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On-surface synthesis has emerged as a powerful tool for the construction of large, planar, -conjugated
structures that are not accessible through standard solution chemistry. Among such solid-supported
architectures, graphene nanoribbons (GNRs) hold a prime position for their implementation in
nanoelectronics due to their manifold outstanding properties. Moreover, using appropriately designed
molecular precursors, this approach allows the synthesis of functionalized GNRs, leading to
nanostructured hybrids with superior physicochemical properties. Among the potential “partners” for
GNRs, porphyrins (Pors) outstand due to their rich chemistry, robustness, and electronic richness, among
others. However, the use of such m-conjugated macrocycles for the construction of GNR hybrids is

challenging and examples are scarce. Herein, singly and doubly Por-capped GNR segments presenting
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Introduction

Graphene nanoribbons (GNRs) hold a prime position for their
potential application in nanoelectronics and spintronics thanks
to their many intriguing and tunable physical properties, such
as a small bandgap, remarkable stability, and extraordinary
charge carrier mobility.*” In contrast to their two-dimensional
(2D) analogue graphene, GNRs exhibit a sizable band gap
arising from the lateral confinement to less than 10 nm ribbon
width. Intriguingly, their electronic properties depend strongly
on the atomic structure of their edge topologies.'® While GNRs
with armchair edges (AGNRs) are (non-magnetic) semi-
conductors with a band gap that scales inversely with ribbon
width,"” GNRs with zigzag edges are magnetically non-trivial
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GNR segment and the Por moieties despite their high degree of conjugation.

semiconductors with spin-polarized edge states that derive
from flat bands near the Brillouin zone boundary.*?

A simple and reproducible strategy to prepare 7-atom-wide
AGNRs (7AGNRs) - the integer refers to the number of carbon
atoms across the width of a GNR - with exact control over their
molecular structure was reported in 2010."* This pioneering
work involved the synthesis of GNRs by an Ullmann-type
coupling reaction of 10,10’-dibromo-9,9’-bianthracene (DBBA)
on the metal surface under ultrahigh-vacuum (UHV) condi-
tions. Since that work, GNRs with different widths and edge
structures have been fabricated using analogous strategies,
characterized in detail,***” and, in some cases, implemented
into electronic devices.>®*¢

Besides the control of width and edge structure, novel GNR
architectures containing heteroatoms,'®'® or GNRs decorated
with functional groups®® or moieties** have been obtained using
appropriately designed molecular precursors. This strategy is
particularly appealing for the realization of GNRs with (i)
tailored optical and electronic properties, (ii) magnetic prop-
erties, and (iii) other functions such as coordination of metal
ions, e.g., for catalytic activity.””> While complex GNR-based
materials have been successfully prepared by “wet” chem-
istry,>**” their subsequent transfer to atomically clean environ-
ments or their direct on-surface synthesis remains challenging.

