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ABSTRACT: The challenge of synthesizing graphene nanoribbons (GNRs) with atomic
precision is currently being pursued along a one-way road, based on the synthesis of
adequate molecular precursors that react in predefined ways through self-assembly
processes. The synthetic options for GNR generation would multiply by adding a new
direction to this readily successful approach, especially if both of them can be combined.
We show here how GNR synthesis can be guided by an adequately nanotemplated
substrate instead of by the traditionally designed reactants. The structural atomic precision,
unachievable to date through top-down methods, is preserved by the self-assembly process.
This new strategy’s proof-of-concept compares experiments using 4,4’’-dibromo-para-
terphenyl as a molecular precursor on flat Au(111) and stepped Au(322) substrates. As
opposed to the former, the periodic steps of the latter drive the selective synthesis of 6
atom-wide armchair GNRs, whose electronic properties have been further characterized in
detail by scanning tunneling spectroscopy, angle resolved photoemission, and density
functional theory calculations.

Condudiante

he intensively sought integration of graphene into GNR formation.' ™ As a consequence, great efforts have been

optoelectronic devices has driven, among other forefront placed on the rational design of adequate reactants. However,
research lines, the thriving quest of graphene nanoribbon while such efforts have led to impressive results,” > the
(GNR) synthesis." Confining graphene into narrow, one- number of GNR structures that can be synthesized selectively
dimensional structures adds a powerful handle to the tunability and with atomic precision is still relatively limited. That pool of
of its electronic properties.””* Small changes in the GNR’s GNRs, and consequently their future integration into devices,
width,”~"* edge orientation™"'~'* or termination,"*™"" as well may develop much faster if new approaches toward selective
as the controlled addition of heteroatoms,'’ ™’ can lead to synthesis become available, especially if the different
dramatic changes in properties like its band gap (ranging from approaches can be even combined.
metallic to wide band gap semiconductors), charge carrier An alternative route toward atomically precise GNR
mobility, or energy level alignment. However, the experimental structures has been the lateral fusion of GNRs through
synthesis of GNRs with the required atomic precision remains
challenging. To date, atomically precise nanoribbons can only Received: March 14, 2018
be synthesized from the bottom-up, getting appropriately Accepted:  April 24, 2018
designed precursors to react in predefined ways that end in Published: April 24, 2018
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Figure 1. Bottom-up synthesis of 31-aGNR from DBTP. (a) Molecular structure diagram of the reactant and the resulting products after each
annealing step. (b) Constant current STM image (10 X 10 nm? I = 50 pA, U = —1 V) of the sample on Au(111), decorated with a disordered
mixture of differing width aGNRs. The associated histogram displays the percentage of PPP consumed in the formation of GNRs of each different
width. (c) Constant current STM image (10 X 10 nm? I = 500 pA, U = —1.5 V) of the sample on Au(322), evidencing the selective growth of
uniaxial 6-aGNR by substrate templating. The histogram shows how all PPP undergoing cyclodehydrogenation (around 50% in this sample) is used

up in the sole formation of 6-aGNRs.

cyclodehydrogenation,”*~** although the examples reported to
date all suffered from a lack of selectivity. Inspired by previous
substrate-guided “on-surface synthesis” examples,” this work
proves the feasibility of a so far unexplored strategy in GNR
growth. Still using a bottom-up approach to guarantee the
atomic precision, based on the fusion of neighboring molecular
structures, we switch from reactant to substrate engineering in
the GNR design. That is, the selectivity in the synthesis process
now is triggered and guided by the nanotemplating effect of an
adequate substrate.

