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Abstract (150 words)

Atomic scale defects significantly affect the mechanical, electronic, and optical properties of =-

conjugated polymers. Here we deliberately introduce isolated atomic-scale defects into a


mailto:bruno.de@upol.cz

prototypical anthracene-ethynylene m-conjugated polymer and carefully examine its local density
of states on the atomic scale to show how individual defects modify the inherent electronic and
magnetic properties of this one-dimensional systems. Our scanning tunneling and atomic force
microscopy experiments, supplemented with density functional theory calculations, reveal the
existence of a sharp electronic resonance at the Fermi energy around certain defects, which is
associated with the formation of a local magnetic moment accompanied by substantial mitigation
of the mobility of charge carriers. While defects in traditionally synthesized polymers lead to
arbitrary conformations, our results clearly reflect the preferential formation of low dimensional
defects at specific polymer sites, which may introduce the possibility of engineering macroscopic

defects in surface-synthesized conjugated polymers.

Introduction

The synthesis of conjugated polymers aims to improve their beneficial properties, such as high
charge carrier mobility, unique light absorption, and emission characteristics!!!, which is useful for
different technological applications, including light-emitting devices, solar cells, organic field-
effect transistors, photocatalysis, and biosensors!>?). As a result of their strong structure-to-
property correlations, defects play a central role in the physical properties of conjugated polymers.
For example, it has been observed that structural and chemical defects disturb electronic
conjugation throughout the polymer structure by reshaping the m electron lattice, resulting in: (i)
potential confinement of electronic excitations on small subunits that act as chromophores and, (i1)
significantly reduced electron mobility. (1 Although the role played by these defects has been

10-14

extensively addressed by theory, [1%14] reported experimental data refer to statistical properties of

the entire heterogeneous collection of defects generated in the polymerization process.[®:!15-20],
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Recently, on-surface synthesis!?'?* has emerged as a new synthetic protocol for designing
nanomaterials with atomic precision and customized electronic properties. Taking advantage of
the two-dimensional confinement of a surface, polymerization reactions can lead to the formation
of unprecedented large polymers under ultra-high vacuum (UHV) conditions, not accessible in
solution chemistry. Particular attention has been paid to m-conjugated materials,>! illustrated by

[24,26

the bottom-up synthesis of graphene nanoribbons. I Lately, the approach has shown the

potential to design well-defined n-conjugated materials with exotic electronic properties, such as

27301 or m-magnetism.!! Furthermore, on-surface synthesis allows the

non-trivial band topology!
characterization of these systems by combining surface science techniques such as scanning
tunneling microscopy (STM) and high-resolution atomic force microscopy in a non-contact (nc-
AFM) regime. This blend of techniques has the ability to resolve not only the topographic shape
but the backbone of individual molecules*?! allowing the identification of the reaction products

for each on-surface reaction step*>°! together with their microscopic electronic structure via

scanning tunneling spectroscopy (STS).

Such nanostructures are often subject to comprise atomic-scale defects arising from the synthesis

36371 Importantly, defects can tailor intrinsic characteristics of the m-conjugated material

process.|
by atomic rearrangement, resulting in stabilized open-shell configurations that feature nontrivial
n-magnetism>®“4%. Even though defect engineering was a striking success story in inorganic

41421 poth for their mechanical and electronic properties, and also applied to

semiconductors,
organic hard materials, defect engineering has rarely been used in the design of soft matter so far.
Thus, for further development of protocols for understanding and engineering defects in such

structures, a detailed characterization of the electronic and geometric structure of low-dimensional

defects in m-conjugated polymers is demanded.



