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Here, we report a new on-surface synthetic strategy to precisely introduce five-membered units into
conjugated polymers from specifically designed precursor molecules that give rise to low-bandgap
fulvalene-bridged bisanthene polymers. The selective formation of non-benzenoid units is finely
controlled by the annealing parameters, which govern the initiation of atomic rearrangements that
efficiently transform previously formed diethynyl bridges into fulvalene moieties. The atomically precise

structures and electronic properties have been unmistakably characterized by STM, nc-AFM, and STS and
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polymers exhibit experimental narrow frontier electronic gaps of 1.2 eV on Au(111) with fully conjugated
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Introduction

The ability to control their characteristics with rational chem-
ical synthesis has made conjugated polymers excellent candi-
dates for technological applications such as light emitting
devices, solar cells, organic field-effect transistors, photo-
catalysts and biosensors."? These semiconductors and synthetic
metals have been generated from a wide range of organic
precursors comprising heterocyclic compounds as well as non-
benzenoid polycyclic hydrocarbons.? The successful synthesis
of these non-benzenoid compounds has recently provided
profound insights into the electronic properties of antiaromatic
and/or open-shell systems.*”® For example, these antiaromatic
compounds have demonstrated higher charge carrier mobility
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tune their optoelectronic properties by integrating five-membered rings at precise sites.

than their aromatic counterparts,' although the interpretation
of these properties is still unclear."*> Unfortunately, conven-
tional wet synthesis of conjugated polymers containing non-
benzenoid compounds is difficult in the case of unstable final
compounds due to their inherent low solubility, high intrinsic
reactivity and the occurrence of undesirable structural defects'?
that prevent complete control of the molecular structure.
On-surface synthesis'*** under ultra-high vacuum (UHV)
conditions is a promising strategy for synthetizing non-
benzenoid compounds. This approach has proven to be ideal
for fabricating (macro)molecular architectures with atomic
precision and tailored electronic properties.’® The rational
design of precursor molecules and the stabilization offered by
single-crystal substrates allow the engineering of specific
products, enabling the fine-tuning of their structural and elec-
tronic properties,” the fabrication of intrinsically reactive
molecular structures”' and the investigation of rearrange-
ment reactions*® > of particular interest for non-benzenoid -
extended nanostructures.** It therefore provides unique
opportunities to address the scientific challenge of fabricating
well-defined conjugated polymers incorporating non-benzenoid
components, with the goal of designing chemically robust, low
bandgap polymers. Nevertheless, there are only a few reports
discussing the on-surface formation of non-benzenoid
moieties,"**?° sometimes in conjugated polymers.
Most of them have utilized strategies based on oxidative ring
closure,®*® bond rotation®” or the use of molecular precursors
with embedded 5-membered rings.**** Therefore, it is highly
desirable to provide new strategies that allow the controlled
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formation and detailed analysis of such non-benzenoid
molecules.

Here, we exploited the atomic rearrangement of ethynylar-
ene to cyclopenta-fused polycyclic aromatic hydrocarbons, to
give rise to low bandgap fulvalene-bridged bisanthene polymers
on an atomically flat Au(111) surface. To this end, we synthe-
tized 9,10-bis(trimethylsilyl)ethynylanthracene and 10,10 -bis((-
trimethylsilyl)ethynyl)-9,9"-bianthracene as precursors (1 and 4
in Fig. 1, respectively). Each of them was intentionally designed
with a dual purpose: (i) to form one-dimensional diethynyl-
bridged polymers after homo-coupling of terminal alkynes
(Glaser-like coupling) on the surface;** and (ii) to favor the
selective atomic rearrangement of the linker giving rise to non-
benzenoid units.** Furthermore, endowing precursors 1 and 4
with trimethylsilyl (TMS) groups allows chemical protection of
the compounds and the in situ deprotection of such terminal
alkynes on-surface under UHV conditions. This strategy offers
an alternative to the use of unstable or highly-reactive
monomers.*”** Using scanning tunneling microscopy and
spectroscopy (STM and STS), in combination with non-contact
atomic force microscopy (nc-AFM) and density functional
theory (DFT) calculations, we analyzed the chemical structure
and electronic properties of the reaction products. Importantly,
overall, we reveal the successful formation of fulvalene-bridged
bisanthene conjugated polymers that exhibit a low bandgap of
a measurable value of 1.2 eV.

Results and discussion

Fig. 1 shows the chemical structure of the precursor molecules 1
and 4, which we have used in this study. 1 and 4 were synthe-
sized in solution from commercially available 9,10-dibro-
moanthracene and 10,10"-dibromo-9,9-bianthracene,
respectively, via double Sonogashira coupling with trimethylsi-
lylacetylene (see ESIT for details of the synthesis). The corre-
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were also synthesized in solution by treatment of 1 and 4 with
tetrabutylammonium fluoride. However, we observed that these
compounds tend to react or decompose under ambient condi-
tions. Besides, thermo gravimetric analysis (TGA) shows
a gradual decomposition of protected 4 at temperatures above
the evaporation threshold (Fig. S17). For this reason, we decided
to keep the trimethylsilyl protecting groups and perform in situ
deprotection prior to the on-surface polymerization.
Sublimation of 1 under UHV conditions on clean Au(111)
maintained at room temperature gives rise to self-assembled
molecular islands of anthracene units with their remaining
TMS groups, as depicted by the STM and nc-AFM images
(Fig. 2a, inset) and in perfect agreement with previous reports
on Ag(111).* The STM images after sample annealing at 225 °C
(cf Fig. 2b) reveal that polymerization of 1 has been triggered,
leading to the formation of one-dimensional molecular struc-
tures on the surface. In the close-up nc-AFM image recorded
with a functionalized CO-tip (Fig. 2c), polymer units were
resolved. These consist of anthracene units coupled by dieth-
ynyl motifs, confirming the formation of 2. The two triple bonds
are unambiguously distinguishable as bright dots, which is
consistent with recent observations on synthetized ethynylene-
bridged anthracene polymers* and poly(p-phenylene ethyny-
lene) molecular wires on Au(111).”” Interestingly, compared to
the reported ethynylene-bridges, diethynyl units increase the
electronic bandgap from 1.5 eV* to approximately 1.9 eV (see
Fig. S2}). In addition, intramolecular rearrangement of 2 is
frequently observed, and a significant number of five-
membered rings are found in the linkers, giving rise to struc-
ture 3, as shown in Fig. 2c, right. From the STM/AFM images, we
inferred that residual hydrogen from the environment chemi-
cally passivates the alkynes at the termini of the polymers. The
fact that these non-benzenoid units are consistently found in
the linkers indicates that they all originated by arrangement of
the ethynylene moiety. Indeed, it is clear that along the bridged
unit, the 5-membered ring can be found to be coupled to an