This is demonstrated using 4,4”-dibromoterphenyl (DBTP)
as a molecular precursor and two different gold surfaces as
substrate, namely Au(111) and Au(322). As the DBTP-
decorated surfaces are annealed, the molecules first polymerize
into poly paraphenylene (PPP).””*”**** At higher temper-
atures, neighboring PPP chains laterally fuse together and form
armchair-oriented graphene nanoribbons (aGNRs).””** Fol-
lowing the same experimental procedures on both surfaces,
scanning tunneling microscopy (STM) reveals that a flat
Au(111) surface ends up decorated with few remnant PPP wire
segments plus a disordered mixture of aGNRs of varying
width.””*® Instead, on Au(322), which features regularly spaced
terraces, apart from the remnant PPP wires, only homogeneous
and uniaxially aligned GNRs are formed. These are identified as
selectively synthesized aGNRs with 6 dimer lines across their
width (6-aGNRs). Such samples further provide excellent
conditions for a detailed characterization of their electronic
properties not only by scanning tunneling microscopy and
spectroscopy (STM/STS), but also by high-resolution angle-
resolved photoemission (ARPES), whereby we access key
properties of utmost interest for eventual applications like the
frontier band’s energy level alignment and effective mass.

DBTP molecules adsorbed on Au surfaces are known to
under%o a series of chemical reactions upon annealing (Figure
12).””*® In our experiments we first sublimate the molecules
onto surfaces held at RT. We then anneal the samples to 180
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°C to trigger the polymerization of DBTP into PPP through
Ullmann coupling, whereby single Br atoms are left on the
surface as byproducts, typically forming rows sandwiched
between the PPP chains.””*”* Further increasing the temper-
ature, the Br atoms desorb from the substrate, allowing the PPP
chains to approach each other and fuse as the cyclo-
dehydrogenation is activated at temperatures around 380
°C.*”7*® As a result, wider aGNRs form, whose width is
determined by the number of participant PPP wires. Quantified
by the number of dimer lines across the aGNR (Figure 1a), the
resultant widths thus correspond to multiples of three (3n-
aGNR, n being the number of fused PPP). Since aGNRs are
classified into three families depending on their number of
dimer lines (3p — 1, 3p, and 3p + 1, p being an integer),**"**
all nanoribbons synthesized in these experiments thus
correspond to the same 3p family.

Experiments performed on flat Au(111) evidence that the
first polymerization brings about the formation of large islands
with long PPP wires oriented along the substrate’s [101] and
equivalent directions.”” However, the second cyclodehydroge-
nation step at higher temperatures results in disordered,
randomly oriented GNRs of varying width, accompanied by
some unreacted PPP (Figure 1b).*7** The GNR widths
typically range from 6 to 15 dimer lines, decaying in frequency
for increasing width. This can be extracted from the histogram
in Figure 1b, which displays the percentage of PPP consumed
in the formation of the different GNRs.

A completely different scenario is found on the stepped
Au(322) surface. This surface is characterized by uniaxially
aligned and regularly spaced terraces, whose steps run along the
[10T] direction.*® In addition to the natural templating effect of
the steps,”* ™" the favored PPP growth direction coincides with
that of the terraces, thus strongly promotin§ the uniaxial growth
of PPP parallel to the substrate steps.”” The terraces of
Au(322) are characterized by an average width of ~12 A,***
which can fit side-by-side two PPP chains at most. This was
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initially expected to drive a selective pairwise fusion of PPP, and
the result indeed shows the desired selectivity, displaying 6-
aGNRs as the only product (Figure 1c). It should be noted,
however, that the average length of defect free 6-aGNRs is
relatively short, namely in the order of 6 nm, typically
terminated by 6-aGNR/PPP junctions (including, e.g, the
shortest possible PPP segments arising from a missing phenyl
ring in 6-aGNRs). Nevertheless, this length is sufficient for the
GNRs to readily display electronic properties close to those of
their infinite analogues.3 In essence, making use of reactions
that can form a variety of different products (Figure 1a,b), it is
the appropriate substrate that imposes synthetic selectivity of 6-
aGNR and at the same time their unique azimuthal alignment
(Figure 1c).

