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n-Armchair graphene nanoribbons (nAGNRs) are promising components for next-generation nanoelec-
tronics due to their controllable band gap, which depends on their width and edge structure. Using non-
metal surfaces for fabricating NAGNRs gives access to reliable information on their electronic properties.
We investigated the influence of light and iron adatoms on the debromination of 4,4"-dibromo-p-terphe-
nyl precursors affording poly(para-phenylene) (PPP as the narrowest GNR) wires through the Ullmann
coupling reaction on a rutile TiO,(110) surface, which we studied by scanning tunneling microscopy and
X-ray photoemission spectroscopy. The temperature threshold for bromine bond cleavage and desorp-
tion is reduced upon exposure to UV light (240-395 nm wavelength), but the reaction yield could not be
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improved. However, in the presence of codeposited iron adatoms, precursor debromination occurred
even at 77 K, allowing for Ullmann coupling and PPP wire formation at 300-400 K, i.e., markedly lower
temperatures compared to the conditions without iron adatoms. Furthermore, scanning tunneling spec-
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Introduction

Ullmann coupling, a widely employed, controllable reaction
for on-surface synthesis, is a versatile tool for fabricating
surface-confined low-dimensional molecular nanostructures."
Ullmann coupling is a simple, predictive, and efficient on-
surface reaction,®* typically involving two main steps: the
dehalogenation of molecules and the coupling of the resulting
radicals to generate a desired product.”” Often the metal sub-
strate initiates dehalogenation reactions,”> whereby the
abstracted halogen atoms resulting from the dissociation of
carbon-halogen (C-X) bonds remain chemisorbed at the
substrate.>® This widespread mechanism enables the direct
bonding of aromatics and the synthesis of n-conjugated struc-
tures. Selective and directional nanoarchitecture can be
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troscopy data reveal that adsorbed PPP wires feature a band gap of ~3.1 eV.

achieved by using different halogen substituents and mole-
cular moieties, exploiting the associated specific C-X bond dis-
sociation energies. This promising control of on-surface reac-
tion paves the way for designing complex nanoarchitectures
and molecular electronics.” Many custom-designed precursors
have been reported® for the fabrication of 0D, 1D and 2D
covalent nanostructures, such as cyclic structures, linear or
zigzag wires and ribbons, and 2D porous or dense networks>
with extended regularity and long-range order through
Ullmann coupling reactions. These include mostly
brominated"*”*'* and iodinated compounds.>”'*
Poly(para-phenylene) (PPP) wires, which represent the nar-
rowest n-armchair graphene nanoribbons (nAGNRs) (n = 3) are
large band gap semiconductors.'” The parameter “n” refers to
the number of carbon atoms defining the width of an
NAGNR.” PPP wires feature great potential for next-generation
electronics due to their promising mechanical properties, high
stability, low density, and tunable band gap controlled by
doping.”™"® nAGNRs are typically formed via the polymeriz-
ation of precursors containing bromine (Br),>'*™'® such as
4,4"-dibromo-p-terphenyl (DBTP),"*™® or iodine."”” The on-
surface synthesis strategy offers a promising route to the suc-
cessful preparation of nAGNRs, but unfortunately the typically
applied metal surfaces limit the further study and application
due to the quenching of electronic and optical excitations.'?
Thus, non-metal substrates, with well-defined surface struc-
tures and interactions, need to be explored for further studies
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of NAGNRs.> Utilizing such alternative substrates®'®™!
including semiconductors"*'*??>72% or insulating oxides,
results in more reliable information about the electronic pro-
perties of NAGNRs,>¢2738