Among the potential building blocks for the on-surface
preparation of functionalized GNRs, porphyrins (Pors) and
phthalocyanines (Pcs) are interesting candidates thanks to their
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planar structure, molecular size, and electron richness.”®*
Furthermore, these macrocycles exhibit high chemical versa-
tility®® and robustness,** which has made them very successful
in applications such as gas sensing/catalysis,**** light harvest-
ing,*** and molecular electronics.*® Recently, the covalent
fusion of a MnPc to short 7AGNRs has been reported.’” The
electronic properties of the zigzag end state (ZES) of the GNR are
sensitively affected by the MnPc, meanwhile, the ZES at the
other (pristine) short zigzag end of the GNR was not affected.
Along the same line, a GNR-Por hybrid has been prepared by
codeposition of DBBA with a tetra(bromophenyl) iron Por.*®
However, the different reactivity and number of reactive units of
the two co-deposited precursors led to a lack of control over
important aspects in the GNR-Por hybrid structure growth. In
particular, the polydispersity, overall morphology, number of
GNR “arms” fused around the Por core, and the symmetry of the
resulting Por-GNR hybrid could not be controlled. Moreover,
the latter study focused on the preservation of the Por's prop-
erties rather than the functionalization of GNRs. More recently,
the first example of a GNR-Por hybrid consisting of a short GNR
segment triply fused at each terminus by a Por has been re-
ported by us.** The precise structure of this hybrid has been
obtained by bond-resolved scanning tunneling microscopy
(STM) and noncontact atomic force microscopy (nc-AFM), while
scanning tunneling spectroscopy (STS), in combination with
DFT calculations, revealed a low electronic gap of 0.4 eV.
Here, we report on the fabrication of JAGNR segments of
different lengths fused at either one or both of their termini
with a Por macrocycle. The strategy involves the use of DBBA
and a Por decorated with a bromo-bisanthryl moiety, where the
macrocycle acts as a terminating unit towards the surface-
supported polymerization reaction of DBBA thanks to the Por
A3B substitution pattern (with A = 2,6-dimethylphenyl; B = 10-
bromo-bisanthryl). Moreover, the design of the Por precursor
bearing a bisanthryl moiety offers an excellent geometric
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Fig. 1 (a) On-surface synthesis of singly Por-capped GNR hybrids
1(Zn),, from Por 3(Zn) and DBBA. (b) STM image after the surface
reaction at 350 °C on Au(111) (sample bias Vs = —0.5 V, tunneling
current Iy = 30 pA) showing formation of 1(Zn)o (dashed yellow circle),
1(Zn); (dashed red circle), and 1(Zn), (dashed green circle) GNR—-Por
hybrids. (c) nc-AFM images of GNR-Por hybrids 1(Zn)o, 1(Zn);, and
1(Zn), showing the bond-resolved structures (Setpoints: —5 mV, 150-
200 pA. oscillation amplitude: ~80 pm). Scale bar: 5 A.
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matching with the DBBA, leading to the selective formation of
discrete hybrids with commensurate and triply-fused GNR-Por
junctions. In order to elucidate the effect of the nature of the Por
unit on the electronic properties of the resulting GNR-Por
hybrids, both free-base and zinc Pors were used. Moreover, the
latter Pors would prevent metalation of the free-base macrocycle
with Au adatoms*® and/or the dehydrogenation of the Por core.*
The structural and electronic features of the obtained singly and
doubly Por-capped GNR hybrids were investigated by high-
resolution STM and STS as well as bond-resolved nc-AFM.

Results and discussion

Singly Por-capped GNR hybrids 1(Zn),, were fabricated in a two-
step annealing process via on-surface reaction between DBBA
and Por 3(Zn) (Fig. 1a). Both derivatives were co-deposited in
UHV conditions on Au(111) at room temperature. The sample
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Fig. 2 (a) STM image of GNR—Por hybrid 1(Zn), (Vs = 0.48 V, I, = 450

pA) scale bar: 5 A. (o) di/dV spectra of 1(Zn),. The red, green, blue, and
black di/dV spectra were acquired over the positions indicated by
markers with corresponding colors in the STM image in (a). Grey d//dV
spectra are recorded over bare Au(11l). In the spectra, the arrows
highlight the most prominent resonant peaks of the molecule. (c)
Energy levels of the molecular orbitals of 1(Zn), with two electrons
being removed in gas phase, calculated by spin-polarized DFT. The
energy levels are processed by Gaussian smearing to approximate the
broadening of the molecular orbitals. The Fermi level is placed in the
middle of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO). The labels (L = LUMO; H
= HOMO) mark the corresponding molecular orbitals, ie, L+1
represents LUMO+1. (d) Constant-current differential conductance
maps recorded at the energies of the four prominent peaks, together
with the constant-height current map at —0.005 V giving the spatial
distribution of the LDOS for the ZES. (e) The DFT-calculated LDOS
maps of 1(Zn), at indicated molecular orbitals.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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was then heated at ~200 °C to promote the surface-assisted
Ullmann-type reaction,” and further heated at ~350 °C to
trigger the cyclodehydrogenation reaction.”” The formation of
GNR-Por 1(Zn), (n = 0-2) was inferred by STM analysis (Fig. 1b
and 2a) and unambiguously confirmed by bond-resolved nc-
AFM microscopy (Fig. 1c). The length of the GNR segments in
the hybrids was kept “short” by depositing a low coverage of
DBBA and 3(Zn) onto the surface (Fig. 1b and S2.117). On the
other hand, longer GNR-Por hybrids - up to 1(Zn), — could be
fabricated by increasing the amount of co-deposited DBBA
(Fig. 3 and S2.9%).