However, as displayed in Figure 2, looking at the sample at
different stages of the reaction, the process is found to be more

il

©

Figure 2. Selected 6 X 6 nm” constant current STM images at different
stages of the growth process: (a) Clean Au(322) substrate (I = 2 nA,
U =-S5 mV), (b) after DBTP deposition (I = 74 pA, U = 25 mV), (c)
after Ullmann polymerization (I =29 pA, U = 86 mV), and (d) after 6-
aGNR formation through cyclodehydrogenation of neighboring PPP
chains (I = 516 pA, U = —1.5 V). Molecular structures are overlaid on
part of the images as a guide to the eye.

complicated than anticipated. Upon DBTP deposition, the
periodic Au(322) terraces (Figure 2a) act as expected, driving
the self-assembly of the pristine molecules into a highly ordered
structure with all molecules uniaxially aligned parallel to the
steps and with two side-by-side rows of molecules fitting each
terrace (Figure 2b). Five lobes can be clearly distinguished
along each DBTP molecule in the STM images, the two outer
ones corresponding to the Br atoms and the three inner ones to
the three phenyl rings. Upon polymerization, the STM imaging
reveals the most surprising changes. Polymerized structures
with periodic lobes corresponding to the phenyl-units along the
PPP are clearly recognized, separated by rows of round objects
that correspond to Br atoms (Figure 2c).20’27’28’40’41 However,
the underlying surface appears completely reconstructed,
hosting the alternating rows of PPP and Br on much wider
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and irregular terraces. This reconstruction is associated with the
strong interaction of the halogen atoms with the stepped Au
substrate,” but will not be discussed further, as it is beyond the
scope of this work. At first sight, this fact may be expected to
hinder the templating effect of the Au(322) surface. However,
as bromine desorbs upon further annealing, the Au(322)
periodicity is recovered, and the substrate templating effect sets
in, resulting in the selective production of 6-aGNRs only
accompanied by unreacted PPP (Figure 2d).

From a characterization point of view, the resulting uniaxially
aligned products have the virtue of allowing the use of laterally
averaging techniques like angle-resolved photoemission without
losing the momentum resolution. Thus, we have used ARPES
to monitor the valence band (VB) structure of the vicinal
sample at different stages of the GNR synthesis process. Figure
3 displays the electron dispersion along the terraces for the
substrate before and after deposition of the reactant, as well as
after subsequent annealing treatments. From comparison to the
clean Au(322) reference (Figure 3a), the as-deposited DBTP is
observed to produce distinct intensity at an energy of —1.78 +
0.05 eV (Figure 3b). This signal is associated with its highest
occupied molecular orbital (HOMO), which exhibits a flat band
due to the electron’s confinement within the relatively small
molecule.*”*

After Ullmann polymerization, the band structure changes
substantially with the appearance of a strongly dispersive band
with the apex at E = —1.09 + 0.05 eV and k; = 1.43 A" (Figure
3c). The dispersive behavior now stems from the electron
delocalization along the 7-conjugated PPP chain.*”*’ Because
the band gap of a conjugated polymer scales approximately with
a 1/N relation,** N being the number of conjugated
electrons, the increased conjugation length when going from
a precursor with three conjugated rings to a polymer with tens
of them is equally responsible for the reduction of the
adsorbatés band gap. As a consequence, the frontier band’s
onsets approach the Fermi level, as observed in the ~0.7 eV
upshift in energy of the valence band onset with respect to
DBTP’s HOMO.