Notably titanium dioxide (TiO,) surfaces, as semiconduct-
ing oxide surfaces like rutile (011),>*™*" rutile (110),**™*® and
anatase (101),**"°° are promising substrates for surface-
assisted reactions, preventing electrons transfer between the
on-surface structures and the substrate.*>*® The most energeti-
cally favourable and stable TiO, crystalline surface is rutile
(110).*%*7>7-%1 Rutile is commonly synthesized in laboratories,
reducing its price and promoting its applications.*>>® Although
the absence of catalytically active metal substrates/adatoms and
metal-organic intermediates reduces the efficiency of on-surface
Ullmann coupling,**® UV light can induce debromination of
precursors, followed by Ullmann coupling and GNR formation,
as confirmed by corresponding density functional theory (DFT)
calculations and experiments.>*”%*7%” Additionally, the lower
conductivity of semiconducting TiO, crystals compared to
metals may hinder the implementation of surface science tech-
niques, such as X-ray photoelectron spectroscopy (XPS), scan-
ning tunnelling microscopy (STM), and low-energy electron
diffraction (LEED).*® Therefore, shrinking the rutile TiO, band
gaps through reducing the crystal due to the creation of crystal-
lographic shears, O vacancies, and anti-phase domains by
repeated cycles of sputtering and annealing facilitates their
application as substrates.’**®*”%%%° Annealing at temperatures
lower than 973 K affords a clean surface with distinct LEED
pattern.*” Annealing at temperatures exceeding ~973 K without
O dosing results in the formation of (1 x 2) defects aligned
along the (110) direction.*” Annealing at temperatures above
1200 K causes unwanted surface faceting and corrugating.*?

Debromination and Ullmann coupling of DBTP molecules**
and 10,10"-dibromo-1’,4"-difluoro-9,9':10',9"-teranthracene,**
leading to the formation of PPP wires,** and 7AGNRs*"”® on
rutile TiO,(110)”" and (011), respectively, have been reported.
Moreover, recent findings report Ullmann coupling of DBTP
and diiodo-terphenyl on TiO, boosted by the addition of
cobalt adatoms, as demonstrated through XPS and angle-
resolved photoelectron spectroscopy (ARPES).* However,
further and more detailed STM studies on the catalytic effects
induced by different metallic adatoms and light irradiation on
the on-surface synthesis of PPP wires are lacking. In this work,
we investigated both iron (Fe) adatom and photo-catalytic
effects'®> on the debromination of DBTP molecules, the sub-
sequent Ullmann coupling on rutile TiO,, and the desorption
of the resulting Br atoms using STM and XPS. Moreover, the
band gap of the prepared PPP wires could be determined
using scanning tunnelling spectroscopy (STS).

27-31

Results and discussion

The rutile TiO,(110) surface was prepared by repeated cycles of
sputtering and annealing at approximately 900 K. Fig. 1la
shows a LEED pattern of rutile TiO,(110) surface, indicating a
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(1 x 1) atomic lattice without interfering charging effects, i.e.,
there is an unperturbed clean surface, in agreement with the
literature.’®”* Fig. 1b depicts corresponding large-scale STM
data, displaying terraces of various sizes. The STM imaging is
primarily influenced by the density of states rather than mor-
phological features.?® The Ti and O rows manifest as bright
and dark lines, respectively, with an inter-row distance of
approximately 6.5 A, consistent with the reported unit cell
lattice parameter.’® The formation of some TiO, clusters and
(1 x 2) defects (missing O rows, purple arrow in Fig. 1b) was
also observed. Heating the rutile TiO,(110) surface to approxi-
mately 973 K without O, treatment resulted in the formation
of a (1 x 2) superstructure and likely TiO, strings oriented par-
allel to O and Ti rows ([001]).*"*>7>77® The zoom-in STM image
in Fig. 1c shows some TiO, clusters (marked by pink arrows)
centered on the Ti rows and hydroxyls (yellow arrow) at the O
rows. The most abundant surface donors, O vacancies, appear
as bright bridges spanning the dark stripes of the O rows, con-
necting the bright O atom rows on the TiO, surface.®® Fig. 1d
shows an STM image of a DBTP submonolayer on rutile
TiO,(110) deposited at room temperature. Single, unreacted
DBTP molecules (blue arrow) are mostly adsorbed on the Ti
rows, similar to isolated Br atoms (red arrow) abstracted from
DBTP. Hydroxyls (yellow arrow) located on O rows appear as
smaller and darker spheres compared to the Br atoms in the
STM image. In addition, the green arrow indicates an O
vacancy in this region. Fig. 1e shows a zoom-in STM image of
a densely packed DBTP cluster, indicating the coexistence of a
longer unreacted DBTP (~1.9 nm, blue arrow, with the Br indi-
cated by a red arrow) and an adjacent shorter debrominated
DBTP species (~1.6 nm, white arrow), reflecting some degree
of on-surface debromination at 300 K. Fig. 1f presents struc-
ture models of the resulting rutile TiO,(110) surface,”® includ-
ing key features such as a bridging hydroxyl (yellow arrow),*® a
surface-bonded Br atom (red arrow), an O vacancy (green
arrow), and both unreacted (blue arrow) and debrominated
(white arrow) DBTP molecules (Fig. S17).