spondin unprotected terminal alkynes 9,10-
P & P ’ s ?] . ethynylene segment, as can be inferred by the presence of the
diethynylanthracene and 10,10-diethynyl-9,9"-bianthracene
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Fig.1 Scheme of the reaction sequence of (a) anthracene and (b) bianthracene based precursors after being deposited on Au(111) and annealed
up to 225 °C and 250 °C, respectively, to produce conjugated polymers incorporating non-benzenoid units.
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Fig.2 On-surface synthesis of fulvalene-bonded bisanthene polymers. (a) STM topographic overview with a superimposed model of precursor
(1) (top left inset) upon deposition at RT on Au(111) (0.05 V, 0.01 nA). (b) STM topographic overview after thermal annealing at 225 °C (0.1 V, 0.01
nA). (c) nc-AFM detailed images of the one-dimensional molecular structures of (b) including their respective model. The images show the
presence of diethynyl bonds and ethynyl-pentagon joints. (d) STM topographic overview with a model of precursor (4) (top left inset) after
deposition at RT on Au(111) (-2 V, 0.05 nA). (e) STM topographic overview of the sample after annealing at 250 °C (0.1 mV, 0.02 nA). (f) High-
resolution nc-AFM image of a fulvalene-bridged bisanthene polymer and the corresponding model of the polymer.
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triple bond in the nc-AFM images (cf: Fig. 2¢, right). Thus, the
linear anthracene-diethynyl-anthracene backbone reacts to
form five-membered rings by thermally induced ethynylarene
rearrangement to cyclopenta fused anthracene, as previously
described.*® This finding suggests not only the possibility of
tuning the polymer bandgap by introducing the diethylene
linker, but a mechanism for inducing the formation of five-
membered rings by selective atomic rearrangement.

To strengthen our hypothesis and investigate the generality
of the ethynylarene rearrangement to cyclopenta fused poly-
cyclic aromatic hydrocarbons, we synthesized compound 4
(Fig. 1) and studied its polymerization reaction on the Au(111)
surface with the aim of obtaining low bandgap conjugated
polymers. Pleasingly, in situ alkyne deprotection and Glaser-like
coupling on the Au(111) surface leading to bisanthene-based
conjugated polymers also worked with 4, albeit at higher
temperatures (see Fig. S3t). Similarly, STM images of islands
formed by bianthracene 4 display bright rounded features due
to the bulky TMS protecting groups (Fig. 2d). A first step of
annealing 4 on Au(111) to T= 250 °C for 30 minutes triggers the
polymerization of 4 leading to the formation of one-
dimensional molecular structures on the surface (¢f. Fig. 2e).
The chains have an average length of 9.6 nm (see Fig. S31) and
are composed of straight and zig-zag segments, which can be
found in cis- or trans-configurations depending on the bonding
between monomers (see Fig. S41 for more details). They do not
exhibit protrusions, indicating successful planarization of the
units. Nc-AFM imaging with a functionalized CO-tip*® was used
to reveal the chemical structure of the polymer. Its skeleton was
unambiguously resolved (Fig. 2f), confirming that it is
composed of a sequence of bisanthene monomers with fused
fulvalene bridges (7). Notably, the reaction is highly selective
and only minority concomitant defects are detected for sub-
monolayer coverage. The calculated bond dissociation energy
(BDE) of the reaction-participant radical positions for anthra-
cene (2), bianthracene (5), and bisanthene polymers in the gas
phase (Fig. S5T) shows that the dissociation required to initiate
the cyclo-pentafused rearrangement yields significantly
different values for anthracene and bianthracene polymers. The
formation of pentagon moieties is less energetically favorable
for anthracene polymers in the gas phase by 5.2 kcal mol ",
indicating selective initiation of the atomic rearrangement.

The absence of 1,3-butadiyne traces suggests that they all
converted to fulvalene bridges. In principle, the rearrangement
of ethynylarene to cyclopenta fused polycyclic aromatic hydro-
carbons may proceed through any of the five distinct sequences
of elementary reactions that differ in the temporal order of ring
closure and hydrogen migration/transfer. Our findings provide
no direct evidence of a preference for any temporal order but
taking into account the capability of gold surfaces to activate
aromatic CH bonds,* the generation of an aryl radical followed
by 5-endo-dig radical cyclization® and subsequent passivation of
the generated radical seems to be the most simple and plausible
mechanism considering the reported thermal rearrangement of
ethynylarenes in solution (¢f. Fig. 3a).

It is notable that the proposed mechanism at the surface may
involve the activity of individual gold adatoms®** to passivate
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the emerging radicals, which may ultimately stabilize with
residual hydrogen, highlighting the catalytic role of single
atoms at the surface (see Fig. 3b). Unfortunately, no interme-
diate structures (5 and 6 in Fig. 1) could be identified to support
a rearrangement mechanism. Importantly, all of our efforts to
generate diethynylene-bridged bisanthene polymers by
lowering the reaction temperature on the Au(111) substrates
failed, clearly confirming that the formation of the five-
membered rings is highly efficient (see Fig. S31). We also
tested the possibility of growing Glaser polymers (1 and 4) on
Ag(111). However, the surface showed low reactivity for such
coupling. This is probably due to the strong molecule-substrate
interaction, leading to low molecular diffusion, which is
a prerequisite for efficient on-surface chemistry.

Next, we examined the structural and electronic properties of
the fulvalene-bridged bisanthene polymer 7, including the
dominant resonance shape. In this regard, the rule of Glidewell
and Lloyd® provides a conceptual picture for predicting the
resonance form in polycyclic aromatic hydrocarbons incorpo-
rating non-benzenoid units. According to this rule, a resonance
structure with the smallest 4n + 2 groups, avoiding the forma-
tion of the smallest 4n groups, represents the most stable form
or the one that contributes most to the resonance. Locally, the
fulvalene bridge can exhibit two types of resonance forms, i.e.,
the C-C bond connecting two pentagons can be single or
double. From this hypothesis, at least two distinct resonance
forms can be conceived, as illustrated in Fig. 4a. Application of
Glidewell and Lloyd's rule shows that the structure associated
with a double bond linker (blue color in Fig. 4a) should be the
most stable, since the other option (red color in Fig. 4a) would
imply the formation of four groups with 4m-electrons in the
bisanthene moiety, which should be avoided according to the
rule. Interestingly, the system stabilizes four Clar's sextets on
the bisanthene unit (depicted in blue in Fig. 4a), the maximum
number. To investigate this hypothesis, we performed bond
order discrimination using nc-AFM with a CO-tip.*® High-
resolution nc-AFM images of the fulvalene-bridged polymers
(see Fig. 4b) show different bond lengths within the bisanthene
unit, whose statistically average value is shown in the left panel
of Fig. 4c (see Fig. S67 for details). The bond length analysis was
qualitatively confirmed by DFT calculations (right panel of
Fig. 4c). The analysis revealed that the variation of the bond
distance in the polymer matches the m-resonance predicted by
Glidewell and Lloyd's rule, further corroborating its validity on
surfaces.

