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a b s t r a c t

A recently developed bottom-up synthesis strategy enables the fabrication of graphene nanoribbons
with well-defined width and non-trivial edge structures from dedicated molecular precursors. Here we
discuss the synthesis and properties of zigzag nanoribbons (ZGNRs) modified with periodic cove-cape-
cove units along their edges. Contrary to pristine ZGNRs, which show antiferromagnetic correlation of
their edge states, the edge-modified ZGNRs exhibit a finite single particle band gap without localized
edge states. We report the on-surface synthesis of such edge-modified ZGNRs and discuss tunneling
conductance dI/dV spectra and dI/dV spatial maps that reveal a noticeable localization of electronic states
at the cape units and the opening of a band gap without presence of edge states of magnetic origin. A
thorough ab initio investigation of the electronic structure identifies the conditions under which anti-
ferromagnetically coupled, edge-localized states reappear in the electronic structure. Further modifica-
tions of the ribbon structure are proposed that lead to an enhancement of such features, which could find
application in nanoelectronics and spintronics.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Some of the exceptional intrinsic electronic, mechanical, optical
and thermal properties of graphene [1e3], although extremely
fascinating, can be seen as a hindrance for direct applications in
nanotechnology. A prominent example is the absence of an elec-
tronic band gap that prohibits the use of graphene as the active
material in a nanotransistor. However, reducing the size of gra-
phene nanostructures to a degree where quantum confinement
becomes relevant opens up a range of opportunities. When quasi-
one-dimensional sections of graphene, dubbed graphene nano-
ribbons (GNRs), are considered, novel electronic (opening of the
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band gap) and magnetic (creation of localized edge states) features
[6,7] emerge which are, however, not generally protected with
respect to structural imperfections. The latter routinely appear
during the top-down fabrication process like chemical etching or
electron-beam lithography [4,35]. The use of bottom-up procedures
on the other hand, allows to obtain GNRs with virtually no defects
down to the atomic level, by starting from appropriately designed
and subsequently synthesized molecular precursors, whose poly-
merization and cyclodehydrogenation are promoted in a unique
way by a metallic substrate. This strategy was first successfully
demonstrated about 10 years ago [12] and has subsequently
allowed for the on-surface synthesis of GNRs with perfect armchair
[12e14] or zigzag edges [10]. For the characterization of both their
perfect atomic structure and electronic properties scanning
tunneling microscopy (STM) and spectroscopy (STS) have emerged
as ideal analytic tools. Besides the prototypical armchair GNRs
(AGNR) and ZGNRs, the atomistic control provided by on-surface
synthesis can also be exploited for producing novel types of
nanostructures. In this context, post-growth structural
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modifications have the intrinsic drawback that they either create
quasi zero-dimensional structures (i. e., isolated defects) or, if
repeated along a ribbon section of sizeable length, a certain degree
of randomness in the distribution patternmakes the prediction and
control of the resulting properties problematic. Instead, if the
modifications are implemented at the level of the molecular pre-
cursor, then the polymerization and subsequent cyclization/dehy-
drogenation of the polymer leads by design to a periodic, regular
sequence of a “unit-repeated modification” inherited from the
precursor molecule. The bottom-up synthesis approach thus ap-
pears uniquely well suited to explore new pathways in nano-
material design and engineering. On the other hand, through a
concerted strategy based on the theoretical screening of possible
nanostructures, of which only the most promising are then realized
experimentally, computational modelling ranging from simple
tight binding through density functional theory (DFT) [8,9,11] to
higher-level quasi-particle GW approximation [38,39] have been
shown to be very well suited to predict the influence of such atom-
level design on electronic and magnetic properties of GNR. Thereby
a very efficient experimental and simulation ‘toolbox’ for the syn-
thesis and the prediction and characterization of the physical
properties of GNR is available today. Whereas this toolbox has been
widely used to investigate the electronic and magnetic properties
of edge-modified ZGNRs, there are hardly any reports on their
experimental synthesis and in-depth characterization.