Fig. 2a illustrates a DBTP submonolayer after annealing a
300 K-deposited DBTP monolayer (ML) at 400 K. Ullmann
coupling and the formation of DBTP dimers on the Ti sub-
strate rows are clearly observed, as indicated by blue arrows.
The presence of Br adatoms and hydroxyl species is also
inferred. Upon annealing at 500 K, PPP short wires formed
and prevailed on the surface, as seen in Fig. 2b, running paral-
lel to the O and Ti rows, centered on the Ti rows (still coexist-
ing with Br adatoms and hydroxyl compounds). Two types of
PPP wires exist: one group appears thinner and darker with an
asymmetrical shape and charge distribution, and the other
type, observed sparsely, appears wider and brighter with a sym-
metrical shape. As indicated in the STM image in Fig. 2c by
yellow and blue arrows, we interpret the asymmetrical wires in
terms of tilted PPP wires, as previously reported on rutile
TiO,,** and the symmetrical ones as flat (less tilted) PPP wires,

similar to those reported on metallic surfaces,
respectively.'®® Schematic atomic models of these two
different wire conformations are shown in Fig. 2d.

This journal is © The Royal Society of Chemistry 2025
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(@) A (1 x 1) LEED pattern (primary energy: E gep = 109 eV) and (b, ¢) STM images of a clean rutile TiO,(110) surface; the distance between the

brightest and the darkest point in the STM image corresponds to z-range = 1.25 nm in (b) and z-range = 0.18 nm in (c). The pink and yellow arrows
highlight a TiO, cluster and a hydroxyl, respectively. (d and €) Zoom-in STM images of a DBTP sub-monolayer amount on the rutile TiO,(110) surface
with z-range = 0.27 nm (d) and z-range = 0.19 nm (e). In (d), red, blue, yellow, and green arrows denote a Br atom, a DBTP molecule, a hydroxyl, and
an O vacancy, respectively. In (e) blue, white, and red arrows indicate a DBTP molecule, a debrominated DBTP molecule, and a Br atom in the DBTP
molecule, respectively. (f) Schematic atomic models of the rutile TiO,(110) surface, highlighting key features such as a bridging hydroxyl (yellow
arrow), a surface-bonded Br atom (red arrow), an O vacancy (green arrow), an integral DBTP (blue arrow), and a debrominated DBTP (white arrow).
The colour scheme for the atomic species is as follows: bridging O atoms in dark rows in the STM images (yellow spheres), subsurface O atoms
(orange spheres), titanium atoms (blue spheres), C atoms (gray spheres), hydrogen atoms (white spheres), and Br atoms (red spheres). The surface

covalent bonds are represented by purple cylinders. STM acquisition temperature: 77 K, tunnelling parameters: Vs = -1V, I, = 10 pA.