In the following, we have deliberately introduced atomic-scale defects in on-surface synthesized
polymers and deeply investigated their nature by using STM/STS, nc-AFM, and density functional
theory (DFT). We study the prototypical anthracene-ethynylene n-conjugated polymer on Au(111)
following our recently developed synthetic protocol.?>**l Then, we induce formation of atomic-
scale defects that can be harnessed to a given extent by increasing the annealing temperature during
reaction processes. In particular, we identified statistically more abundant defects consisting of
both atomic rearrangements and incorporation of atomic species and examined their impact on the
electronic structure of the polymer. Interestingly, we show that while some conformational defects
hardly affect the intrinsic electronic structure of the polymer, certain atomically defined defect
motifs can harbor localized spins at specific sites, which is revealed by the presence of a Kondo

resonance!***1 in the STS spectroscopy.
Results
Synthesis of defects-containing ethynylene-bridged anthracene polymers

The one-dimensional conjugated nanostructure, and its low-dimensional defects studied here, are
synthesized directly on the Au(111) surface by thermal annealing after molecular deposition in
ultra-high vacuum. Deposition of the molecular precursor 11,11,12,12-tetrabromoanthra-p-
quinodimethane (hereafter 4BrAn, see the sketch in Figure 1a) on a clean Au(111) surface and
subsequent annealing at 500 K for 30 minutes in UHV, results in the formation of a low-bandgap
(= 1.5 eV) ethynylene-bridged anthracene polymer (see Figure 1b, and ref. 3! for a detailed
characterization of its pristine properties). Defects in such polymers are rare and pristine polymeric

segments up to hundreds of nanometers can be found routinely.



Subsequent annealing of the surface leads to distorted molecular wires with a much greater number
of structural defects. Statistical analysis of the defect density at different temperatures produces a
clear trend with annealing temperature (Figure S1). The number of intermolecular defects
drastically increases upon annealing the sample at 500 K, indicating the onset of the defect
formation. Further annealing up to 700 K gradually introduces intramolecular defects into the
polymers. The overview and detailed STM topographies upon annealing < 700 K, shown in
Figures 1b, ¢, display the on-surface synthesized ethynylene-bridged anthracene wires as a result
of successful polymerization. In addition, the molecular wires comprise in-plane (plane of the
surface) joints between pristine ethynylene-bridged anthracene segments with a measurable angle
mainly in a narrow range from 60° to 80°, which will be later identified as type A and B defects
(marked by white arrows in Figures 1b, c). These defects are the majority over those that preserve
the linearity of the polymer (type C, see below) and those featuring a small bending angle (type D,
see below) as manifested in the statistical analysis (see Figure 1d, e). Recently, we reported that
at the polymerization temperature (T > 500 K), molecular vibrations are triggered both in the
monomer unit and the linker*®), inducing carbon rearrangements!*’!. In such pristine ethynylene-
bridged anthracene-polymers, the relative longitudinal stiffness of the ethynylene bridge promotes
bending of the polymer over longitudinal reactions, while preserving the chemical structure of the
monomer, unlike polymers with cumulene-like bridges.[*®! Thus, the featured kinks in anthracene-
ethynylene polymers can be rationalized by such structural bending in the linker moiety together
with increased diffusion of the polymer on the surface at elevated temperatures, facilitating the
backbone realignment. In addition, as we will explain below, for type A defect, it is necessary the

incorporation of an extra single atom.



Post-annealing of the substrate to higher temperatures (T > 700 K) results in a sample with
predominantly lateral bonds between polymers due to the activation of the C-H bonds at the
periphery of the monomers and the high lateral mobility of the species on the surface (see Figure

S2) which largely increases the density of defects (Figure S1).
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Figure 1. Low-dimensional structural defects in anthracene-ethynylene polymer on Au(111).
a) Scheme of the reaction sequence of 4BrAn (11,11,12,12-tetrabromoanthra-p-quinodimethane)
precursor after being deposited on Au(111) and annealed. b) Topographic overview (It = 5 pA,
VBias = 200 mV) of the polymer-decorated sample upon annealing below 700 K. ¢) Close-up
topography of a polymer containing kinks (It = 10 pA, Vgias = 5 mV). d) nc-AFM (Laplacian
filtered) elucidation and statistics of the most found low-dimensional defects. e) Histogram of
relative abundance of defects (77 defects were counted in total).