In this work we specifically focus on edge modifications that
suppress the antiferromagnetically coupled edge states of ZGNRs
[10]. We identify the creation of a “cove-cape-cove” unit at either
edge of a ZGNR (Fig. 1a), conceptually obtained by removal of two
edge carbon atoms separated by one zag unit, as a fundamental
structural modification that creates a “dispersive channel” between
Fig. 1. Mixed cove-cape-zigzag edged graphene nanoribbons (ccZGNRs). (a) Bottom-up sy
phenyl ring which is responsible for bright protrusions in STM images is shown in the blue
highlighted by a red dashed ellipse (b) STM image showing polymer chain formation at 200
ccZGNRs (V ¼ �1 V, I ¼ 2 pA). The inset shows a higher-resolution STM image taken at V ¼
structural model. (d) High-resolution constant-height nc-AFM image with high frequency
V ¼ 50 mV and I ¼ 0.01 nA, then the feedback was disabled and the z-offset was 0.05 nm clos
be viewed online.)
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two edge sections. The corresponding formation of a band gap is
predicted by theory, and finds immediate experimental
confirmation.

The first part of the paper describes the on-surface synthesis of a
cove-cape-modified ZGNR, using a specifically synthesized molec-
ular precursor, and its structural and electronic characterization
with STM, STS and non-contact atomic force microscopy (nc-AFM).

After experimental characterization, we provide a theoretical
investigation of the structural family of GNRs with this novel edge
modification. In particular, we provide a conceptual rationale for
the systematic variations of electronic properties in this family of
structures and their implications for the occurrence and quenching
of magnetic correlations. The systematic relation we establish for
the quenching and reemergence of magnetic correlations in this
system can be the basis for understanding the behavior of other
edge-modified ZGNRs, since the basic mechanism should not be
limited to this specific family of structures.

We thus investigate possible ways to maintain the cape-cove
structure and at the same time “reactivate” the localized edge
states by blocking the dispersive channel coupling the two edges
electronically. In this respect, one possibility is the extension of the
zigzag segment of the ribbon edge. Another one, being less obvious,
consists of the interruption of the path along which the dispersive
bands propagate close to the ribbon edges. By cutting CeC bonds
along this path, the zigzag regions become isolated, thus resem-
bling the short zigzag termini of the AGNR of width N¼ 7 (7-AGNR)
studied previously by Talirz et al. [18]. The emergence of radical
centers at the edges and thus of localized states is then discussed in
terms of Clar’s theory of the aromatic sextet. The paper concludes
with a short discussion about the robustness of the electronic
structure on the cape-cove arrangement at the edges.
nthesis from precursor monomer 1 to polymer and, finally, to the targeted ccZGNR. The
dashed circle. The zigzag edge that appears darker in the STM and nc-AFM images is

�C (V ¼ �1 V, I ¼ 10 pA). (c) STM image after cyclodehydrogenation at 350 �C, showing
�0.8 V, I ¼ 10 pA together with a DFT based STM simulation and the corresponding

shift at the cape parts. Oscillation amplitude, Aosc ¼ 70 p.m. The setpoint was set to
er to the substrate with the bias voltage at V ¼ 5 mV. (A colour version of this figure can



P.P. Shinde, J. Liu, T. Dienel et al. Carbon 175 (2021) 50e59
2. Results

Experimentally, modification of GNR edges can be achieved by
altering the chemical design of the molecular precursor involved in
the bottom-up synthesis. Over the last years, GNRs with different
kinds of edge structures have been synthesized by our laboratory
and many other groups. In the present context, zigzag and cove-
type edge are the cases most relevant and their synthesis and
electronic properties have been reported elsewhere [10,32]. Here,
we describe the strategy to achieve a cove-cape-modified ZGNR
(ccZGNR), resulting in a mixed cove-cape and zigzag edge structure
that has not been realized for GNR to date.

In order to create the proposed structure via on-surface syn-
thesis, we designed and synthesized the molecular precursor 1
which is closely related to the one used for fabricating pristine
ZGNRs [10]. The structural difference is that precursor 1 does not
possess the two methyl groups present in the previous precursor
for the pristine ZGNR, which provide closure of the coves to form
the smooth extended zigzag edges. Therefore, the lack of methyl
groups in precursor 1 leads to the ccZGNR with a combination of
the cove and zigzag edge structures while the phenyl ring of 1
(marked by the cyan circle in Fig. 1a) results in a cape between two
coves.