Although aromaticity is well understood for benzenoid
compounds, the application of these concepts to non-
benzenoid systems is not trivial. A better understanding of
their “aromatic character” may lead to fruitful theoretical
proposals and to the synthesis of novel non-benzenoid conju-
gated compounds on surfaces. In addition, the aromatic char-
acter of a given compound determines the relationship between
its constituents and its chemical reactivity or electron delocal-
ization energy.*® Therefore, it is interesting to analyze the degree
of aromaticity and antiaromaticity of the bisanthene-fulvalene
polymer. The left panel of Fig. 4d shows the calculated
nucleus-independent chemical shift (NICS)*” of a bisanthene-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Proposed reaction mechanism giving rise to fulvalene units. (a) Traditional, and (b) on-surface proposed ethynylarene rearrangement to
cyclopenta fused polycyclic aromatic hydrocarbons. An initial hydrogen abstraction is followed by oxidative ring closure and m-electron
reconfiguration, while individual gold atoms may stabilize transient radicals.

fulvene dimer passivated by H, at the edges to induce the
double bond character of the C-C bond connecting two penta-
gons. Thus, the structure is closed shell since the potential
radicals are quenched, at least for the dimer. NICS analysis
revealed that the four benzenoid rings at the bisanthene kinks
are clearly aromatic, while the central six-membered ring
possesses values close to zero, typical of non-aromaticity, thus
reproducing well the bond length analysis and corroborating

a Resonance forms b AFM

Not observed Observed Experimental Simulated

the resonance form discussed above. On the other hand, in the
pentagons of the fulvalene segment, we find positive values for
the shielding tensor component (—ozz), which may indicate
antiaromaticity. Qualitatively, however, those values are close to
zero, which may indicate that the pentagons do not participate
in the m-conjugation of the system. The deviation of conjuga-
tion pathway from zig-zag edge near the fulvalene rings effec-
tively prolongs the conjugation path from 22 to 26 electrons,

c Bond length d
DFT

Aromaticity

Experimental NICS ACID

Fig. 4 Resonance and bond analysis of fulvalene-linked polymers. (a) Proposed resonance structures of bisanthene-fulvalene polymers. In blue
(red) are the observed (not-observed) resonance forms of the fulvalene-based polymers on the surface (Clar's sextets are highlighted). (b)
Experimental (left) and simulated (right) nc-AFM images of fulvalene-bridged one-dimensional structures. (c) Experimental (left) and DFT (right)
bond length analysis for a bisanthene-fulvalene dimer. (d) Calculated nucleus-independent chemical shift (NICS) of a fulvalene dimer (left) and
calculation of the induced current density (ACID) revealing the w-conjugation of the system (right). The diameter of the circle features corre-
sponds to the qualitative aromatic/antiaromatic (blue/red) character of the ring (see Table in Fig. S6+).
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which explains the positive shielding on the benzene rings. The
intensity of positive shielding above fulvene and the central
benzene rings is much lower than that of proto-typical anti-
aromatic molecules, such as cyclobutadiene and pentalene, so
they are considered non-aromatic (see Fig. S71 for the quanti-
tative analysis of NICS calculation for the H and H, terminated
dimer and tetramer).

To gain further insight into the aromatic character of the
polymer, we performed calculations of the anisotropy of the
induced current density (ACID)*® (Fig. 4d right panel). The -
ACID (including only pz orbitals) shows a clear conjugation
within each bisanthene unit including 26 m-electrons in total.
The map reveals the interactions of ring currents of each indi-
vidual ring, enhancing or suppressing the boundary with the
neighboring ring, depending on their mutual orientations.
Indeed, it reveals that there is aromatic w-conjugation within
bisanthene units with the fulvalene units excluded. The ACID
map shows the clockwise direction of the main current ring on
the bisanthene periphery, revealing its aromatic character with
all -electrons involved in this current, in agreement with the
4n + 2 rule of aromaticity. We found that it is possible to include
the fulvene moieties in the global ring current by passivating
the dimer edges with H instead of H, (see Fig. S8f for the
quantitative analysis of ACID calculation for the H and H,
terminated dimer and tetramer). However, this leads to the

Au (111)

=]
o
Sample Bias (V)

1

dI/dV (arbitrary units)

1

Experimental
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single bond character of the C-C bond connecting the penta-
gons and an antiaromatic number of m-electrons, which goes
against Glidewell and Lloyd's rule and the experimental obser-
vations. Conjugation through the linker shows a higher critical
isosurface value for the double-bond linker (CIV 0.0395) than
for the single-bond linker (CIV 0.0311, not shown), showing
higher electron delocalization between the units. To conclude,
the fulvalene polymer is aromatic with non-aromatic linkers,
resulting in weak conjugation between units.

Finally, to access the intrinsic electronic characteristics of
the bisanthene-fulvalene polymers, we performed a set of
scanning tunneling microscopy and spectroscopy experiments.
A voltage-dependent differential conductance spectrum (dz/dV
vs. V) acquired on 7 revealed peaks in the density of states (DOS)
at —630 mV and 560 mV (Fig. 5a). Those peaks arise respectively
from hybridization of the polymer valence and conduction
bands (VB and CB) with the substrate. Spatial mapping of the
di1/dV signal (dI/dV maps) at peak positions revealed character-
istic features (Fig. 5b) that are well reproduced by the corre-
sponding B3LYP-DFT-calculated dI/dV maps for an oligomer
formed by 7 (Fig. 5¢). The d7/dV map of the VB shows maxima at
the lateral edge of the bisanthene moiety, with negligible charge
density over the bridge (see Fig. 5b). The dI/dV map of the CB
exhibits states on the empty spaces adjacent to the fulvene
bridges (see Fig. 5b). Although DFT calculations could not

05 F
1.3 eV

E-Ef(eV)

-1.0

-1.5 L L
LDOS (arbitrary units)