Structural characterization



We attained structural characteristics of more prominent defects at the atomic level employing
non-contact AFM measurements with a CO-functionalized tip®®**! (Figure 1d and Figure S3).
Statistic of defects observed in several experimental sessions, reveals that two distinct types of
low-dimension structural defects (labeled A and B in Figure 1c,d) are the most frequently
encountered in our experiments for all investigated annealing temperatures. Thus, below, we focus
our discussion on a detailed comparison of polymers with type A and B defects that are by far the
most representative (=38% and =27% of the total number of defects, respectively). As illustrated
by the high-resolution nc-AFM image (see Figure 1d), the type A defect consists of two hexagons
and a single pentagon formed at the junction between two adjacent anthracene monomers instead
of the ethynylene bridge found in pristine polymers. On the other hand, type B (see Figure 1d)

consist of both six- and five-membered rings at the junction.

Type B defect can be rationalized by a bare frustrated transformation reaction from ethynylene-
towards pentalene-bridged polymer, whereas the incorporation of an additional atom to the
polymeric linker is required to account for the formation of defect type A. nc-AFM images allow
to identify heteroatoms in the chemical structure due to their distinct van der Waals radii, bonding
geometry, electron density, and substrate interaction*®. Our nc-AFM images lead to atomic
features with rather similar contrast which points to the formation of such defects with only carbon
atoms. Individual carbon atoms are common residues in surface chemistry experiments with
organic compounds. In our case, the cleavage of =CBr» at the ends of the polymer provides the
system with a reservoir of residual. The growth of type A and B defects involves rearrangement
of the carbon atoms and m-conjugation around the ethynylene-bridge along with final

cyclodehydrogenation reactions.

Electronic characterization



Next, we turn the attention to the effect of such low dimensional type A and B defects on the
intrinsic electronic properties of the polymers. The addition of an extra carbon to the bridge (type
A defect) leads to significant differences in charge distribution at the junction, in addition to the
structural rearrangement described above. To give a clearer picture it is worth to comparatively
discuss both defects. To probe the electronic properties of polymeric sections featuring type A or
type B defects, we performed scanning tunneling point spectroscopy (STS) measurements and
differential conductance (dI/dV) mapping on both types of defects and adjacent pristine segments.
These measurements directly probe the energy- and spatial dependence of the local density of

states (LDOS) of each carbon nanostructure.

In agreement with our previous reports,**) two frontier resonances at -0.6 eV and 0.8 eV are
distinguished in STS data collected in pristine polymeric segments (cf Figure 2a), which are close
to the onset of valence (VB) and conduction (CB) bands respectively (see ref 42). The dI/dV map
of the VB has states over the bridges and notably on the voids adjacent to the links. The dI/dV map

of the CB shows states located on the edges of the anthracene moieties.

As expected, the dI/dV maps acquired on the defects show significant differences when compared
to pristine ones. For type A defect, dI/dV map at 0.8 eV (i.e. at the CB), the map exhibits that
signal barely changes around the defect, with bright features localized at the outermost anthracene
edges (cf Figure 2a). Contrary, the map at the at the VB shows dim contrast at the defect site and
at the nearest anthracene units (Figure 2a,b), which may indicate a strong hybridization of the
defect-induced electronic states with the polymer orbitals. The experimental findings are well
supported by DFT-calculated dI/dV maps of a finite defective polymer (Figure 2¢). However, we
have to look at the spin-polarized electronic states localized at the defect A and their corresponding

energy alignment with the VB and CB of the polymer. Indeed, our DFT-calculated spin-polarized



calculations of defect type A (see Figure S4) displays both single-occupied (SO) and single-
unoccupied (SU) states laying very close to the VB and CB respectively. Although this may affect
the resolution of the VB and CB, our calculations mimic the important features, i.e. the lower
contrast around defect for the VB and the high contrast at the features localized at the outermost

anthracene edges for the CB.

On the other hand, spectra acquired at the junction of a type B defect exhibits resonances at both
0.8 eV and -0.6 eV (Figure 2e), and the CB and VB maps of the junction display a substantial
charge density at the defect site. Importantly, dI/dV maps of both VB and CB (cf Figure 2d) show
that the spatial distribution of the band structure is barely disturbed around the defect. The images
display that the band structure is not affected by the presence of the defect, indicating a low impact
of such defect on the electronic properties of the polymer, at least for the frontier orbitals. Again,
the DFT-simulated dI/dV maps (cf Figure 2f) are in good agreement with the experimental data

reproducing the aforementioned features.””!
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Figure 2. Conductance maps of type A and B defects. (a-d) Experimental dI/dV maps (Vimod =
20 mV, 613 Hz) were acquired on the defect type A and B at two bias voltages (—0.6 V and 0.8
V); (b-e) Experimental dZ/dV spectra acquired on different sites of the defects type A and type B;
(c-f) Calculated dI/dV maps for canonical DFT orbitals of HOMO and LUMO.