To gain insight into the electronic properties of GNR-Por
hybrids 1(Zn),, differential conductance dI/dV spectra were
acquired on hybrids 1(Zn),, 1(Zn),, and 1(Zn), (Fig. 2 and S2.07).
On one hand, the dI/dV spectra recorded at the GNR ends of
these hybrids show sharp peaks slightly above the Fermi level
(blue curves in Fig. 2b and S2.0t), which stems from the posi-
tively charged ZES localized at the short zigzag edge as in the
case of the previously reported 7AGNRs.*>**** Evidence for the
residual spin/radical localized at the GNR end of 1(Zn), is the
observation, in some cases, of species with a doubly hydroge-
nated central carbon atom at the GNR terminus,” which
suppresses the end state (Fig. 1b and S2.11%). On the other
hand, d7/dV spectra acquired at positions over the Por termini of
hybrids 1(Zn)y, 1(Zn);, and 1(Zn), reveal striking similarities
between them in terms of the position and overall shape of the
resonant peaks (green and red curves in Fig. 2b and S2.07).
Additionally, differential conductance di/dV maps of these
GNR-Por hybrids exhibit analogous spatial distributions of the
states at the corresponding energies (Fig. 2d and S2.0%).

Gas phase DFT calculations were carried out for 1(Zn), which
was chosen among the three 1(Zn), (n = 0-2) since it provides
a good “balance” between the Por character and the GNR frag-
ment. It has been reported that m-extended Pors, Por-7AGNR
hybrids, and the 7AGNR end states tend to be positively charged
by the Au(111) surface.*****¢ To estimate the effect of possible
interactions between the molecule and the underlying
substrate, the neutral, monocationic, and dicationic GNR-Por
1(Zn), hybrids were simulated. For the dicationic species, an
excellent matching between the simulated LDOS maps and the
experimental d7/dV maps was found (Fig. 2c and e). This finding
indicates the injection of two electrons from the hybrid to the
surface.

Comparison of d7/dV mapping and DFT calculations allows
to draw several conclusions. Firstly, it shows that the prominent
resonances in the d7/dV spectra at around 0.48 V and 0.95 V are
entirely localized on the Por units, and corresponds to the
LUMO+1 and LUMO+2 of the dicationic 1(Zn),. Secondly, it
indicates that, despite the “fused” nature of the GNR-Por
hybrids, the frontier states of the Por unit and the GNR end
state remain rather localized and thus only weakly hybridized.
In fact, the only state found to be delocalized over both the Por
and GNR units is the state at —0.94 V, which comprises the
contributions from the HOMO derived from the valence band
(VB) of the GNR and HOMO-1 derived from the hybridization
between GNR and Por (see dI/dV and simulated LDOS maps in
Fig. 2¢ and e). Note that similar low hybridization was reported

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in a previous work where porphine macrocycles were unselec-
tively fused to graphene flakes.*” Thirdly, a state slight above the
Fermi level (the peak at 20 mV) is spatially localized at the GNR
zigzag end, corresponding to the LUMO of the dicationic
molecule.

Besides the electronic states at the Por termini of the GNR-
Por hybrids, the electronic gap of the bulk GNR segment was
also investigated. For this purpose, longer GNR-Por hybrids
(i.e.,1(Zn)s, 1(Zn),4, and 1(Zn),) were fabricated by increasing the
amount of DBBA co-deposited (Fig. 3 and $2.9t). dI/dV spectra
acquired in the central region of the GNR segment of GNR-Por
hybrids 1(Zn),, (n = 0-4 and 9) are reported in Fig. 3.