The reaction scheme as well as STM and nc-AFM images that
characterize the main steps in the synthesis of ccZGNRs are shown
in Fig. 1, starting frommolecular precursor 1 (Fig. 1a) on an Au (111)
surface. The first step is intermolecular coupling reactions through
radical addition when the monomer is thermally activated by
annealing at 200 �C. At this temperature, the dehalogenated in-
termediates (carbon-centered biradicals) diffuse on the surface and
couple with other radicals, which results in the formation of long
polymer chains. As shown in Fig. 1b, the polymer chains exhibit
bright protrusions that appear alternatingly on both sides of the
polymer axis. They are attributed to the sterically induced out-of-
plane conformation of a phenyl-ring at the tail of each monomer
(marked by dotted-circles in Fig. 1a). Further annealing at 350 �C
promotes the formation of ccZGNRs as shown in Fig. 1c. We observe
that most of the ribbons are isolated and randomly oriented with
typical lengths between 4 and 30 nm. A closer inspection of the
STM images reveals the presence of an asymmetric arrangement of
bright protrusions meandering along the ribbon. As for the poly-
mer, these bright protrusions in the final ccZGNR are due to the
upward out-of-plane distortion of the cape benzene ring (marked
by the cyan ellipses in Fig.1a) between two coves. The zigzag part of
the ribbon edge (see red ellipses in Fig. 1a) appears slightly darker.
Later in the paper it will be clarified whether the observed bright
protrusions have a purely topographic origin, or are enhanced by
the presence of localized electronic states. From the experimental
point of view, the uplift of the cape-edge is nicely confirmed by
constant-height nc-AFM using a CO-functionalized tip [36]. Fig. 1d
reveals a sizeable increase of the resonance frequency at the cape
sites, indicating a strong interaction between tip and ribbon. Our
density functional theory (DFT)-based STM simulation of a ccZGNR
including the alternating arrangement of coves along the two edges
of the ribbon correctly reproduces the STM features revealed by the
experimental results (inset in Fig. 1c). As described in the
“Methods” section, we first optimized the structure of the ribbon
on a slab model with which the ribbon interacts via a classical force
field. We find that the uplift of the cape edge is promoted by an
energy gain of ~0.60 eV per unit cell with respect to a reverse ge-
ometry where the zigzag edge is uplifted. This energy gain is
entirely due to contributions from van der Waals interactions with
the substrate. Subsequently, the resulting optimal geometry was
used to perform full electronic structure calculations applying pe-
riodic boundary conditions in the gas phase.
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We used STS to explore the local electronic structure of ccZGNRs
as shown in Fig. 2. Differential conductance (dI/dV) spectra, shown
as black, blue, and green curves, were measured on the cape-edge,
zigzag-edge, and the bare Au (111) surface, respectively (Fig. 2a). A
sharp increase in tunneling conductance is observed at the cape
unit between the two coves. Within the energy gap, the spectrum
obtained on the zigzag-edge reveals a flat local density of states
(LDOS). The energy-resolved constant-height dI/dV maps (Fig. 2b)
acquired at the energies indicated in the dI/dV spectra (red arrows
in Fig. 2a) can be assigned to the band edges near the Fermi energy
Ef. In correspondence of the atoms on the cape, we observe either
one or two bright spots. These are an effect of the protrusion of the
cape away from the ribbon basal plane. From the dI/dV spectra, we
estimate a bandgap of 1.8 ± 0.1 eV for the ccZGNR on Au (111).

To elucidate the experimental results, we simulated the dI/dV
maps using DFT as shown in Fig. 2c. Our DFT simulations confirm
the trends observed in the experimental spectra of Fig. 2b. At higher
positive biases (~1.14 eV), we observe two bright spots in the
constant-height dI/dVmaps which derive from the electronic states
localized on the two atoms around the cape (Fig. 2b5 and 2c5). For
low negative bias, we again observe two states localized on the
cape atoms (see Fig. 2b3 and 2c3). Upon an increase in negative
bias, these two states merge into a more extended state and give
rise to a brighter spot in the dI/dV maps as shown in Fig. 2b1-2 and
2c1-2.