Annealing at higher T (~320 °C) brings along the
desorption of Br'»*** and the associated change in work
function'>*® lowers the band onset to E = —1.29 + 0.03 eV
(Figure 3d) while keeping the effective mass unchanged. The
latter may be expected from the absence of chemical changes
on the PPP, but it also underlines the limited effect of the
intercalated Br chains on the polymers, other than altering the
supporting substrate and its associated work function.
Annealing to even higher temperature (T > 380 °C) triggers
the lateral fusion of PPP chains.””*® In the initial stages, one
can observe the coexistence of the PPP band together with an
additional band at higher energy that we associate with the
newly formed 6-aGNRs (Figure 3e). At higher temperature, the
PPP band practically disappears at the expense of the new band
(Figure 3f). Other experimental parameters being unchanged,
the photoemission signal associated with PPP is proportional to
its surface coverage, thus suggesting a transformation of most
PPP into 6-aGNRs. It is worth noting that such a high yield has
not been achieved in our STM experiments, which always
revealed substantial amounts of unreacted PPP (Figures 1 and
2). Presumably this relates to the different heating rates in the
preparation chambers for the ARPES and STM experiments,
with a potentially strong impact on the kinetics of this
complicated reaction that involves not only the molecular
adsorbates, but also important substrate reconstructions.
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Figure 3. Angle-resolved photoemission signal, displaying the dispersion parallel to the step direction, at different stages of the reaction process
[integration along k; from 0.2 to 0.4 A™" and a second derivative processing of the spectral functions have been applied for optimum visualization
(see Figure S1 for the associated raw data, together with the fitted parabolic profiles used to extract the band onset and effective mass)]: (a)
Reference spectrum for the bare Au(322) substrate, (b) after DBTP deposition, (c) after Ullmann polymerization into PPP, (d) after Br desorption,
(e) after partial fusion of PPP into 6-aGNRs, and (f) after a maximized transformation of PPP into 6-aGNRs. All correspond to different samples
heated to increasingly high temperatures, starting from a DBTP covered sample after molecular deposition onto a substrate held at RT. The photon
energy used is 60 eV for panels (a—d) and 35 eV for panels (e,f) to enhance the signal of the existing organic bands. Data on PPP also measured with

a photon energy of 35 eV are additionally displayed in Figure S1.

The VB onset of 6-aGNRs appears at the same momentum
as that of PPP, but its energy shifts upward by ~0.6 eV to
—0.65 + 0.08 eV. The common momentum of the VB maxima
at 1.43 A™" is associated with a periodicity of 4.39 A, in turn
related to the adsorbate’s unit cell, the interphenyl spacing in
PPP and the coincident armchair periodicity of 6-aGNR
(Figure 1). Corresponding to the center of the second Brillouin
zone, 1.43 A™' also coincides with the reciprocal space area
where the reactant’s and all products’ photoemission intensity is
seen best, since the band’s spectral weight distribution is known
to correlate with the Fourier transform of the orbitals, and the
HOMO orbitals of the various structures studied are all
modulated according to the armchair period.*”*”** Thus, since
the maximum ARPES intensity along the direction of its long
molecular axis is expected around k values of ~1.45 A™', the
reciprocal space region depicted in Figure 2 allows an excellent
comparison of the electronic properties of the different
adsorbate systems.

PPP, being arguably considered a 3-aGNR, belongs to the
same 3p family as 6-aGNR.”**"** Because within each aGNR
family the band gap decreases monotonously with increasing
width,”**"** the observed upward shift in energy of the VB
onset relates again to a decreasing band gap [which brings both
valence and conduction band (CB) onsets closer to the Fermi
level] when changing from PPP to 6-aGNR. This change in
band gap has been measured recently by STS on Au(111).**
However, because the stepped structure of Au(322) substan-
tially lowers its work function as compared to that of flat
Au(111)," a notable discrepancy in the energy level alignment
is expected. Thus, by STS we have now accessed the band gap
and energy level alignment of PPP and 6-aGNRs directly on
Au(322) (Figure S2). Fitting within the error margins with the
values obtained from ARPES, the VB onsets measured by STS
appear at E = —1.34 & 0.06 eV and E = —0.79 + 0.06 eV for
PPP and 6-aGNRs, respectively. Meanwhile, the measured band
gaps amount to 3.05 + 0.13 eV and 1.88 + 0.09 eV (Figure S2).
If we compare the STS values on Au(111)*" with the STS
(ARPES) values on Au(322), the offset between the measured
VB onsets amounts to 0.25 + 0.08 eV (0.2 + 0.06 eV) for PPP
and to 0.56 + 0.1 eV (0.42 + 0.11 V) for 6-aGNRs. For PPP
the offset equals the 0.25 eV change in work function between
the two surfaces,"” thus closely following an ideal vacuum level
pinning scenario.”” For 6-aGNRs, the slightly larger offset
qualitatively still fits the work function change, but is around
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0.2 eV larger. This minor increase may arise from additional
differences in the interface chemistry, like, e.g,, an enhanced
GNR-substrate hybridization.*”*° As will be shown later, there
is experimental evidence hinting at such enhanced hybrid-
ization.

