemented by X-ray photoelectron
spectroscopy (XPS) and density functional theory (DFT)
calculations, reveal that the deposition of a submonolayer
coverage of 1 on pristine Ag(111) held at RT gives rise to the
formation of 1D molecular wires (1a). The same polymeriza-
tion is found on Au(111) after subsequent annealing to 100 °C.
In contrast, sublimation of the precursor on a hot Au(111) or
Ag(111) substrate held at 175 °C results in distinct reaction
products. On Au(111), the reaction predominantly yields
pentalenodithiophene derivatives (1b), with minor residual
trithiophene species (1c¢). However, on the more reactive
Ag(111), the formation of pentalenodithiophene (1b) is inhib-
ited, and trithiophene species (1¢) emerge as the main prod-
uct. Notably, species 1a can still be found in small regions on
both substrates. Our mechanistic study on Ag(111) indicates
that metal adatoms play a key role by attacking the precursor,
leading to the formation of diradical thiophenes that diffuse
across the surface and couple into trithiophene species (1c).

Results and Discussion

Molecule 1 was synthesized following the procedure
described in the Supporting Information (cf. Figures S1-S6),
by functionalizing 4H,8H-benzo[1,2-c:4,5-c’]dithiophene-4,8-
dione with two =CBr, moieties. Recently, gem-dibromides
were found to be versatile for the on-surface synthesis of
carbon nanomaterials.[''-14182348-51] In particular, it has been
reported that the gem-dibromovinylene functional group
can steer polymerization when the precursor species are
deposited at RT and subsequently annealed,/''-14184930] or
afford intramolecular rearrangement when the precursor is
adsorbed on a hot substrate.[”’] To elucidate the dominant
reaction pathway for this thiophene derivative on Au(111)
and Ag(111), we inspected both scenarios.

In the first scenario, the deposition of a submonolayer cov-
erage of 1 on Au(111) held at RT gives rise to supramolecular
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Figure 1. On-surface synthesis of 1D cumulene-bridged
benzodithiophene polymers 1a on Au(111) and Ag(111). a) and d)
Overview STM images after deposition of 1 on Au(111) and Ag(117)
substrates at RT, respectively, and post annealing at 100 °C on Au(111).
Vp =0.2V, It = 50 pA, scale bar: 10 nm, and V},, = 0.5V, I = 10 pA, scale
bar: 10 nm, respectively. b) and e) Zoom-in constant-height STM images
of the obtained 1D covalent wires on top of Au(111) and Ag(111)
substrates, respectively. Open feedback parameters: Z-offset: 20 pm
below STM set point (5 mV, 50 pA), and Z-offset: 17 pm above STM set
point (5 mV, 50 pA), respectively. Scale bar: 1 nm. c) and f)
Corresponding Laplace-filtered and original nc-AFM images,
respectively. Z-offset: 15 pm below STM set point (5 mV, 50 pA), and
Z-offset: 35 pm below STM set point (5 mV, 50 pA), respectively. Scale
bar: 1 nm.

patches (cf. Figure S7). Further annealing to 100 °C induces
the formation of linear 1D-chains organized into 2D patches,
surrounded by Br-based nanostructures (cf. Figure 1a).
High-resolution constant-height STM and constant-height
frequency-shift nc-AFM images acquired with a CO tipl*>>3]
allow to elucidate the nature of such patches. They can
be rationalized as a 2D hybrid nanostructure, comprising
on a first level of hierarchy 1D covalent wires based on
benzodithiophene monomers linked by cumulene-bridges
(1a) (cf. Figure 1b,c). At a second hierarchical level, the
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1D wires are aligned in a parallel fashion, resulting in a
2D supramolecular nanoarchitecture based on 1D chains,
which are held together by Hee*Br interactions between
the peripheral hydrogen atoms from the thiophene rings
and interstitial bromine atoms. In addition, the thiophene
moieties are placed face to face, reinforcing the formation
of 2D patches with SeesS supramolecular interactions. High
resolution nc-AFM images reveal an experimental SeeeS
distance of ~3.5 A, which is in good agreement with the
simulated distance of ~3.7 A (cf. Figure S9).