In Fig. 2d, we analyze the specific atomic contributions to the
density of states and to the band structure of ccZGNR, making
distinction between the atoms around the cove, on the cape, and
the edge atoms. The corresponding projected density of states
(PDOS) is normalized by the number of atoms considered in the
projection. This analysis reveals a rather uniform spatial distribu-
tion of the electronic states belonging to the frontier bands. Indeed,
there is no trace of partially flat bands in the electronic band
structure of ccZGNRs (Fig. 2f). For a pristine ZGNR in its ground
state, the presence of partially flat bands around Ef signals a high
density of states and antiferromagnetic correlation between
opposite zigzag edges. Unlike the pristine ZGNRs, ccZGNRs are,
accordingly to unrestricted DFT calculations, nonmagnetic in their
ground state. The theoretical electronic energy gap of ccZGNR with
three zigzags is 1.03 eV. The moderate discrepancy between the
DFT value of the gap (computed for a structure in “gas phase”) and
the experimental value of 1.8 eV can be attributed to the fact that
the usual DFT underestimation of the gap is here balanced by a
measurement where the gap is reduced by screening effects due to
the gold substrate [5,15,16]. We note that the main contribution to
the occupied states near Ef derives from an extended state. This is
clear from Fig. 2ee2(h): The two highest occupied (blue) and
lowest unoccupied (red) Kohn-Sham states at the G (Fig. 2e) and X
(Fig. 2g) points of the one-dimensional Brillouin zone clearly reveal
the extended character of those states. In Fig. 2h, an STS simulation
at 1.2 Å above the main carbon atom plane of the ribbon is shown,
at three different energies marked by the dashed lines in Fig. 2f.

The contribution of a state localized on the cape atoms lies
deeper in energy (close to�1.75 eV in Fig. 2d), but it is the height of
the cape atoms above the graphene plane that leads to their pro-
nounced appearance in the STS maps in the region near Ef. We thus
conclude that the experimentally observed protrusions at small
bias voltages arise mainly due to the structural effect given by the
uplift of the capes, and not because of localized states present at
these functional groups.

It is well known from literature that ZGNRs exhibit a tight-
binding electronic structure with an edge state at zero energy
with a very narrow peak in the density of states. When spin-
dependent electron-electron correlations are included in the
treatment, the Stoner criterion is satisfied and the peak splits into



Fig. 2. Electronic structure of ccZGNRs. (a) Differential conductance (dI/dV) spectroscopy and experimental (b) as well as DFT-computed (c) LDOS maps. In (a), the location of dI/dV
spectra is marked in the STM topography in the inset. Black, blue, and green curves are measured on cape, zigzag-edge, and the Au (111) surface, respectively. The red arrows
indicate the bias voltages at which the dI/dV maps shown in (b) were acquired. The setpoint was V ¼ -1 V and I ¼ 0.01 nA on Au, V ¼ -1 V and I ¼ 0.04 nA on the cape, and V ¼ -1 V
and I ¼ 0.04 nA on the zigzag-edge. (b) Experimental constant-height dI/dVmaps. The setpoint was V ¼ �1 V and I ¼ 0.01 nA, then feedback was disabled and the z-offset was closer
to the substrate of 0.46 nm for �0.95 V, 0.52 nm for �0.75 V, 0.55 nm for �0.5 V, 0.99 nm for 1.3 V and 1.05 nm for 1.6 V, respectively. (c) Local density of states (LDOS) maps at
around 1.5 Å beyond the top of the ccZGNR calculated within DFT. (d) Projected density of states (PDOS) for ccZGNR obtained by using a Gaussian broadening of 0.1 eV, and (e)
atomistic model with different regions highlighted by colors, that allow to appreciate the absence of decay of the states from the edge to the ribbon bulk. The Fermi energy is set to
0 eV. Colors in the PDOS (d) refer to the corresponding atoms in the inset. (f) Band structure calculated at the DFT-PBE level (bandgap ¼ 1.03 eV); for each k-point the color and the
size represent the character and the intensity of the projection of the wave function on selected atoms as indicated in the caption. The red, green, and black dots correspond to the
projection amplitude of the p orbitals of the atom on the zigzag edge, around the cove, and on the cape, respectively. Larger dots indicate a larger projection amplitude. The two
highest occupied (blue) and unoccupied (red) Kohn-Sham states at the G (e) and X (g) points of the one-dimensional Brillouin zone are plotted, showing the extended character of
those states. In (h), an STS simulation at 1.2 Å above the main carbon atom plane of the ribbon is shown, at three different energies marked by the dashed lines in (f). (A colour
version of this figure can be viewed online.)
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two frontier states that are antiferromagnetically coupled across
and ferromagnetically along the edges [30]. We now consider a
model to relate the electronic structure of the pristine 6-ZGNR (a
zigzag ribbon of width 6 as defined by the customary convention,
see Ref. [31]) to the ccZGNR. For this purpose, we group the edge
atoms in different regions and mark them in red, black and green
(see Fig. 3a). All edge atoms are saturated by a single hydrogen. This
single-hydrogen saturation is compatible with our previous
computational studies by which we could assess that experimental
STM and AFM images are compatible with this termination at
zigzag edges [10,18].