With increasing GNR segment length, the valence band
maximum (VBM) - as determined from the half-maximum
position of the raising slope** - is observed to shift from
about —1.05 V for the shortest 1(Zn), to successively higher
energies, reaching —0.75 V for 1(Zn). It is thus expected that
the VBM of GNR-Por hybrids longer than 1(Zn), will converge
around —0.7 V as is observed for long pristine 7AGNRs on
Au(111).** The conduction band minimum (CBM) is more
difficult to determine accurately, because spectra were unfor-
tunately acquired only up to 1.6 eV, such that only the onset of
a peak can be discerned. Nevertheless, a clear shift of this onset
toward the lower bias voltage can be recognized with increasing
GNR segment length. The electronic gap of the GNR segments
thus shows the expected length dependence, i.e. a reduction of
electronic gap with segment length as observed in uncapped
finite-length GNRs.*® Interestingly, closer inspection of the
energy position of the Por derived frontier states reveals energy
shifts with increasing GNR segment length that are very similar
to the ones of the GNR segment CBM, but in opposite direction
(namely toward higher energy, like the GNR segment VBM).
From 1(Zn), to 1(Zn),, the Por HOMO and LUMO derived
resonances shift from 0.38 eV to 0.48 eV and from 0.85 eV to
0.95 eV, respectively (Fig. S2.07). Overall, our spectroscopic data
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Fig. 3 (a) Close-up STM images of GNR-Por hybrids 1(Zn)o—1(Zn)4
(from left to right: Vo= —-0.1V, [ =230 pA; Vo =0.45V, |, = 480 pA; V;
=048V, {=450pA; Vs=-0.2V, =150 pA; Vo =-0.2V, Iy = 250 pA)
and 1(Zn)g (Vs = —0.06 V, I, = 200 pA). For overview STM image for
1(Zn)y see Fig. S2.9.1 Scale bar: 5 A. (b) difdv spectra recorded at the
central region of the GNR segment in hybrids 1(Zn)o—1(Zn)4 and 1(Zn)g
(spectra acquisition positions marked in the STM images in a). For each
spectrum, the left arrows indicate the position of the valence band
maximum as determined from the half-maximum position in the
raising slope of the corresponding peak, the right arrows indicate the
onset of the CBM as determined by the intersection of the linear slope
with the baseline.
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for 1(Zn), reveal frontier orbitals originating from Por located
well within the electronic band gap of the GNR segment.

Taking into account that in 1(Zn),, the electronic properties
of the GNR segment are only marginally affected by the fused
single Por end-capping, the question arises whether the same
holds for doubly Por-capped GNRs. To address this question,
the formation of doubly ZnPor-capped GNRs was attempted by
increasing the amount of Por 3(Zn) with respect to DBBA.
However, surprisingly, this strategy was unsuccessful, as only
a few homocoupled 2(Zn), species were obtained along with
some singly-capped short GNR fragments (predominantly
1(Zn)y).

On the other hand, the same strategy using Por 3(H,) led to
the successful formation of doubly Por-capped GNR hybrids
2(H,), and 2(Hy,), (involving the formation of 27 and 31 new C-C
bonds, respectively) as well as homocoupling product 2(H,),
and not coupled yet cyclodehydrogenated 1(H,), species
(Fig. 4b-d) (vide infra).*® To shed some light on the unexpectedly
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Fig. 4 (a) On-surface synthesis of doubly Por-capped GNR hybrids
2(Hy),, from Por 3(H,) and DBBA. (b) STM image after the surface
reaction at 350 °C on Au(11l) (Vs = 0.45 V, [; = 80 pA) showing
formation of doubly Por-capped GNR 2(H,)q (dashed red circle) and
2(H5); (dashed green circle), and singly Por-capped GNR 1(Hj)o
(dashed yellow circle). Close-up STM images of GNR—-Por;, hybrids (c)
2(Hz); (Vs =0.46V, I, =100 pA) and (d) 2(H,), (Vs = —0.05V, I, = 200
pA) (for the overview STM image of 2(H>),, see Fig. S2.10%). For a better
visualization, the chemical structures of 2(H5); and 2(H,), are super-
imposed to the corresponding STM images. (e) Differential conduc-
tance d//dV spectra of GNR-Por, 2(H,); taken at the positions
indicated by markers with corresponding colors in (c). Arrows indicate
the three most prominent peaks. Grey d//dV spectrum recorded over
Au(111). (f) Constant-current d//dV maps recorded at the energies
indicated by arrows in (e).
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different coupling behavior of 3(H,) and 3(Zn) with DBBA,
a control experiment was carried out, namely, the homocou-
pling of the two Pors to give 2(H,), and 2(Zn),, respectively. As
can be seen from the corresponding overview STM images, the
homocoupling “yield” is strikingly lower for the Zn(i)-derivative
3(Zn) than for its free-base analogue 3(H,) (Fig. S2.1f). We
suspect that the incorporation of Zn(u) into the macrocycle
leads to changes in its geometry upon surface absorption, which
sensitively hampers the Ullmann coupling reaction, thus
making a “double” coupling of the GNR with this Por highly
unlikely.>