Calculated

Fig. 5 Electronic structure of fulvalene polymers. (a) d//dV conductance spectra of the polymer acquired at the position marked with red in the
inset image. The red profile features a gap corresponding to 1.2 eV. (b) Experimental constant current d//dV maps (left) and calculated PDOS
(right) at the conductance band (top) and valence band (down) onsets. (c) DFT calculated LDOS for fulvalene polymers in the gas phase featuring

a bandgap of 1.3 eV.
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qualitatively predict the magnitude of the intrinsic bandgap of
the polymer® (Fig. 5c¢), they described very well the character of
the frontier orbitals of the VB and CB edges of the polymer (cf.
Fig. S97). In fact, the excellent agreement between experimental
and simulated d7/dV maps validates the character of the frontier
orbitals predicted by DFT. Thus, this results in a low bandgap of
~1.2 eV on Au(111). It should be noted that the bandgap value
obtained from STS measurements is typically reduced by an
additional electron screening imposed by the proximity of
a metallic surface with respect to the intrinsic bandgap of the
gas-phase polymer.*® However, in this case, the perfect agree-
ment between experimental and DFT values of the electronic
bandgap indicates a low degree of hybridization of the
fulvalene-polymer with the metal support.

Conclusion

In conclusion, by studying the rearrangement of ethynylarene to
cyclopenta fused polycyclic aromatic hydrocarbons on surfaces,
we have introduced a novel synthetic strategy for the selective
incorporation of five-membered rings into conjugated poly-
mers. In particular, trimethylsilylacetylene protection/
deprotection is a well-established strategy in solution-phase
chemistry, which we believe also has great potential in the
area of on-surface chemistry. The successful realization of
bisanthene-fulvalene polymers is confirmed by STM and high-
resolution nc-AFM analyses. We found that such a polymer
exhibits a measurable low band gap of 1.2 eV and a closed-shell
electron configuration on Au(111), as demonstrated by STS
supported by DFT calculations. We anticipate that our new
synthetic strategy will open avenues to fabricating highly
demanded covalent polymers on surfaces incorporating non-
benzenoid moieties, which are particularly attractive for
organic photovoltaics, photodetectors, and ambipolar field-
effect transistors.®%

Data availability

Data will be available on request. CCDC-2193258 contains the
supplementary crystallographic data for this paper. More
experimental details can be found in the ESI.}

Author contributions

A.G. C. and B. T. conceived and designed the experiments. A. G.
C and B. T. supervised the project and led the collaboration
efforts. A.J.-M., B. M. and B. T. carried out the SPM experiments,
obtained the data and performed on-surface reactions. F. V,
J. M. C. and A. G. C. synthesized the precursors. The experi-
mental data were analysed by A. J.-M. and B. T., and discussed
by all the authors. S. E., A. M. and P. ]. performed the theoretical
calculations. The manuscript was written by A. J.-M., A. G. C and
B. T. with contributions from all the authors.

Conflicts of interest

There are no conflicts to declare.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Acknowledgements

The authors gratefully acknowledge the support of the Opera-
tional Programme for Research, Development, and Education
of the European Regional Development Fund (Project No.
CZ.02.1.01/0.0/0.0/16_019/0000754), the European Research
Council (ERC) under the European Union's Horizon 2020
research and innovation program (Grant Agreement 677023),
and FEDER/Junta de Andalucia-Consejeria de Transformacion
Econdmica, Industria, Conocimiento y Universidades
(B.FQM.428.UGR20). F. V. thanks Ministerio de Universidades
(Spain, FPU18/05938). P. J. and S. E. acknowledge the support of
the GACR 20-13692X. B. M. and A. M. acknowledge the support
from the Internal Student Grant Agency of the Palacky Univer-
sity in Olomouc, Czech Republic IGA_PrF_2022_026 and
IGA_PrF_2022_019, respectively. B. M. further acknowledges
the Fischer Scholarship.

References

1 Z. Qiu, B. A. G. Hammer and K. Miillen, Conjugated
Polymers - Problems and Promises, Prog. Polym. Sci., 2020,
100, 101179, DOI: 10.1016/J.PROGPOLYMSCI.2019.101179.

2 ]J. Roncali, Molecular Engineering of the Band Gap of -
Conjugated Systems: Facing Technological Applications,
Macromol. Rapid Commun., 2007, 28(17), 1761-1775, DOI:
10.1002/marc.200700345.

3 Y. Olivier, D. Niedzialek, V. Lemaur, W. Pisula, K. Miillen,
U. Koldemir, J. R. Reynolds, R. Lazzaroni, ]J. Cornil and
D. Beljonne, 25th Anniversary Article: High-Mobility Hole
and Electron Transport Conjugated Polymers: How
Structure Defines Function, Adv. Mater., 2014, 26(14), 2119-
2136, DOI: 10.1002/ADMA.201305809.

4 R. R. Parkhurst, T. M. Swager, J. S. Siegel and Y.-T. Wu,
Polyarenes II, Springer International Publishing, 2014, vol.
350, DOI: 10.1007/978-3-319-07302-6.

5 Z. Zeng, X. Shi, C. Chi, ]J. T. Lopez Navarrete, J. Casado and
J. Wu, Pro-Aromatic and Anti-Aromatic p-Conjugated
Molecules: An Irresistible Wish to Be Diradicals, Chem. Soc.
Rev., 2015, 44(18), 6578-6596, DOI: 10.1039/c5¢s00051c.

6 C. K. Frederickson, B. D. Rose and M. M. Haley, Explorations
of the Indenofluorenes and Expanded Quinoidal Analogues,
Acc. Chem. Res., 2017, 50(4), 977-987, DOI: 10.1021/
acs.accounts.7b00004.

7 J. Liu, S. Mishra, C. A. Pignedoli, D. Passerone, J. I. Urgel,
A. Fabrizio, T. G. Lohr, J. Ma, H. Komber, M. Baumgarten,
C. Corminboeuf, R. Berger, P. Ruffieux, K. Miillen, R. Fasel
and X. Feng, Open-Shell Nonbenzenoid Nanogra-phenes
Containing Two Pairs of Pentagonal and Heptagonal Rings,
J. Am. Chem. Soc., 2019, 141(30), 12011-12020, DOI:
10.1021/jacs.9b04718.