Then, we gradually remove the green carbon atoms from the
ribbon’s edge and examine the impact on the electronic structure,
by computing the electronic properties at DFT and tight-binding
levels of theory (see methods section). In DFT calculations we
gradually detach the “green” CH groups at the ribbon’s edge,
whereas in tight binding (SI) we reduce the corresponding hopping
parameters.

A situation very close to the pristine ZGNR (Dy ¼ 10 p.m., slight
stretching of two CeC bonds) is shown in Fig. 3b. Projections on
edge atoms of different colors are marked with circles of radius
proportional to the projection amplitude. Band structure and
density of states clearly show the signature of the edge localized
bands. In Fig. 3c) and d) we observe the development of dispersive
bands upon increasing the distance between the green C atom and
the edge (Dy¼ 130 p.m. and 350 p.m., respectively). The bands with
sizeable projection on the green atoms are removed from the band
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structure diagram for clarity. In Fig. 3e) the band structure and
PDOS of the ribbon with the green atoms completely removed is
shown, both in the planar and in the experimental geometry with
the cape unit lifted, with the resulting under-coordinated C atoms
(neighbors to the green carbon atoms, now removed) are passiv-
ated by hydrogens. It is seen that the lifting of the cape does not
affect the band structure significantly.

Such DFT calculations help us to identify the transformation
from ZGNR with magnetic edge states to the trivially “gapped”
ccZGNR system.We note that the development of a cove-cape-cove
feature strongly affects the electronic structure both qualitatively
and quantitatively. Reducing the coupling between specific C atoms
at the edge leads to the development of a delocalized electronic
band. In the SI we clarify this concept as well as the effect of hy-
bridization between the two sublattices, presenting a simple tight-
binding description. It is shown that the A-B sublattice hybridiza-
tion can be well observed and is connected to the development of a
delocalized state.

To better understand why and to what extent the exponentially
decaying edge states, typical of the pristine ZGNR, are not evident
from the band structure of ccZGNRs, we compare the local density
of states (LDOS) (see Fig. 4) for two similar systems: the experi-
mentally studied ccZGNR, and a model with 9 zigzag units (Nz ¼ 9)
rather than 3 (Nz ¼ 3 for the ccZGNR) between two cove-cape-cove
units along each edge. We show in panels c and d of Fig. 4 the PDOS
of the two systems, and in the panels e to h STS simulations at a
height of 1.0 Å above the ribbon atoms along the central axis, which



Fig. 3. Gradual modification of a pristine ZGNR into the ccZGNR structure with periodic cove-cape-cove units by removal of selected CH units. (a) Schematic illustration of the
ribbon structure, with the gradually removed carbon atom highlighted in green. The unit cell used for the DFT calculations is indicated. (bed) DFT/PBE band structures with the
green C edge atom detached by Dy ¼ 10, 130, 350 and “infinite” pm, respectively. The k-resolved projected density of states (k-PDOS) is shown in (bee), the contributions from the
green atoms are omitted for clarity. They are instead present in the PDOS. Projections on the zigzag edges atoms (red), cape atom (black), the gradually detaching edge C atom
(green), and the total PDOS (grey) are shown. Panel e) shows a comparison between the band structures of a ccZGNR in a perfectly flat geometry (blue) and the same ribbon
adsorbed on a surface with the experimentally observed non-planar geometry (grey). The emergence of a band gap and the disappearance of edge states corresponds to the
developing of dispersive states across the bulk of the structure. (A colour version of this figure can be viewed online.)
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Fig. 4. Impact of zigzag edge segment length on the electronic structure of ccZGNRs. (a,b) Atomistic models of ccZGNR with the number of zigzags between cove defects Nz ¼ 3
(a) and Nz ¼ 9 (b); the colors are coded to the atomic height above the ribbon plane. (c) and (d): Projected density of states (PDOS) for the two cases, projected on atoms around the
cove (green), cape top atoms (blue), and zigzag edge atoms (red). (e) to (h): Constant-height STS simulations at a height of 1.0 Å above the ribbon basal plane for the peaks indicated
by the corresponding colored arrows in the PDOS (c,d). Note the presence of localized edge states in the Nz ¼ 9 case (orange arrow), whereas the green arrow points to a dispersive
band. The orange and green arrows in the Nz ¼ 3 case both point to the dispersive band at slightly different energies. In both systems, states localized at the cape top are located well
away from the Fermi energy region. (i): Perspective view of the GNR structure to indicate the level at which the constant-height STS simulations have been performed. (A colour
version of this figure can be viewed online.)