Discussion

Thus, in the following, we will discuss the impact of both defects on the conjugation of the
polymer. For such a purpose, we employ high-resolution nc-AFM imaging with a CO-tip that has
demonstrated the ability to resolve not only the chemical structure of individual molecules but also
the bonding character. As discussed earlier, type A defect consists of two six-member and one
five-member ring. Nc-AFM images of the defect clearly resolve a bright spot in the center of the

linker in neighboring monomers (Figure 3a-c), which has been ascribed to the large electron
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density of the triple bond, thus demonstrating the ethynylene character of such linkers.
Meaningfully, in such a form of n-conjugation, the defect should harbor a single localized unpaired
electron. In fact, STM constant height images at low bias voltage (0.005 V) show brighter contrast
around type A defects (Figure 3d) compared to the straight polymeric segment, reflecting
enhancements of the local density of states (LDOS) near the Fermi level. Though these bright
regions extend over the closest anthracene monomers and their junction as well, the brighter signal
can be located in the anthracene closest to the pentagon moiety. Comparatively, such low-energy

LDOS enhancements are absent in type B defects (see Figure 4d).

A better understanding of the origin of these LDOS differences in type A defects can be achieved
by recording the spectroscopic differential conductance (d//dV) around Fermi level with the STM
tip positioned at different sites above the defect. Spectra acquired on the type A defect reveals the
presence of a sharp zero-bias peak (ZBP) (Figure 3f) located at the junction and adjacent
anthracene monomers, rapidly vanishing into neighboring anthracene moieties. The shape of the
ZBP is close to that of a Lorentzian with a line width of approximately 3.5 mV. The narrow width
of the ZBP rules out the direct association of this peak with a molecular resonance. The zero-bias

49,50] and

features can be well fit with a Frota (see Figure 3g) or Fano (see Figure S5) functions!
thus are attributed to a Kondo resonance arising from the screening of magnetic moment (unpaired
electron) by the conduction electrons residing in the Au(111), as already expected from the
chemical resonance form of the defect. The relationship between the observed ZBP and the Kondo
effect is further demonstrated by measurements of dI/dV spectra at different temperatures (Figure
3c). The width of the resonance line increases with temperature following the characteristic

behavior of a weakly coupled Kondo system with a Kondo temperature Tk =27 + 2K, and a

multiplicative factor a = 6.9 £+ 0.3, in line with a quenching of the ZBP with temperatures above
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21 K (Figure 3g-h)!%21, Remarkably, we found that also Fano function fits well our data leading

a Kondo temperature of TK =38 + 2 K (see Figure S5).
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Figure 3. Structural characterization of type A defect. a) Constant height nc-AFM with CO-tip
imaging of the type A defect. b) Laplace filtered nc-AFM image. ¢) Simulated AFM image of the
defect with the probe particle model. e) Spin density calculated by DFT. f) STS spectroscopy near
Fermi level showing a Zero Bias Peak on the defect site. In the inset, conjugation of the anthracene-
ethynylene polymer with type A defect. d). g) Temperature evolution of the Zero Bias Peak (gray
line) fit with a Frota function (red line) obtained on the defect site. h) Half width at the half
maximum (HWHM) values extracted from the Fano fit of the Zero Bias Peak as a function of the
temperature. The Kondo temperature is extracted from the Fermi-liquid model: I' =

% J(@KpT)? + (2K5Ty)? with an empirical parameter of a=6.9+0.3 and a Kondo temperature
of Tq =27 +2.