Reproducing the same protocol on Ag(111) affords
the formation of the same 2D hybrid nanoarchitecture
already at RT (cf. Figure 1d—f), and additionally yields some
isolated molecular wires (cf. Figure S8). Our rationalization
is corroborated by the simulation of the model by DFT
calculations (cf. Figure S9). A stepwise annealing at
temperatures beyond 175 °C disassembles the 2D network
and induces the formation of amorphous wires featuring
ladder-like oligomeric segments on Au(111) (cf. Figure S10),
whereas on Ag(111) it leads to the formation of amorphous
wires above 200 °C (cf. Figure S11).

In the alternative sample preparation procedure, the
sublimation of a submonolayer coverage of 1 on Au(111) held
at 175 °C results in markedly different outcomes than those
described above. In addition to the linear chains, the sur-
face now features discrete molecular species surrounded by
interstitial bromine atoms (cf. Figure 2a). The main products
are pentaleno[1,2-c:4,5-c”]dithiophene species (1b) (~60%),
either passivated by -H or by Au-Br (cf. Figure 2a,b) or
featuring organometallic oligomers (cf. Figure 2c,d). This sig-
nals the intramolecular rearrangement of the precursor upon
thermal activation of the gem-dibromovinylene functional
group, as previously encountered for acene and sumanene
species on Au(111).[2>?*] It is important to highlight that
the antiaromatic pentalene-containing molecule 1b (R=H)
has not previously been synthesized in solution, probably
due to its poor stability, and only a few derivatives of 1b
(R#H) have been successfully prepared.’*>] Notably, the
presence of benzo[1,2-¢:3,4-¢":5,6-¢”" |trithiophene compound
(1c) is also detected (see discussion below), though as a minor
species (~20%). This reaction product suggests the possible
rupture of C—C bonds in the precursor 1 to create thiophene
radicals able to diffuse and react on the surface to form
benzotrithiophene species.

Thus, in principle, a more reactive surface than Au(111),
for instance Ag(111), could alter the proportion of pentalen-
odithiophene (1b) versus trithiophene (1¢) reaction products.
In fact, the deposition of a submonolayer coverage of 1 on
Ag(111) held at 175 °C results in the dominant formation
of trithiophene species (1¢) with a yield of ~40%, while the
remaining surface is populated by 1a linear chains (~20%)
and defective species (cf. Figures 2e and S12). Importantly,
the synthesis of pentalenodithiophene species (1b) is blocked.
High-resolution constant-height STM images display the
benzotrithiophene species, both on Au(111) and Ag(111),
as three bright protrusions assigned to intact thiophenes,
covalently assembled in a three-fold fashion (cf. Figures 2b
and e-g, respectively). Submolecular insights of the reaction
product are obtained on Ag(111) with constant-height
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Figure 2. On-surface synthesis of trithiophene on Au(111) and Ag(111) by depositing precursor 1 onto pre-heated substrates at 175 °C. a) and b)
Constant-current and constant-height STM images on Au(111) revealing the presence of species 1b, either passivated by H or by Au-Br, and species
Tc. Vi, = 0.5V, Iy = 50 pA, scale bar: 1 nm, and V, =5 mV, Iy = 50 pA, z-offset = 20 pm bellow the STM set point, scale bar: 1 nm, respectively. c) and
d) Constant-height STM image and Laplace-filtered nc-AFM image of specie 1b as an organometallic, also observed in the reaction. V;, = 5 mV,

It = 50 pA, z-offset = 50 pm above the STM set point, scale bar: 1 nm. e) Constant-height STM image of the reaction on Ag(111) revealing the
presence of species 1c and some defective species. V;, = 5 mV, Iy = 50 pA, z-offset = 100 pm above the STM set point, scale bar: 1 nm. f) and g)
Constant-current and constant-height STM images of an individual benzotrithiophene species 1c. V, = 0.5V, Iy = 50 pA, scale bar: 0.5 nm, and

Vi, =5 mV, Iy = 50 pA, z-offset = 160 pm above the STM set point, scale bar: 0.5 nm, respectively. h) Laplace-filtered nc-AFM image of panel g.