P.P. Shinde, J. Liu, T. Dienel et al. Carbon 175 (2021) 50e59
reveal the LDOS on a plane cutting the lifted cape units (see Fig. 4i).
For the Nz ¼ 9 case, the localized states at the zigzag edges show

a LDOS pattern which is well distinguishable from the bulk region
of the ribbon (Fig. 4f, states indicated by the orange arrow in the
PDOS of Fig. 4d). Conversely, for the other states the signal at the
zigzag edges has a similar intensity than in the bulk of the ribbon
(Fig. 4e, g, h). Moreover, the main intensity (height) peak showing
localization on the cape atoms is located at�1.75 eVwith respect to
55
the Fermi energy (red line in the PDOS in Fig. 4c) and similarly at
deep energies for the Nz ¼ 9 case (Fig. 4d).

It is thus interesting to understand the stability of spin polari-
zation in ccZGNRs as a function of cove-cape-cove modification
concentration or the number of zigzag units (Nz) present between
the units (length of pristine zigzag edge segments). Our main
concern is the presence of edge localized states as a function of Nz,
namely the onset of antiferromagnetism as Nz is increased.
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Therefore, we performed first-principles calculations to study the
electronic and magnetic properties of ccZGNRs with varying Nz. In
experiments, the Nz ¼ 3 case, edge states are absent. Our calcula-
tions show that spin polarization is completely suppressed for
Nz < 6, i. e., in presence of a very high concentration of cove-cape-
cove edge modifications. Thus, the stability of spin states and the
magnetic moments on the zigzag edge C atoms decrease with the
concentration accessible in real samples. In addition, spin sup-
pression closely correlates with the reduction and/or removal of the
edge states near Ef (see Fig. 5, left panel). For Nz � 6, the spins are
preserved and the systems become magnetic with antiferromag-
netic coupling between opposite edges.

Fig. 5 shows effective band structures (unit cell representation)
for ccZGNRs with Nz ¼ 3 (panel a), 6 (panel b), 9 (panel c) and 15
(panel d). The effective band-structure method (EBS) uses a band
unfolding technique to restore the E(k) picture in the primitive cell
(pc). At its core, the EBS method facilitates the determination of the
spectral weight of a supercell (SC) energy eigenvalue E(K) by pro-
jecting the corresponding eigenstate on all pc Bloch states corre-
sponding to the equivalent k [17]. The red circles in Fig. 5 represent
the projection amplitude (spectral weight) of the SC eigenvalues. It
is clear from these plots that with increasing Nz, the system’s
electronic structure approaches that of pristine ZGNRs, with small
changes around Ef. For Nz ¼ 15, we see that the edge state features
reappear near the Brillouin zone boundary (X-point). Larger Nz

leads to the minimization of direct interaction of the edge modifi-
cations and to magnetic exchange interaction within the zigzag
edge segments. Therefore, the systems with Nz � 6 become mag-
netic with antiferromagnetic coupling across the edges. Further-
more, our calculations show that for Nz < 6, the edge states are
completely removed and replaced by dispersive bands and some
localized states around the cape (see the tight binding calculations
in the SI), the PDOS of Fig. 2d, and the sinusoidal spectral function
between �1 and 0 eV in Fig. 5, panel a), whereas for Nz � 6, there
are frontier states localized on the zigzag-edge regions.