8 M. Di Giovannantonio, K. Eimre, A. V. Yakutovich, Q. Chen,
S. Mishra, J. I. Urgel, C. A. Pignedoli, P. Ruffieux, K. Miillen,
A. Narita and R. Fasel, On-Surface Synthesis of Anti-aromatic
and Open-Shell Indeno[2,1- b]Fluorene Polymers and Their
Lateral Fusion into Porous Ribbons, J. Am. Chem. Soc.,
2019, 141(31), 12346-12354, DOIL: 10.1021/JACS.9B05335.

Chem. Sci., 2023, 14, 1403-1412 | 1409


https://doi.org/10.1016/J.PROGPOLYMSCI.2019.101179
https://doi.org/10.1002/marc.200700345
https://doi.org/10.1002/ADMA.201305809
https://doi.org/10.1007/978-3-319-07302-6
https://doi.org/10.1039/c5cs00051c
https://doi.org/10.1021/acs.accounts.7b00004
https://doi.org/10.1021/acs.accounts.7b00004
https://doi.org/10.1021/jacs.9b04718
https://doi.org/10.1021/JACS.9B05335
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc04722e

Open Access Article. Published on 20 2022. Downloaded on 12.06.2026 18:55:35.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

9 S. Mishra, D. Beyer, R. Berger, J. Liu, O. Gro, J. I. Urgel,
K. Miillen, P. Ruffieux, X. Feng and R. Fasel, Topological
Defect-Induced Magnetism in a Nanographene, J. Am.
Chem. Soc., 2020, 142(3), 1147-1152, DOIL 10.1021/
jacs.9b09212.

10 S. Fujii, S. Marqués-Gonzalez, J.-Y. Shin, H. Shinokubo,
T. Masuda, T. Nishino, P. A. Narendra, H. Vazquez and
M. Kiguchi, Highly-Conducting Molecular Circuits Based
on Antiaromaticity, Nat. Commun., 2017, 8(1), 1-8, DOIL
10.1038/ncomms15984.

11 G. P. Zhang, Z. Xie, Y. Song, M.-Z. Wei, G.-C. Hu and
C.-K. Wang, Is There a Specific Correlation between
Conductance and Molecular Aromaticity in Single-
Molecule Junctions?, Org. Electron., 2017, 48, 29-34, DOIL
10.1016/].ORGEL.2017.05.032.

12 S. Gil-Guerrero, N. Ramos-Berdullas and M. Mandado, Can
Aromaticity Enhance the Electron Transport in Molecular
Wires?, Org. Electron., 2018, 61, 177-184, DOIL: 10.1016/
J.ORGEL.2018.05.043.

13 Y. Chujo, Conjugated Polymer Synthesis: Methods and
Reactions, John Wiley & Sons, 2011.

14 L. Grill and S. Hecht, Covalent On-Surface Polymerization,
Nat. Chem., 2020, 12(2), 115-130, DOI: 10.1038/s41557-019-
0392-9.

15 S. Clair and D. G. de Oteyza, Controlling a Chemical
Coupling Reaction on a Surface: Tools and Strategies for
On-Surface Synthesis, Chem. Rev., 2019, 119(7), 4717-4776,
DOLI: 10.1021/ACS.CHEMREV.8B00601.

16 L. Grill, M. Dyer, L. Lafferentz, M. Persson, M. V. Peters and
S. Hecht, Nano-Architectures by Covalent Assembly of
Molecular Building Blocks, Nat. Nanotechnol., 2007, 2(11),
687-691, DOI: 10.1038/nnano.2007.346.

17 S. Mishra, T. G. Lohr, C. A. Pignedoli, J. Liu, R. Berger,
J. L. Urgel, K. Miillen, X. Feng, P. Ruffieux and R. Fasel,
Tailoring Bond Topologies in Open-Shell Graphene
Nanostructures, ACS Nano, 2018, 12(12), 11917-11927,
DOI: 10.1021/acsnano.8b07225.

18 D. G. de Oteyza, P. Gorman, Y.-C. Chen, S. Wickenburg,
A. Riss, D. J. Mowbray, G. Etkin, Z. Pedramrazi, H.-Z. Tsai,
A. Rubio, M. F. Crommie and F. R. Fischer, Direct Imaging
of Covalent Bond Structure in Single-Molecule Chemical
Reac-tions, Science, 2013, 340(6139), 1434-1437, DOI:
10.1126/SCIENCE.1238187.

19 A. Riss, A. Pérez Paz, S. Wickenburg, H.-Z. Tsai, D. G. de
Oteyza, A. ]J. Bradley, M. M. Ugeda, P. Gorman, H. Sae
Jung, M. F. Crommie, A. Rubio and F. R. Fischer, Imaging
Single-Molecule Reaction Intermediates Stabilized by
Surface Dissipation and Entropy, Nat. Chem., 2016, 8(7),
678-683, DOI: 10.1038/NCHEM.2506.

20 A. Shiotari, T. Nakae, K. Iwata, S. Mori, T. Okujima, H. Uno,
H. Sakaguchi and Y. Sugimoto, Strain-Induced Skeletal
Rearrangement of a Polycyclic Aromatic Hydrocarbon on
a Copper Surface, Nat. Commun., 2017, 8(1), 1-8, DOI:
10.1038/ncomms16089.

21 J. Li, S. Sanz, M. Corso, D. J. Choi, D. Pefia, T. Frederiksen
and J. I. Pascual, Single Spin Localization and Manipula-
tion in Graphene Open-Shell Nanostructures, Nat.

1410 | Chem. Sci., 2023, 14, 1403-1412

View Article Online

Edge Article

Commun., 2019, 10(1), 1-7, DOIL: 10.1038/s41467-018-08060-
6.

22 N. Pavlicek, P. Gawel, D. R. Kohn, Z. Majzik, Y. Xiong,
G. Meyer, H. L. Anderson and L. Gross, Polyyne Formation
via  Skeletal Rearrangement Induced by Atomic
Manipulation, Nat. Chem., 2018, 10(8), 853-858, DOIL:
10.1038/s41557-018-0067-y.

23 B. Schuler, S. Fatayer, F. Mohn, N. Moll, N. Pavlicek,
G. Meyer, D. Pefia and L. Gross, Reversible Bergman
Cyclization by Atomic Manipulation, Nat. Chem., 2016,
8(3), 220-224, DOI: 10.1038/NCHEM.2438.

24 Y. Tobe, Non-Alternant Non-Benzenoid
Compounds: Past, Present, and Future, Chem. Rec., 2015,
15(1), 86-96, DOI: 10.1002/TCR.201402077.