Z-offset: 160 pm above STM set point (5 mV, 50 pA), scale bar: 0.5 nm.

nc-AFM, allowing us to unambiguously discern the species,
assigning them to benzotrithiophene. Notably, the match
between experimental and simulated STM and nc-AFM
images (cf. Figures 2f-h and S13) is excellent, being the sulfur
atom in nc-AFM observed with a slightly brighter contrast.

Intrigued by the preservation of thiophene moieties, we
performed XPS experiments on selected samples to confirm
the integrity of such moieties and the presence of sulfur
atoms in the same thiophene chemical environment as in the
pristine molecular precursors. We investigated the molecular
adsorption and transformation on Ag(111).

Here, we compared three samples; where 1 was deposited
at RT, subsequently annealed to 175 °C, and deposited on the
substrate held at 175 °C. The first sample is representative
of the 2D supramolecular nanoarchitecture, the second of
such nanoarchitecture at higher T, but still preserving the
polymer, and the third showcases the benzotrithiophene
phase, respectively. Figure 3 shows the XPS spectra at the
S 2p core level for these samples. After depositing 1 on
Ag(111) at RT, a doublet is observed in the S 2p XPS
spectrum (cf. Figure 3a). This signal corresponds to the sulfur
atoms in the pristine thiophene rings that appear in the 1D
polymers (cf. Figures 1d—f). Annealing this surface to 175 °C
(Figure 3b) produces the appearance of a second doublet at
lower binding energy (shifted by 2.3 eV compared to the main
doublet). This signal amounts to 29% of the total intensity
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and we attribute it to the interaction of some of the sulfur
atoms with Ag adatoms, which are presumably generated at
this higher annealing temperature and are stabilized at the
sulfur sites after diffusing on the surface. The main doublet
remains at its energy position, indicating that the majority
of thiophenes are unaltered as compared to the RT phase.
When 1 is deposited on a Ag(111) surface held at 175 °C
(Figure 3c), a main doublet representative of unperturbed
thiophene species is detected, alongside with a small signal
arising from S-Ag interactions (12% of the total signal).
Notably, the detection of the main S 2p signal in its pristine
chemical state confirms that thiophene species are still present
on the surface, hence we can confirm the achievement of
benzotrithiophene compounds.

To investigate the reaction mechanism responsible for
the synthesis of benzotrithiophene, we performed DFT-
based transition state theory calculations, exploring distinct
synthetic scenarios based on our scanning probe microscopy
and XPS results. The most plausible pathway involves an
Ag adatom assisting the detachment of thiophene species
from precursor 1 followed by their diffusion and aggregation
to form the three-membered benzotrithiophene (1c) final
product. During the detachment of the thiophene units
from 1 (Figure S14), the carbon atoms involved in the first
bond scission increasingly interact with the substrate, forming
intermediate S1”. In this intermediate, one carbon atom from

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. XPS data indicating the preservation of thiophene moieties
after depositing precursor 1 on Ag(111) in different conditions, reported
in each panel: a) deposition at RT, b) deposition at RT and subsequent
annealing at 175 °C, and c) deposition on the substrate held at 175 °C,
respectively.

the thiophene unit is detached from 1 and is stabilized on the
surface by an Ag adatom. A second Ag adatom then engages
with the remaining carbon atom still bound to the precursor
1, promoting the final C—C bond cleavage and fully releasing
the thiophene unit.

Concerning the formation of benzotrithiophene species
from thiophene moieties, Figure 4 illustrates the proposed
mechanism. In this model, two and three thiophene units
aggregate around an Ag atom on Ag(111), forming two-
and three-fold covalently bonded structures, allowing a direct
comparison of their thermodynamic tendencies. For this
evaluation, we assumed that the independent thiophene units
had been previously isolated from precursor 1. Of two
tentative mechanisms considered (cf. Figure S14), the most
likely is a two-step process, with activation energies of 1.69
and 2.19 eV, and a net energy cost of 1.32 eV per newly formed
thiophene unit.

Accounting for this energy cost, two-fold bonded thio-
phene formation is endothermic (reaction energy of 1.16 eV),
in contrast to benzotrithiophene (1c¢), which forms exothermi-
cally (reaction energy of —2.70 V).