It has been pointed out that the introduction of one unpaired
electron every three zigzag cusps allows to maximize the aromatic
sextets (the Clar formula) in infinite monohydrogenated zigzag
ribbons, allowing the definition of the pure ZGNR edges as “aro-
matic edges” [37]. The same principle can be applied to the termini
Fig. 5. Effective band structures of ccZGNR structures with increasing distance Nz betwe
of ccZGNRs as a function of Nz simulated using supercells (SC). The red dots indicate the amou
cell is shown by the green lines. The Fermi energy is set to 0 eV. (A colour version of this
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of narrow armchair ribbons of finite size (7-AGNR), which consist of
three zigzag cusps [18]. In the case of ccZGNRs, the edge geometry
resembles the finite size 7-AGNR with three zigzag cusps isolated
by the cove defects. However, for the ccZGNR, the maximum
number of aromatic sextets (10 per unit cell) can be found without
introducing an unpaired electron at the zigzag-edge (Fig. 6a).
Conversely, when a radical per edge is introduced, no more than 8
aromatic rings (Fig. 6b) can be obtained. Thus, Clar’s theory seems
to support absence of unpaired electrons at the edge as the most
stable configuration.

A closer analysis of the calculated Kohn-Sham states in the
experimentally accessible ccZGNR case (corresponding to the band
structure shown in Fig. 2f) reveals that indeed the frontier bands
are characterized by states extending all along the path that diag-
onally joins the two zigzag edge regions (Figs. 4b and Fig. 2e-g),
with some spin density localized at the bonds joining the cove with
the uplifted cape (Fig. 2h).

In order to further isolate the zigzag edge regions from each
other we prepared amodel (Fig. 6c) where the lower edge is further
modified by cutting the two bonds indicated by a star in Fig. 6a.
These particular bonds are chosen by observing the spatial distri-
bution of the dispersive band of Fig. 2f, whose spatial distribution at
selected K-points is depicted in Fig. 2e,g. In this way, the perfect
closed-shell aromatic structure shown in Fig. 6a is not possible
anymore. Now the closed-shell structure allows for amaximumof 8
aromatic rings (Fig. 6c) while several resonance structures with two
paired radicals (Fig. 6d) with 8 or 9 aromatic rings are possible. So,
it should energetically be more favorable than before that the
system develops localized edge bands stemming from unpaired
electrons on the zigzag edge regions. Indeed, the band structure
presented in Fig. 6e shows the appearance of partially flat bands
together with antiferromagnetism. The Kohn-Sham states at the X
point (where the bands are flat) show rapidly decaying states
starting from the zigzag edge regions. Interestingly, the conjugation
is interrupted on one side by cutting the indicated bonds in the
figure. For this reason, the most convenient resonant radical
structures in Fig. 6d are sought among the ones where the radicals
are located in the lower part of the ribbon.

It is interesting to put our results in perspectivewith the existing
literature about ZGNRs with exclusively coved edges (called “coved
en the cove-cape-cove units. A primitive cell (pc) representation of the band structures
nt of Bloch character of the pc state preserved in the SC. Band structure of the primitive

figure can be viewed online.)



Fig. 6. Aromatic sextet analysis of the ccZGNR. Surrounded by the blue rectangle: Clar structure (maximum aromaticity) for the closed-shell (a) and an example for the biradical (b)
configuration of the ccZGNR system. In the biradical case (panel b) the system can accommodate a maximum of 8 aromatic rings with two resonating structures (grey circles); in the
closed shell case instead, 10 aromatic rings are possible. Surrounded by the orange rectangle: Clar structure for a modified ccZGNR structure where the bonds marked by stars in
panel a) have been cut. In this case, 8 aromatic rings are possible in the closed shell structure (c), and 9 or 8 in the biradical structure (d). Panel e): Band structure and Kohn-Sham
states at the X point of the modified ccZGNR model obtained by cutting the bonds marked by stars in panel a). Shown are both the spin-up (green, dashed line) and spin-down (red,
continuous line) bands as well as the spin density for the valence-band top and conduction-band bottom that lie at the X point of the supercell Brillouin zone. (A colour version of
this figure can be viewed online.)