25 A. Riss, S. Wickenburg, P. Gorman, L. Z. Tan, H. Z. Tsai,
D. G. de Oteyza, Y.-C. Chen, A. ]J. Bradley, M. M. Ugeda,
G. Etkin, S. G. Louie, F. R. Fischer and M. F. Crommie,
Local Electronic and Chemical Structure of Oligo-Acetylene
Deriva-tives Formed through Radical Cyclizations at
a Surface, Nano Lett., 2014, 14(5), 2251-2255, DOI: 10.1021/
NL403791Q.

26 A. Riss, A. Pérez Paz, S. Wickenburg, H.-Z. Tsai, D. G. de
Oteyza, A. J. Bradley, M. M. Ugeda, P. Gorman, H. Sae
Jung, M. F. Crommie, A. Rubio and F. R. Fischer, Imaging
Single-Molecule Reaction Intermediates Stabilized by
Surface Dissipation and Entropy, Nat. Chem., 2016, 8(7),
678-683, DOI: 10.1038/NCHEM.2506.

27 P. Ruffieux, S. Wang, B. Yang, C. Sanchez-Sanchez, J. Liu,
T. Dienel, L. Talirz, P. Shinde, C. A. Pignedoli,
D. Passerone, T. Dumslaff, X. Feng, K. Millen and
R. Fasel, On-Surface Synthesis of Graphene Nanoribbons
with Zigzag Edge Topology, Nature, 2016, 531(7595), 489-
492, DOI: 10.1038/nature17151.

28 M. Orchin and L. Reggel, Aromatic Cyclodehydrogenation. V.
A Synthesis of Fluoranthene, J. Am. Chem. Soc., 1947, 69(3),
505-509, DOI: 10.1021/JA01195A009.

29 B. Mallada, B. de la Torre, J. I. Medieta-Moreno,
D. Nachtigallova, A. Mat€j, M. Matousek, P. Mutombo,
J. Brabec, L. Veis, T. Cadart, M. Kotora and P. Jelinek, On-
Surface Strain-Driven Synthesis of Nonalternant Non-
Benzenoid Aromatic Compounds Containing Four-to Eight-
Membered Rings, J. Am. Chem. Soc., 2021, 143(36), 14694~
14702, DOI: 10.1021/jacs.1c06168.

30 B. Mallada, Q. Chen, T. Chutora, A. Sanchez-Grande,
B. Cirera, ]J. Santos, N. Martin, D. Ecija, P. Jelinek and
B. de la Torre, Resolving Atomic-Scale Defects in
Conjugated Polymers On-Surfaces, Chem.-Eur. J., 2022,
28(48), 202200944, DOIL: 10.1002/CHEM.202200944.

31 L. R. Mérquez, N. Ruiz Del Arbol, J. 1. Urgel, F. Villalobos,
R. Fasel, M. F. Lopez, J. M. Cuerva, J. A. Martin-Gago,
A. G. Campana and C. Sanchez-Sanchez, On-Surface
Thermal Stability of a Graphenic Structure Incorporating
a Tropone Moiety, Nanomaterials, 2022, 12(3), 488, DOI:
10.3390/NANO12030488.

32 C. Sanchez-Sanchez, T. Dienel, A. Nicolai, N. Kharche,
L. Liang, C. Daniels, V. Meunier, ]J. Liu, X. Feng, K. Miillen,
J. R. Sanchez-valencia, O. Groning, P. Ruffieux and

Aromatic

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1021/jacs.9b09212
https://doi.org/10.1021/jacs.9b09212
https://doi.org/10.1038/ncomms15984
https://doi.org/10.1016/J.ORGEL.2017.05.032
https://doi.org/10.1016/J.ORGEL.2018.05.043
https://doi.org/10.1016/J.ORGEL.2018.05.043
https://doi.org/10.1038/s41557-019-0392-9
https://doi.org/10.1038/s41557-019-0392-9
https://doi.org/10.1021/ACS.CHEMREV.8B00601
https://doi.org/10.1038/nnano.2007.346
https://doi.org/10.1021/acsnano.8b07225
https://doi.org/10.1126/SCIENCE.1238187
https://doi.org/10.1038/NCHEM.2506
https://doi.org/10.1038/ncomms16089
https://doi.org/10.1038/s41467-018-08060-6
https://doi.org/10.1038/s41467-018-08060-6
https://doi.org/10.1038/s41557-018-0067-y
https://doi.org/10.1038/NCHEM.2438
https://doi.org/10.1002/TCR.201402077
https://doi.org/10.1021/NL403791Q
https://doi.org/10.1021/NL403791Q
https://doi.org/10.1038/NCHEM.2506
https://doi.org/10.1038/nature17151
https://doi.org/10.1021/JA01195A009
https://doi.org/10.1021/jacs.1c06168
https://doi.org/10.1002/CHEM.202200944
https://doi.org/10.3390/NANO12030488
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc04722e

Open Access Article. Published on 20 2022. Downloaded on 12.06.2026 18:55:35.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

R. Fasel, On-Surface Synthesis and Characterization of
Acene-Based Nanoribbons Incorporating Four-Membered
Rings, Chem.-Eur. J., 2019, 25(52), 12074-12082, DOIL:
10.1002/CHEM.201901410.

33 M. Liu, M. Liu, L. She, Z. Zha, J. Pan, S. Li, T. Li, Y. He, Z. Cali,
J. Wang, Y. Zheng, X. Qiu and D. Zhong, Graphene-like
Nanoribbons Periodically Embedded with Four- and Eight-
Membered Rings, Nat. Commun., 2017, 8(1), 1-7, DOL
10.1038/ncomms14924.

34 Q. Fan, D. Martin-Jimenez, D. Ebeling, C. K. Krug,
L. Brechmann, C. Kohlmeyer, G. Hilt, W. Hieringer,
A. Schirmeisen and J. M. Gottfried, Nanoribbons with
Nonalternant Topology from Fusion of Polyazulene:
Carbon Allotropes beyond Graphene, J. Am. Chem. Soc.,
2019, 141(44), 17713-17720, DOI: 10.1021/jacs.9b08060.

35 J. Deyerling, M. Pértner, L. Dordevi¢, A. Riss, D. Bonifazi and
W. Auwirter, On-Surface Synthesis of Rigid Benzenoid- and
Nonbenzenoid-Coupled Porphyrin-Graphene Nanoribbon
Hybrids, J. Phys. Chem. C, 2022, 126(19), 8467-8476, DOI:
10.1021/ACS.JPCC.2C00912.

36 M. Di Giovannantonio, J. I. Urgel, U. Beser, A. V. Yakutovich,
J. Wilhelm, C. A. Pignedoli, P. Ruffieux, A. Narita, K. Miillen
and R. Fasel, On-Surface Synthesis of Indenofluorene
Polymers by Oxidative Five-Membered Ring Formation, J.
Am. Chem. Soc., 2018, 140(10), 3532-3536, DOIL: 10.1021/
JACS.8B00587.