However, as seen from the STM and STS analysis of 2(Zn),,
the metalation of the macrocycle with Zn(u) does not influence
the electronic properties of this doubly Por-capped GNR hybrid
compared to its free-base H,Por analogue 2(H,), (see Fig. S2.2-
S2.41).* Therefore, and due to the low reactivity of Por 3(Zn), the
synthesis of longer GNR-Por, hybrids was carried out by co-
depositing DBBA with Por 3(H,) instead of 3(Zn) (Fig. 4a).
Considering the possible inclusion of gold adatoms in free-base
Pors - reflected by an increased apparent height in the cavity of
the Pors* - only GNR-Por, hybrids containing non-metalated
Pors were investigated thereafter.

Differential conductance (dZ/dV) spectroscopy was used to
access the electronic properties of the elongated GNR-Por,
hybrid 2(H,);. Point spectra acquired at different positions over
the molecule reveal several resonances that derive from the
molecular frontier orbitals around the Fermi level (highlighted
by arrows in Fig. 4e). Both the energy position and the overall
shape of the peaks in 2(H,), are very similar to those of 2(H,),.*
Spatially resolved dI/dV mapping at the corresponding energies
shows that the occupied state at —0.92 V is mainly located on
the 7AGNR segment, whereas the unoccupied states at 0.40 and
0.84 V are localized on the Por moieties (Fig. 4f). Therefore, both
the STS spectroscopy and the di/dV mapping of 2(H,); show
important similarities with homocoupled 2(H,),.** In line with
the assignment of the molecular orbitals of 2(H,),,* in 2(H,),
the state at 0.40 V can be assigned to derive from the (gas phase)
HOMO of the neutral hybrid, and the one at 0.84 V from the
LUMO. With the gas phase HOMO fully emptied upon adsorp-
tion, the electronic structure of 2(H,), hybrids on Au(111) thus
resembles the disjoint one of a donor-acceptor structure, with
the highest occupied state localized on the GNR segment and
the lowest unoccupied state localized on the terminal Por units,
defining a gap of 1.3 eV for 2(H,); on Au(111).

Conclusions

In summary, we have reported a strategy to fabricate “elon-
gated” singly and doubly Por-capped GNR hybrids with
a commensurate and triply-fused GNR-Por junction, which was
unambiguously confirmed by bond-resolved nc-AFM imaging.
The study of the electronic properties of such hybrids by high-
resolution STM and STS shows a weak hybridization of the
electronic states of the GNR and the Por moieties despite their
high degree of conjugation. Moreover, in the singly-capped
GNRs, the ZES exhibits similar electronic properties as the
pristine GNR even for the shortest hybrid. This work opens new

© 2021 The Author(s). Published by the Royal Society of Chemistry
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pathways towards the preparation of more sophisticated GNR-
Por architectures, e.g. by introducing magnetic metal ions (i.e.,
Cu, Co, Fe, etc.) in the macrocycle cavity to create transition
metal/Por/GNR hybrid nanostructures. Such studies are
currently being conducted in our laboratories.
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