P.P. Shinde, J. Liu, T. Dienel et al. Carbon 175 (2021) 50e59
nanoribbons”), which would correspond to Nz ¼ 1 in our nomen-
clature. It has been shown that graphene with cove edges exhibits
partially flat bands, degenerate at the Fermi level, when spin-
polarization is not considered. The same result comes from tight-
binding calculations of very wide (width N ¼ 30) symmetric-
coved ZGNR [32]. Experimentally, coved nanoribbons have been
realized [33] with N ¼ 5 and the band gap has been measured (on a
metallic substrate) at 1.7 eV. The exact geometry of the edges,
however, plays an important role in this case [34]. In the supple-
mentary material (Fig. S1) we show that the relative positioning of
coves at opposite edges (staggered vs. symmetric) has a dramatic
impact on the band structure of the corresponding coved
nanoribbon.
3. Conclusion

In conclusion, we have elucidated how the advanced experi-
mental strategy developed in our laboratory allows a controlled
modulation of the electronic properties of nanoribbons based on
the zigzag edge structure through an appropriate choice of mo-
lecular precursors. The different proportion of zigzag, capes, and
coves at the ribbon edge leads to magnetic or non-magnetic states,
with or without the existence of edge-localized states decaying
toward the center of the ribbon. By means of ab initio simulations,
we were able to derive the corresponding structure-properties
relationships. We found that not only the GNR width or the to-
pology of the edges, but also finer structural details interplay in
determining the electronic properties of the corresponding GNR.
We could realize some models that elucidate the role of the cape/
covemodification in suppressing edge states; othermodels allowed
us to determine a critical length of the zigzag edges, above which
the similarities to the ZGNR band structure are reflected in a anti-
ferromagnetic ground state. Finally, we showed how the breaking
of few CeC bonds dramatically affects the aromaticity of the
structure, thus restoring the magnetic edge states. All these
possible structural modifications may inspire the bottom-up syn-
thesis community toward the design of nanostructures with ever
more precisely engineered properties.
57
4. Methods

All sample preparation and STM and nc-AFM experiments were
performed in ultrahigh vacuum systems (ScientaOmicron, base
pressure 1 � 10�10 mbar). The Au (111) substrates were cleaned by
repeated cycles of Arþ sputtering and annealing. Thermal evapo-
ration of the precursor molecules was done by a 6-fold organic
evaporator (Mantis GmbH). All measurements were performed at
5 K. The differential conductance dI/dV measurements were per-
formed via lock-in technique, using a bias voltage modulation of
20 mV at a frequency of 860 Hz dI/dV maps were acquired in
constant-height mode (feedback off). A commercial tuning fork
sensor (ScientaOmicron, resonance frequency 23570 Hz) with
attached tungsten tip has been used for nc-AFM. The tip was
functionalized by the controlled adsorption of a single COmolecule
at the tip apex [19]. The shift in its resonance frequency was
recorded in constant-height mode (ScientaOmicron Matrix elec-
tronics and HF2Li PLL by Zurich Instruments).

Electronic properties were computed within spin-polarized DFT
[20,21] by means of the Quantum-espresso code [22]. We used
plane waves as a basis set for the representation of wavefunctions
(cutoff 120 Ry) and charge density (cutoff 480 Ry). The atomic cores
were described by separable norm-conserving pseudopotentials
[23e25] and the PBE approximation for the exchange correlation
functional [26]. For Brillouin zone integrations we used a
Monkhorst-Pack [27] grid of 12 � 1 � 1 k-points. Models used for
electronic structure calculationswere obtained by relaxing them on
a perfect Au (111) slab. The main assumption during geometry
optimizationwas to exclude chemical effects between themolecule
and substrate. We describe the molecule within empirical DFT and
the substrate via embedded atom model (EAM) potentials [28,29].
The interaction between the molecule and substrate was treated
through a Lennard-Jones like potential. The vacuum region be-
tween replicas in neighboring cells was chosen to be sufficiently
large (at least 13 Å) to avoid interactions between neighboring
ribbons.

For tight binding calculations, the band structures were calcu-
lated with first nearest neighbor tight binding of the C 2pz orbitals
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assuming g0 ¼ 3 eV as hopping energy.
In order to clarify the nature of the bands, we plotted the band

structurewith a color code (whitee brown - black) which indicates
the weight of the corresponding states on a group of atoms M for a
given band n according to:

anðkÞ¼
X

i2M

jijjnðkÞj

Here anðkÞ denotes the weight of the nth band at k, M is the set
of considered atomic sites and ji is the C 2pz orbital at site i.
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