37 M. Liu, M. Liu, Z. Zha, J. Pan, X. Qiu, T. Li, J. Wang, Y. Zheng
and D. Zhong, Thermally Induced Transformation of
Nonhexagonal = Carbon  Rings in  Graphene-like
Nanoribbons, J. Phys. Chem. C, 2018, 122(17), 9586-9592,
DOI: 10.1021/ACS.JPCC.8B02565.

38 J. L Urgel, J. Bock, M. Di Giovannantonio, P. Ruffieux,
C. A. Pignedoli, M. Kivala and R. Fasel, On-Surface
Synthesis of m-Conjugated Ladder-Type Polymers
Comprising Nonbenzenoid Moieties, RSC Adv., 2021,
11(38), 23437-23441, DOI: 10.1039/D1RA03253D.

39 I. C.-Y. Hou, Q. Sun, K. Eimre, M. Di Giovannantonio,
J. L. Urgel, P. Ruffieux, A. Narita, R. Fasel and K. Miillen,
On-Surface Synthesis of  Unsaturated Carbon
Nanostructures with Regularly Fused Pentagon-Heptagon
Pairs, J. Am. Chem. Soc., 2020, 142(23), 10291-10296, DOIL:
10.1021/JACS.0C03635.

40 H.-Y. Gao, H. Wagner, D. Zhong, J.-H. Franke, A. Studer and
H. Fuchs, Glaser Coupling at Metal Surfaces, Angew. Chem.,
Int. Ed., 2013, 52(14), 4024-4028, DOIL: 10.1002/
ANIE.201208597.

41 B. de la Torre, A. Matéj, A. Sanchez-Grande, B. Cirera,
B. Mallada, E. Rodriguez-Sanchez, J. Santos, J. I. Mendieta-
Moreno, S. Edalatmanesh, K. Lauwaet, M. Otyepka,
M. Medved, A. Buendia, R. Miranda, N. Martin, P. Jelinek
and D. Ecija, Tailoring 7-Conjugation and Vibrational
Modes to Steer on-Surface Synthesis of Pentalene-Bridged
Ladder Polymers, Nat. Commun., 2020, 11(1), 4567, DOI:
10.1038/s41467-020-18371-2.

42 B. Yang, H. Lin, K. Miao, P. Zhu, L. Liang, K. Sun, H. Zhang,
J. Fan, V. Meunier, Y. Li, Q. Li and L. Chi, Catalytic
Dealkylation of Ethers to Alcohols on Metal Surfaces,

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Angew. Chem., 2016, 128(34), 10035-10039, DOIL: 10.1002/
ANGE.201602414.

43 J. Kriiger, F. Garcia, F. Eisenhut, D. Skidin, J. M. Alonso,
E. Guitian, D. Pérez, G. Cuniberti, F. Moresco and D. Pena,
Decacene: On-Surface Generation, Angew. Chem., Int. Ed.,
2017, 56(39), 11945-11948, DOI: 10.1002/ANIE.201706156.

44 W. Fudickar and T. Linker, Why Triple Bonds Protect Acenes
from Oxidation and Decomposition, J. Am. Chem. Soc., 2012,
134[36), 15071-15082, DOI: 10.1021/JA306056X.

45 H.-Y. Gao, P. A. Held, S. Amirjalayer, L. Liu, A. Timmer,
B. Schirmer, O. Diaz Arado, H. Mbénig, C. Miick-
Lichtenfeld, ]J. Neugebauer, A. Studer and H. Fuchs,
Intermolecular On-Surface o-Bond Metathesis, J. Am.
Chem. Soc., 2017, 139(20), 7012-7019, DOIL 10.1021/
JACS.7B02430.

46 A. Sanchez-Grande, B. de la Torre, J. Santos, B. Cirera,
K. Lauwaet, T. Chutora, S. Edalatmanesh, P. Mutombo,
J. Rosen, R. Zboril, R. Miranda, J. Bjork, P. Jelinek,
N. Martin and D. Ecija, On-Surface Synthesis of
Ethynylene-Bridged Anthracene Polymers, Angew. Chem.,
2019, 131(20), 6631-6635, DOI: 10.1002/ANGE.201814154.

47 Q. Sun, X. Yu, M. Bao, M. Liu, J. Pan, Z. Zha, L. Cai, H. Ma,
C. Yuan, X. Qiu and W. Xu, Direct Formation of C-C
Triple-Bonded  Structural  Motifs by  On-Surface
Dehalogenative ~ Homocouplings of Tribromomethyl-
Substituted Arenes, Angew. Chem., Int. Ed., 2018, 57(15),
4035-4038, DOI: 10.1002/ANIE.201801056.

48 J. Cioslowski, M. Schimeczek, P. Piskorz and D. Moncrieff,
Thermal Rearrangement of Ethynylarenes to Cyclopenta
fused Polycyclic Aromatic Hydrocarbons: An Electronic
Structure Study, J. Am. Chem. Soc., 1999, 121(15), 3773-
3778, DOI: 10.1021/JA9836601.

49 L. Gross, F. Mohn, N. Moll, P. Liljeroth and G. Meyer, The
Chemical Structure of a Molecule Resolved by Atomic
Force Microscopy, Science, 2009, 325(5944), 1110-1114,
DOI: 10.1126/science.1176210.

50 B. Lowe, J. Hellerstedt, A. Mat¢j, P. Mutombo, D. Kumar,
M. Ondracek, P. Jelinek and A. Schiffrin, Selective
Activation of Aromatic C-H Bonds Catalyzed by Single Gold
Atoms at Room Temperature, J. Am. Chem. Soc., 2022,
144(46), 21389-21397, DOI: 10.1021/jacs.2¢10154.

51 K. Gilmore and I. V. Alabugin, Cyclizations of Alkynes:
Revisiting Baldwins Rules for Ring Closure, Chem. Rev.,
2011, 111(11), 6513-6556, DOI: 10.1021/CR200164Y.

52 Y.-Q. Zhang, N. Kepcija, M. Kleinschrodt, K. Diller,
S. Fischer, A. C. Papageorgiou, F. Allegretti, J. Bjork,
S. Klyatskaya, F. Klappenberger, M. Ruben and J. V. Barth,
Homo-Coupling of Terminal Alkynes on a Noble Metal
Surface, Nat. Commun., 2012, 3(1), 1-8, DOL 10.1038/
ncomms2291.