Additionally, upon annealing at 600 K, most Br atoms and
hydroxyl compounds desorbed from the substrate (see Fig. 2c).
Moreover, some ribbons shifted from their primary stable
orientations to different orientations, such as a bent confor-
mation extending at an angle of nearly 45° relative to the (110)
substrate direction. The appearance of shorter wires and more
clusters indicates the onset of PPP wire dissociation. Upon
annealing at 700 K, we ensured the complete desorption of Br
atoms and hydroxyls (see STM image in Fig. 2e), whereby on
the flip side, PPP wires were frequently dissociated, and the
density of molecular clusters exceeds that of wires or ribbons
(Fig. S2-547).

This process was further characterized chemically by XPS.
The data in Fig. 2f, reveal, after deposition at liquid nitrogen
(LN,) temperature (77 K), a Br 3d signature with broad peak
due to spin-orbit coupling.’®'® By annealing at higher temp-
eratures, as debromination increasingly occurs, the distinct
shoulder at lower binding energies, related to separated Br
atoms, is enhanced. In addition, with the formation of
covalent chains, the C 1s XPS peak shifts to lower binding

This journal is © The Royal Society of Chemistry 2025

energies (Fig. S5t). At approximately 500 K, the C-Br com-
ponent vanishes and Ti-Br counterpart dominates the Br 3d
XP spectrum, in agreement with STM observations. Br desorp-
tion was also observed upon increasing the annealing tempera-
ture, which could be completed by further increasing the
temperature and time.

Leveraging light for on-surface reactions and polymeriz-
ations holds significant promise for promoting Ullmann coup-
ling at reduced temperatures and on less reactive surfaces as
compared to thermal activation.®” Photo-induced coupling can
improve the control of on-surface reactions through the
precise adjustment of photon intensity and wavelength.
Photons with specific energies can selectively break various
covalent bonds. Therefore, we studied the effect of illuminat-
ing the surface with a Xe lamp filtered to deliver wavelengths
in the UV range (240-395 nm). However, irradiation with Xe
light did not change the onset temperature or the density of
PPP evolution significantly; instead, the desorption of separ-
ated Br atoms from the surface was favored by illumination.
Fig. 3a and b depict PPP wires after annealing at 500 K without

Nanoscale, 2025, 17, 2621-2630 | 2623
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Fig. 2 (a) STM image of a DBTP sub-monolayer coverage on a rutile TiO,(110) surface after annealing a DBTP ML at 400 K (z-range = 0.22 nm). The
blue arrow denotes a DBTP dimer after Ullmann coupling. STM images of PPP wires on the rutile TiO,(110) surface after annealing at (b) 500 K
(z-range = 0.45 nm) and (c) 600 K (z-range = 0.68 nm). Yellow and blue arrows mark tilted (~0.4 nm) and flat (0.6 nm) conformation of adsorbed
PPP wires, respectively. Br atoms were desorbed at 600 K and the rutile TiO, surface appears cleaner. (d) Schematic atomic models of a flat (left)
and a tilted (right) PPP wire made in ChemDraw software. Gray and white spheres represent C and H atoms, respectively. (e) STM image of the
sample after annealing at 700 K, showing the dissociation of PPP (z-range = 0.78 nm). (f) Br 3d narrow region scan XPS spectra of a rutile TiO(110)
surface after deposition of a DBTP ML at 77 K and annealing it at different temperatures. All STM and XPS data were acquired at 77 K. STM tunneling
parameters: Vs = -1V, [, = 10 pA.