The existence of an unpaired spin density in the defect is corroborated by theoretical calculations
of a free-standing polymeric section comprising one type A defect. Spin-polarized DFT reveals

significant spin density at the defect site which extends towards the monomers nearby (Figure 3e).
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Hence, the bright regions in STM images near Fermi energy are caused by the localization of a
single magnetic moment around the defect site. According to our measurements, such polarized
spin density survives on the Au(l111) surface and gives rise to the ZBP due to the Kondo

phenomenon, as previously encountered in other magnetic carbon-based nanomaterialst®!.

Next, an analysis of nc-AFM images of type B defect shows distinct characteristics from its type
A counterpart. The formation of type B defect, which involves the constitution of six- and five-
membered rings at the junction, can give rise to distinct resonance forms of the n-conjugation: (i)
an open-shell structure that leads to two unsaturated bonds (radicals) in the defect junction, or (ii)
a closed-shell structure leading to saturated bonds. However, after examining the DFT-calculated
spin-density of finite ethynylene-anthracene monomer (see Figure 4e), it becomes clear that defect
type B is associated with the closed-shell structure. In fact, both constant height STM image and
dl/dV spectra acquired above the junction and adjacent anthracene monomer sites of a defect type
B are featureless, similarly to that of defect at low energy (Figure 4f), pointing to the absence of

extra charge localization at the junction.

Here two resonance forms can be considered for the close-shell structure regarding the conjugation
of the adjacent linkers, leading to ethynylene or cumulene bridges (see Figure 4g). Two arguments
suggest that the defect type B may adopt the cumulene-like structure. First, our nc-AFM images
display lower contrast and more elongated feature at the adjacent linkers compared to those at
farther distances (cf Figure 4b). This intramolecular contrast is the result of the short-ranged Pauli
repulsion being maximized in the areas of higher electron density so that minor variations in
electron density assigned to specific bonding order can be resolved in nc-AFM images as features
with different brightness or shape, thus pointing to an alternation in the character of the bond. On

the other hand, such features can be further varied due to anisotropic charge distribution in the
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molecular backbone!®3], distinct interaction with the surface® and varying with the tip-sample
distance. Second, Clar’s aromatic m-sextet rule states that a resonance structure of polycyclic
aromatic hydrocarbons with the maximal number of nonadjacent m-sextets represents the most
stable form or the major resonance contributor. If we apply this rule in a local viewpoint in defect

type B, we found that the cumulene transition increases the number of nonadjacent n-sextets from

2 (for the ethylene form) to 4 (cf Figure 4g).

-10 0 10 20
Sample Bias (V)

Figure 4. Structural characterization of type B defect. a-b) AFM Constant height current
images with CO-functionalized tip of the type B defect. b) Laplace filtered nc-AFM image. c)
Simulated AFM image with probe particle of the type B defect. d) High resolution constant height
current image of the defect with the positions of the spectroscopies. €) Spin density calculated by
DFT. f) STS spectroscopy near Fermi for selected regions (red, blue and black dots) of the
defective polymer. g) Conjugation models for the type B defect with Clar’s sextets highlighted:

open-shell (left), close-shell ethynylene (center), and close-shell cumulene (right).
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Although a fully characterization of the mechanism behind the particular formation of such defects
is beyond the scope of this article because it would involve complex quantum molecular mechanics
calculations, [*63 our findings suggest a mechanism to engineer low-dimensional defects in such
polymers by placing an external source in UHV, which provides the system with atomic carbon
atoms in a controllable manner during the polymerization reaction. In such a hypothetical

experiment, one should expect to largely transform type B defects into type A.
Conclusions

In conclusion, we report a strategy for thermally inducing low-dimensional structural defects that
can imprint an open-shell character in on-surface synthesized m-conjugated polymers. High-
resolution non-contact atomic force microscopy clarifies the structure of these defects, being those
labeled type A and type B the most observed by far. We characterized the impact of these defects
in the electronic properties of the polymer using a combination of scanning tunneling
microscopy/spectroscopy experiments complemented with state-of-the-art density functional
theory calculations. While the type B defect hardly affects the electronic structure of the polymer,
the type A defect shows an intrinsic open-shell character which is of potential relevance for
fundamental science, as well as in view of its potential applications, in materials chemistry and,
particularly, in quantum electronic devices. The low bandgap of the polymer, and in particular, the
proximity of the VB to the Fermi level, is a crucial aspect to stabilize the radical ground state of
the type A defect. Our results show the growth and characterization of structural defects in n-
conjugated polymers that address relevant electronic properties, thus contributing to the
development of the field of on-surface chemistry and guiding the defect engineering of modern

low-band-gap polymers.