To understand these energy differences, we considered
the detailed reaction pathways leading to two- and three-
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fold bonded thiophene structures. For the reaction of two
thiophene units in the presence of an adatom (cf. Figure 4a),
the molecules undergo a two-step process. First, they form a
covalent bond (activation energy 1.01 eV, releasing 1.32 eV).
Then, a second bond is established (activation energy 1.34 eV)
yielding a cyclobutadithiophene species 1.48 eV lower in
energy than the separate thiophene counterparts. Considering
the 2.64 eV energy cost to generate the two thiophenes, the
overall process is endothermic.

For the reaction of three thiophene units, the system fol-
lows the reaction depicted in Figure 4b. First, two thiophene
units covalently couple, analogously to the first step of the
dimerization. The rate-limiting step, corresponding to the
covalent bond formation from S4’ to S5°, has an activation
energy of 1.21 eV. Upon detachment from the Ag adatom,
only a small energy barrier of 0.66 eV separates the trimeric
complex from the final state S6’, which lies 6.66 eV below the
three separated thiophene units. Accounting for the 3.96 eV
energy cost to generate the three thiophene units, the overall
process is exothermic, with an energy release of 2.70 eV.

These calculations indicate that trimerization is both kinet-
ically and thermodynamically preferred over dimerization,
consistent with our experimental findings that benzotrithio-
phene (1c¢) predominates, and that cyclobutadithiophene is
not detected.

Finally, we performed DFT simulations of the electronic
structure of the products 1b and 1¢, which reveal the closed-
shell character of the species (Figure S15a). In addition,
calculated NICS (0) signal at the centre of all the rings of
each species, displays a very low antiaromaticity of the central
ring of the benzotrithiophene compound (+2.7 ppm), and an
enhanced aromaticity of its thiophene units (—11.8, —11.8,
and —11.9 ppm) in comparison with pentalenodithiophene
compound (—7.0 and —7.1 ppm, cf. Figure S15b).

Conclusions

In this study, we have explored the on-surface synthesis and
reactivity of a p-benzoquinodithiophene derivative bearing
two =CBr, moieties (1), revealing the influence of substrate
type and deposition temperature on reaction pathways. Our
results highlight the potential of thermally selective reactions
at metal interfaces, with distinct outcomes observed on
Au(111) and Ag(111). The deposition of the precursor at RT
followed by annealing to 100 °C on Au(111) or directly at RT
on Ag(111) led to the formation of 1D covalent molecular
wires on both substrates, self-assembled into a supramolecular
architecture benefiting from Hee*Br and Se+S interactions.
However, sublimation onto the same substrates held at 175 °C
unveiled substrate-specific reaction pathways. On Au(111),
predominantly pentalenodithiophene derivatives (1b) were
obtained, with only minor amounts of benzotrithiophene (1¢)
and covalent wires. In contrast, the more reactive Ag(111)
substrate inhibited the formation of pentalenodithiophene
species and favored the generation of benzotrithiophene,
alongside the 1D polymers. Mechanistic insights revealed
that the reactivity on Ag(111) was driven by the attack
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Figure 4. DFT-calculated pathway for transforming precursor 1 into cyclobutadithiophene and benzotrithiophene on a Ag(111) substrate. Proposed
hypothetic mechanism for the creation of a) cyclobutadithiophene and b) benzotrithiophene (species 1c). The total energies are referred to the cost
of generating the necessary thiophene units (cf. Figure S14). The Ag adatom that mediates the reaction is depicted in blue for clarity. Ag, S, C, and H

atoms are depicted in gray, yellow, black, and white, respectively.

of metal adatoms to C—C bonds of the precursor, which
facilitated the formation of diradical thiophene species. These
intermediates diffused across the surface and reacted to yield
benzotrithiophene as the primary product.

Our findings reveal the critical role of substrate temper-
ature and reactivity in determining reaction pathways and
product selectivity. The distinct on-surface synthesis behaviors
on Au(111) and Ag(111) exemplify how substrate properties
can be leveraged to direct molecular reactivity at interfaces.
This study advances the understanding of organic chemistry
and on-surface synthesis, demonstrating the versatility of
thiophene chemistry. In addition, our results highlight that
strategically tuning substrate and thermal parameters, new
opportunities arise for the design of tailored molecular com-
pounds with potential applications in organic optoelectronics
and materials science.
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