Anneal at 500 K ° ;!?v %
%

K|

C u Without Xe lamp & With Xe lamp irradiation
0.4

light |
-

0.35 I

Without Xe light ' ’
B o -

—_—>

o
w

o
Qo
g —
N
£ E02s
aE 02
[T
5 8015
80 01
S 0.05
0

Fig. 3 (a) STM image of PPP wires on a rutile TiO,(110) surface after annealing at 500 K without Xe lamp irradiation; z-range = 0.77 nm. Yellow,
white, and blue arrows indicate PPP wires with flat conformation, PPP wires with tilted conformation, and a bromine atom, respectively. (b) STM
image of PPP wires on the rutile TiO,(110) surface after annealing at 500 K in the presence of a Xe lamp irradiation (wavelengths: 240-395 nm);
z-range = 0.54 nm. (c) Histogram of the average number of bromine atoms per nm? as detected on the surface with (orange) and without (blue) the
Xe lamp irradiation. STM acquisition temperature: 77 K. STM tunneling parameters: V; = -1V, I, = 10 pA.

and with irradiating by the Xe lamp (during cooling from the flat conformation, a PPP wire with a tilted conformation, and a
final annealing temperature to room temperature), respect- separated Br atom, respectively. At first glance, the surface
ively. Yellow, white, and blue arrows indicate a PPP wire with a  exposed to irradiation appears cleaner, with fewer Br atoms

2624 | Nanoscale, 2025, 17, 2621-2630 This journal is © The Royal Society of Chemistry 2025
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compared to the surface without irradiation. Fig. 3c compares
the Br surface density with and without irradiation. For each
case, four different STM images were analyzed, the Br atoms
were counted, normalized by area, and the average values were
calculated and plotted in this histogram. As illustrated, an
average of 0.34 and 0.06 Br atoms per nm> was measured on
the surface without and with irradiation of a DBTP multilayer
(3 ML), respectively. Consequently, these measurements
confirm photo-stimulated desorption of Br atoms after debro-
mination of DBTP, and the formation of PPP wires upon
annealing at 500 K.

Anneal at 400 K
Without Fe atoms

with Fe,ad-atoms &
+Anneal at 400 K
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While light enhances the cleavage of Br bonds on the
surface and possibly within the molecules, the length of the
PPP wires remains limited to below 10 nm. Thus, the
efficiency of PPP formation is limited, presumably due to the
absence of the metal adatoms needed for the chain formation
of metal-organic intermediates. These reaction intermediates
are frequently encountered as the second step of the Ullmann
coupling on metallic surfaces before C-C coupling.'®™®
Therefore, we investigated the influence of codeposited Fe
adatoms as catalysts. Fig. 4a shows the surface of rutile
TiO,(110) after deposition of a DBTP ML and annealing at
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(a) STM image of a DBTP ML on a rutile TiO,(110) surface after annealing at 400 K (30 minutes); z-range = 0.62 nm. (b) STM image of PPP

wires on rutile TiO,(110) after DBTP molecule and Fe atom deposition (estimated coverage of 0.1 ML) on this surface and annealing at 400 K
(30 minutes); z-range = 0.84 nm. White and blue arrows indicate the Fe adatoms and PPP wires, respectively. (c) Histogram of the average number
of the monomers and polymers observed on the surface with and without Fe atoms. (d) Br 3d, (e) C 1s, and (f) Fe 2p narrow region XP spectra of a
rutile TiO,(110) surface after deposition of a DBTP ML and subsequently an Fe sub-monolayer (coverages of 10% and 20%) at 77 K and annealing the
sample at different temperatures. (g) TP-XPS of the zoomed-in Br 3d core level region after deposition of DBTP molecules on the surface. TP-XPS of
the zoomed-in (h) Br 3d and (i) C 1s core level regions after deposition of DBTP molecules and Fe ad-atoms on the surface. XPS and STM acquisition