Methods
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Experimental Section

Experiments were performed in an ultra-high vacuum with a base pressure below 5x10-10 mbar
system hosting a STM/nc-AFM (Createc GmbH) operated at 4.2 K. STM images were acquired in
constant current mode with a bias voltage applied to the sample. For the spectroscopic
measurements, specific site dI/dV were taken with the conventional lock-in technique with a
modulation ranging from 0.5 mV to 10 mV at 937 Hz. STM/nc-AFM images were taken with
sharpened by focus ion beam (FIB) Pt/Ir tips mounted on a qPlus sensor. In nc-AFM imaging, the
tip was functionalized with a single CO molecule picked up from the bare metal substrate and
operated in frequency-modulation mode (oscillated with a constant amplitude of 50 pm; resonant
frequency = 30 kHz; stiffness =~ 1800 N/m). All nc-AFM images were acquired in constant height
mode with a bias voltage of 1 mV. All images were subject to standard process using WSxM

software.[>%!

The Au(111) substrate was prepared by repeated cycles of Ar+ sputtering (1 keV) and subsequent
annealing. The molecular precursor was deposited by organic molecular beam epitaxy from a
tantalum pocket maintained at 370 K onto a clean Au(111) held at room temperature. Whenever
necessary samples were annealed to the desired temperature and subsequently transferred to the
STM stage, which was kept at 4.2 K. For the temperature dependent STS data displayed in figures
3 g,h, the sample was heated up from 4.8 K by using a Zener diode mounted to the baseplate of
the STM. The temperature was increased in a rate of 0.05-0.1 K / min. After reaching the

temperature of interest, the system was thermalized for about 30 — 60 min.

Synthesis of molecular precursor 11,11,12,12-tetrabromoanthraquinodimethane is introduced

elsewhere.[*3]
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Theoretical Calculations.
Computational details

Density functional theory (DFT) calculations were performed using the FHI-AIMS codel®”! within
XC PBEO functional®®>*! to describe the electronic properties of different gas-phase molecules. In
all the calculations, we employed the light settings for the atomic basis sets. The atomic structures
were relaxed until the total forces were smaller than 1072 eV A™!. The relaxed structures were
found by exploring different initial conditions and selecting the one with the lowest potential

energy. Only the I'-point was used for integration in the Brillouin zone.
A. dl/dV simulations in the gas phase

Frontiers molecular orbitals were obtained from DFT calculations using the FHI-AIMS code
within hybrid exchange-correlation functional PBEOP®*"1 for the gas phase molecule. We
employed Probe Particle Scanning Probe Microscopy (PP-SPM) code!>>%% to simulate constant-
height dI/dV maps and CO-tip was represented by a linear combination of s-like (15%) and px,py-

like (85%) orbitals without tip relaxation at tip-sample distance 5 A.
B. AFM Simulations

The AFM images were calculated using the probe particle model™!. The parameters of the tip
were chosen to mimic a CO-tip, using a quadrupole charge moment of —0.2 e. A% 5861 and the
lateral stiffness of the CO molecule is set to 0.25 N m ™!, The electrostatic interaction was described
in the AFM calculations using the potential calculated by DFT. To simulate the probe dynamics,
we used typical values of a qPlus sensor, oscillation amplitude A = 100 pm, sensor stiffness k =

3600 N/m, and eigenfrequency fo = 30 kHz.
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On-surface synthesis not only allows growing nanomaterials that are not achievable by traditional
wet chemistry but also, combined with scanning probe techniques, enables the structure and
electronic properties to be resolved with atomic resolution. Here, we deliberately introduce atomic-
scale structural defects into an anthracene-ethynylene n-conjugated polymer and demonstrate that
such defects may give rise of m-magnetism. Our results demonstrated the potential of defect

engineering strategy for fine-tuning the optoelectronic properties of conjugated polymers.
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