53 D. Sen, P. Blonski, B. de la Torre, P. Jelinek and M. Otyepka,
Thermally Induced Intra-Molecular Transformation and
Metalation of Free-Base Porphyrin on Au(111) Surface
Steered by Surface Confinement and Ad-Atoms, Nanoscale
Adv., 2020, 2(7), 2986-2991, DOI: 10.1039/DONA00401D.

54 C. Glidewell and D. Lloyd, Mndo Study of Bond Orders in

Some Conjugated BI- and Tri-Cyclic Hydrocarbons,

Chem. Sci., 2023, 14, 1403-1412 | 1411


https://doi.org/10.1002/CHEM.201901410
https://doi.org/10.1038/ncomms14924
https://doi.org/10.1021/jacs.9b08060
https://doi.org/10.1021/ACS.JPCC.2C00912
https://doi.org/10.1021/JACS.8B00587
https://doi.org/10.1021/JACS.8B00587
https://doi.org/10.1021/ACS.JPCC.8B02565
https://doi.org/10.1039/D1RA03253D
https://doi.org/10.1021/JACS.0C03635
https://doi.org/10.1002/ANIE.201208597
https://doi.org/10.1002/ANIE.201208597
https://doi.org/10.1038/s41467-020-18371-2
https://doi.org/10.1002/ANGE.201602414
https://doi.org/10.1002/ANGE.201602414
https://doi.org/10.1002/ANIE.201706156
https://doi.org/10.1021/JA306056X
https://doi.org/10.1021/JACS.7B02430
https://doi.org/10.1021/JACS.7B02430
https://doi.org/10.1002/ANGE.201814154
https://doi.org/10.1002/ANIE.201801056
https://doi.org/10.1021/JA9836601
https://doi.org/10.1126/science.1176210
https://doi.org/10.1021/jacs.2c10154
https://doi.org/10.1021/CR200164Y
https://doi.org/10.1038/ncomms2291
https://doi.org/10.1038/ncomms2291
https://doi.org/10.1039/D0NA00401D
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc04722e

Open Access Article. Published on 20 2022. Downloaded on 12.06.2026 18:55:35.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

Tetrahedron, 1984, 40(21), 4455-4472, DOIL: 10.1016/S0040-
4020(01)98821-0.

55 L. Gross, F. Mohn, N. Moll, B. Schuler, A. Criado, E. Guitian,
D. Pefa, A. Gourdon and G. Meyer, Bond-Order
Discrimination by Atomic Force Microscopy, Science, 2012,
337(6100), 1326-1329, DOI: 10.1126/science.1225621.

56 M. Kertesz, C. H. Choi and S. Yang, Conjugated Polymers
and Aromaticity, Chem. Rev., 2005, 105(10), 3448-3481,
DOI: 10.1021/CR990357P.

57 P. V. R. Schleyer, C. Maerker, A. Dransfeld, H. Jiao and
N. J. van Eikema Hommes, Nucleus-Independent Chemical
Shifts: A Simple and Efficient Aromaticity Probe, J. Am.
Chem. Soc., 1996, 118(26), 6317-6318, DOIL: 10.1021/
JA960582D.

58 D. Geuenich, K. Hess, F. Kohler and R. Herges, Anisotropy of
the Induced Current Density (ACID), a General Method To
Quantify and Visualize Electronic Delocalization, Chem.
Rev., 2005, 105(10), 3758-3772, DOI: 10.1021/cr0300901.

1412 | Chem. Sci, 2023, 14, 1403-1412

View Article Online

Edge Article

59 A. J. Cohen, P. Mori-Sanchez and W. Yang, Insights into
Current Limitations of Density Functional Theory, Science,
2008, 321(5890), 792-794, DOI: 10.1126/SCIENCE.1158722.

60 J. B. Neaton, M. S. Hybertsen and S. G. Louie,
Renormalization of Molecular Electronic Levels at Metal-
Molecule Interfaces, Phys. Rev. Lett., 2006, 97(21), 216405,
DOI: 10.1103/PHYSREVLETT.97.216405.

61 G.Li, R.Zhu and Y. Yang, Polymer Solar Cells, Nat. Photonics,
2012, 6, 153-161, DOI: 10.1038/nphoton.2012.11.

62 R. A. ]J. Janssen and ]. Nelson, Factors Limiting Device
Efficiency in Organic Photovoltaics, Adv. Mater., 2013,
25(13), 1847-1858, DOI: 10.1002/adma.201202873.

63 Y. Zhao, Y. Guo and Y. Liu, 25th Anniversary Article: Recent
Advances in n-Type and Ambipolar Organic Field-Effect
Transistors, Adv. Mater., 2013, 25(38), 5372-5391, DOL
10.1002/adma.201302315.

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1016/S0040-4020(01)98821-0
https://doi.org/10.1016/S0040-4020(01)98821-0
https://doi.org/10.1126/science.1225621
https://doi.org/10.1021/CR990357P
https://doi.org/10.1021/JA960582D
https://doi.org/10.1021/JA960582D
https://doi.org/10.1021/cr0300901
https://doi.org/10.1126/SCIENCE.1158722
https://doi.org/10.1103/PHYSREVLETT.97.216405
https://doi.org/10.1038/nphoton.2012.11
https://doi.org/10.1002/adma.201202873
https://doi.org/10.1002/adma.201302315
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc04722e

	On-surface synthesis of non-benzenoid conjugated polymers by selective atomic rearrangement of ethynylarenesElectronic supplementary information (ESI)...
	On-surface synthesis of non-benzenoid conjugated polymers by selective atomic rearrangement of ethynylarenesElectronic supplementary information (ESI)...
	On-surface synthesis of non-benzenoid conjugated polymers by selective atomic rearrangement of ethynylarenesElectronic supplementary information (ESI)...
	On-surface synthesis of non-benzenoid conjugated polymers by selective atomic rearrangement of ethynylarenesElectronic supplementary information (ESI)...
	On-surface synthesis of non-benzenoid conjugated polymers by selective atomic rearrangement of ethynylarenesElectronic supplementary information (ESI)...
	On-surface synthesis of non-benzenoid conjugated polymers by selective atomic rearrangement of ethynylarenesElectronic supplementary information (ESI)...
	On-surface synthesis of non-benzenoid conjugated polymers by selective atomic rearrangement of ethynylarenesElectronic supplementary information (ESI)...
	On-surface synthesis of non-benzenoid conjugated polymers by selective atomic rearrangement of ethynylarenesElectronic supplementary information (ESI)...