temperature: 77 K. STM tunneling parameters: Vs = -1V, I, = 10 pA.
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400 K, whereupon most of the molecules are single without
any polymerization. Fig. 4b depicts an STM image after depo-
sition of 0.1 ML coverage of Fe atoms at temperatures below
273 K and a DBTP ML using the same parameters as in
Fig. 4a, followed by annealing at 400 K. The Fe atoms (white
arrow) primarily assembled in lines perpendicular to the O
and Ti rows. The formation of organometallic chains of debro-
minated DBTP and Fe atoms was both expected” and observed.
Ullmann coupling was catalyzed by Fe adatoms, resulting in
PPP wires (blue arrow) becoming dominant, mostly appearing
around Fe adatoms, although Fe does not remain in the
polymer chains. To confirm these results quantitatively, we ana-
lyzed four STM images of the surface and DBTP ML deposition
after annealing at 400 K without Fe adatoms and four STM
images with a precoverage of 0.1 ML Fe. In each case, the ratio
of the DBTP monomers to polymers was counted, normalized
by the area, and the average values were calculated and plotted
in the histogram shown in Fig. 4c. As illustrated, for pure DBTP
ML deposition and annealing, only 3% of adsorbed DBTP
undergo a coupling reaction at 400 K. On the other hand, in the
presence 0.1 ML Fe using the same procedure, about 77% of the
DBTP compounds covalently connected at the same tempera-
ture, and merely ~23% remaining in form of monomers. This
finding thus supports the conclusion that Fe adatoms catalyze
and enhance Ullmann coupling and the formation of PPP wires
at reduced temperatures (Fig. S47).

Further XPS investigations were conducted to provide
additional evidence and insight into this catalytic effect. After
deposition a DBTP ML at LN, temperature on the rutile
TiO,(110) surface, 0.1 ML of Fe atoms were initially deposited,
followed by an additional 0.1 ML (totaling 0.2 ML). Somewhat
surprisingly, Fig. 4d shows an increase in the Br 3d shoulder
for Br atoms detached from DBTP molecules and bonded to
the surface and likely to the Fe adatoms at 77 K, in contrast to
Fig. 2f. Therefore, the debromination reaction was initiated
even at LN, temperature in the presence of Fe adatoms,
demonstrating the remarkable catalytic effect of these metallic
adatoms entailing PPP wire formation. Conversely, upon
higher temperature annealing, more complex Br atoms remain
on the surface, pointing to strong bonds between Fe and Br
that prevent Br desorption at lower temperatures. In addition,
the C 1s core level XPS spectra in Fig. 4e also show different
behavior in the presence of Fe adatoms. After Fe deposition on
a DBTP ML, the C 1s core level peak initially shifts to higher
binding energies and upon annealing at higher temperatures,
to lower binding energies due to debromination and C-C
coupling, whereby significant C desorption occurred, which is
consistent with the STM results. Fig. 4f presents the XPS
spectra of Fe 2p core level electrons on this surface. After depo-
sition at 77 K, the Fe 2p peak is broadened, presumably due to
the presence of various bonds involving Fe on the surface,
such as Fe-O (~710-711 eV),*"** Fe-Br (~710-711 eV),*** Fe-
C (~707-708 eV),**"®” and Fe-Fe (~707 €V).*® Upon annealing,
interestingly, we find a reduced full width at half maximum
(FWHM), and a peak shift to higher binding energies, charac-
teristic of Fe-halogen bonds, indicating that Fe-Br atoms clus-
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Fig. 5 (a) STM image with proposed atomic model of a flat PPP wire on
rutile TiO, after annealing a DBTP ML at 500 K; z-range = 0.51 nm, V; =
-1V, Iy = 10 pA. (b) Tunneling spectra of the spots shown in (a). STM/STS
data acquisition at T = 77 K.

ters accumulate on the surface. Moreover, spectra by tempera-
ture-programmed XPS (TP-XPS) show that in the absence of Fe
adatoms a significant debromination shift for both Br 3d
(Fig. 4g) and C 1s (Fig. S57) core level regions occurs at ~450 K
(thus clearly above the 400 K used otherwise). In contrast, the
dominant debromination shift for both the Br 3d (Fig. 4h) and
C 1s (Fig. 4i) core levels in the presence of Fe ad-atoms starts
already at 350 K. Consequently, Ullmann coupling and for-
mation of 3AGNRs (PPP wires) are consistently catalyzed by Fe
adatoms.

Finally, Fig. 5a shows a flat adsorbed PPP wire along with
the proposed, optimized atomic structural model. The PPP
shape and extension suggests that it results from the Ullmann
coupling of three DBTP units. Red, blue, and black crosses
denote the PPP edge and center, and rutile surface, respectively,
where STS studies were conducted and plotted in Fig. 5b. The
corresponding black curve depicts spectra of a clean rutile TiO,
surface, where the conduction band (CB) onset is located at a
bias voltage of 0.3 V and the valence band (VB) appears at a
bias voltage of approximately —3 V (Fig. S1g1).22™°* The overlap
of the CB states with the PPP lowest unoccupied molecular
orbital (LUMO) complicates their identification, yet the latter is
visible as a shoulder at ~+0.8 V. Since the STS curves of rutile
TiO, are flatter for negative bias, the highest occupied molecular
orbital (HOMO) appears more pronounced in this region,
peaking at —2.3 V and —2.4 V for the PPP center and edge,
respectively. Thus, a band gap value of ~3.1 can be assigned to
the PPP, confirming wide-band gap semiconducting behavior.
The band gap values of 3.3 eV,”* ~3.2 eV,” and ~3.0 eV (ref.
96) for PPP on Au (111) and 1.1 eV (ref. 97) on Cu (110) were
reported in the literature. In addition, this demonstrates the
decoupling effect of the surface, preventing the quenching of
the electronic excitation of the fabricated GNRs, which is
required for precise measurements of the electronic and optical
properties of the on-surface nanoarchitectures.

Conclusions

In conclusion, we have investigated the behaviour of DBTP
submonolayers, MLs, and multilayers on atomically well-

This journal is © The Royal Society of Chemistry 2025
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defined rutile TiO,(110). The debromination of DBTP mole-
cules sets in at 200 K, and the desorption of the Br atoms
abstracted from the molecules becomes appreciable for temp-
eratures above 400 K. After annealing at 400 K, sparse DBTP
dimers evolve through on-surface Ullmann coupling. Upon
further annealing at 500 K, PPP wires prevail on the surface,
undergoing dissociation reactions for T'> 700 K. Upon irradiat-
ing the surface with UV light (wavelength range 240-395 nm),
Br-substrate and Br-C molecular bonds were cleaved at lower
annealing temperatures, entailing desorption of most Br at a
reduced temperature of %500 K, thus yielding a cleaner surface
following PPP wire formation. Furthermore, the deliberate
deposition of Fe adatoms exerts a remarkable catalytic effect
on the Ullmann coupling reaction. Thus, with small doses of
these metal adatoms partial debromination of DBTP occurs
even at LN, temperature (77 K). This significant influence of
Fe codeposited with DBTP entails a dominance of PPP wires
upon annealing at 400 K, while under the same conditions but
without Fe adatoms, molecular monomers prevail. Fe atoms
and debrominated DBTP at 77 K reduced the activation temp-
erature required for aryl-aryl coupling to 300-400 K. On the
other hand, upon higher temperature annealing, more Br
atoms bind to Fe atoms on the surface, accumulating in
unwanted clusters accounting for a rougher surface with the
length of PPP wires limited to below 10 nm. This general
feature is ascribed to weaker molecule-surface interactions as
compared to metals, causing partial molecular desorption
prior to coupling reactions. Furthermore, the reduced rutile
substrate exhibits a semiconducting behaviour, favouring the
electronic and optical measurements of PPP wires. This prop-
erty hinders the hybridization and charge transfer between the
prepared wires and the substrate, making it suitable for more
elaborate studies of the excitation of the on-surface nano-
structures. STS results indicate PPP with a wide band gap,
holding significant promise for next-generation electronics or
other applications.

Experimental
Sample preparation

High-purity single crystals of rutile TiO,(110) (10 mm X
5 mm) purchased from Princeton Scientific
Corporation, Pennsylvania, USA, and MaTecK, Jilich,
Germany, respectively. O vacancies were engineered into
these substrates through an extensive 8-hour process of
argon ion (Ar') sputtering (=2 keV, 10 minutes, lio, ~ 24 pA)
followed by annealing (~900 K, 10 minutes). This treatment
enhanced the substrate conductivity, enabling the application
of surface science techniques such as XPS, STM, and LEED.
The treated TiO, crystals changed from transparent to a dark
bluish colour. Notably, the rutile TiO, surface emitted blue
luminescence during sputtering and turned dark reddish
upon annealing. Iterative sputtering and annealing cycles
yielded atomically flat surfaces.

were
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Characterization

Comprehensive characterization of the rutile TiO,(110) and
molecular samples was performed using XPS (Mg K, =~ 1253.6
eV), TP-XPS, LEED, STS, and STM, following meticulous clean-
ing in various UHV chambers. In the custom-built XPS
chamber at the Technical University of Munich (TUM), a
K-type (Nickel-Chromium/Nickel-Aluminum) thermocouple
was affixed between molybdenum stripes attached to the TiO,
surfaces and secured by screws to a molybdenum plate support-
ing the TiO, samples. The chamber maintained a base pressure
below 2 x 107*° mbar, and XPS and LEED measurements were
conducted at liquid nitrogen temperature (77 K). In the
Omicron STM chamber at the University of Science and
Technology of China (USTC), a constant current was applied via
a tantalum (Ta) plate directly attached to the rutile TiO, under-
side of the sample. This setup allowed specific voltage appli-

. . . . 14 .
cations, inducing resistance changes (R :7) and enabling

precise sample temperature control according to a parabolic
resistance-temperature relationship (Fig. S1f). The preparation
and principal STM chambers maintained base pressures below
4.0 x 107*° mbar and 8.0 x 107" mbar, respectively. STM and
STS measurements were performed at 77 K using a digital lock-
in amplifier with a set point of 1.0 V, 10 pA, an oscillation fre-
quency of 973 Hz, and an amplitude of 10-20 meV.

Molecular deposition

The DBTP molecules were obtained from Shanghai Aladdin
Bio-Chem Technology and loaded into quartz crucibles of
custom-built molecular organic beam evaporators (OMBEs) for
deposition onto pristine TiO, (110) surfaces at controlled temp-
eratures (300 K and 77 K). STM and STS characterization of the
deposited films revealed insights into thermally- and photo-
induced molecular assemblies. Sample heating was achieved
through a combination of radiative heating and electron bom-
bardment from a W filament in the XPS chamber, and by
passing a constant current through a Ta plate in the STM
chamber. In both the STM and XPS chambers, custom-built Fe
evaporators facilitated the deposition of approximately 0.1-0.2
ML of Fe atoms at temperatures below 273 K to investigate the
catalytic effects of adatoms on the formation of 3AGNRs on
these surfaces. The CB and VB states of the rutile TiO,(110)
surface as well as the HOMO and LUMO of the synthesized PPP
wires, and the resulting band gaps of both, were characterized
via STS. Furthermore, surface irradiation in the STM chamber
was ensured by a Xe lamp from Hamamatsu Photonics
K. K. (C7535), with a round color filter (FGUV5) from Thorlabs
filtering wavelengths below 240 nm and above 395 nm. A fil-
tered Xe lamp beam with a size of about 20 mm x 25 mm and a
power of 250 mW reached the sample surface in UHV in the
STM chamber to study the influence of light on these surfaces.

Analytical techniques

Image processing of STM data was conducted using Gwyddion
software,”® ensuring precise measurements and interpret-
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ations. Atomic structural models of molecular structures and
3AGNRs were generated and optimized using ChemDraw
software.””
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