We now focus and deepen the characterization of 6-aGNRs,
whose selective synthesis by substrate templating is the key
point of this work. Its band gap (E; = 1.88 + 0.09 eV) is in
excellent agreement with previous state-of-the-art calculations
based on many-body perturbation theory (in particular the GW
approximation) and the addition of substrate screening through
a classical image charge model.’” Beyond the energy
determination, we have characterized the spatial distribution
of valence and conduction band orbitals: experimentally with
conductance maps at the corresponding onset energies and
theoretically with DFT calculations. These are all summarized
in Figure 4, along with the associated constant current image
and STS spectrum.

The simulated conductance images at the energies of valence
(Figure 4c) and conduction band (Figure 4d) of freestanding 6-
aGNRs are evaluated at 4 A above the molecular plane. Doing
so, one accounts for the differently rapid decay toward the
vacuum (where the STM tip actually probes the states) of the
VB and CB orbitals due to their different wave function
symmetries.””' The lacking phase cancellation of the CB
orbitals at the GNR sides causes these states to extend further
into the vacuum along the ribbon’s edges (Figure S3). By
contrast, the oscillating phase along both the transverse and
longitudinal GNR directions of the VB states’ wave functions
causes a faster but more homO%eneous decay of the LDOS
toward the vacuum (Figure $3).”°" As displayed in Figure 4¢,d,
taking these effects into account by simulating the conductance
maps at 4 A above the carbon backbone, a good agreement is
obtained with the experimental measurements. In addition to
complementary constant height dI/dV spectra displaying no
increased conductance anywhere around Ej (Figure S4), such
good agreement allows the unambiguous assignment of the
observed onsets in Figure 4a to VB and CB, since the nodal
structure and wave function symmetry of the VB-1 and CB+1
are completely different. That is, due to the arguments
described above, the VB-1 would be observed strongest along
the GNR sides, while the CB+1 would display two nodal planes
along the ribbon axis (Figure S3). The calculations, however,
do not reproduce the additional superstructure with twice the
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Figure 4. Scanning tunneling spectroscopy analysis of the electronic
structure of 6-aGNRs. (a) Constant current (I = 430 pA) conductance
point spectra on the reference substrate (thin, gray) and on a 6-aGNR
(thick, blue), revealing the valence and conduction band onsets. (b)
Constant current (topographic) image of a 6-aGNR and the associated
conductance maps at the energies of the (c) valence band onset (I =
1.05 nA, U = —0.8 V) and (d) conduction band onset (I = 1.05 nA, U
= 1.1 V). The simulated dI/dV images for valence and conduction
onsets, evaluated at 4 A above the C backbone, are superimposed on
the right side of the experimental conductance images for comparison.
The molecular structure of the 6-aGNRs is superimposed on both
experimental and simulated dI/dV images as a guide to the eye. A
location used for the point spectroscopy on the GNRs (a) is marked
by the blue cross in panel b.

armchair unit cell period that is clearly resolved in the
experimental images. The superstructure is particularly visible
along one of the sides of the GNR, and the reason for it is
found in the underlying substrate, not included in our
calculations.

Armchair graphene nanoribbons aligned along the compact
[101] direction are commensurate with every second unit
cell””*® On flat Au(111), the molecule—substrate interaction is
so weak that STM and STS measurements show no signature
of such commensuration in the nanoribbon’s signe11.27’28
However, a different scenario appears as GNRs interact with
under-coordinated (and thus more reactive) Au atoms like
those at the step edges. Under these circumstances the
interactions of Au with GNR and the associated hybridization
is stronger, translating into an evident fingerprint of the
commensuration in the ribbon’s electronic density of states.
The fact that this commensuration fingerprint is more visible
along one of the GNR’s sides (top GNR side in Figure 4)
relates to the position of the step edges. Careful image analysis
reveals that the GNRs are tilted across two neighboring terraces
with the substrate step off-center, that is, closer to one of the
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two GNR sides (Figure SS). As a consequence, this particular
side will hybridize more strongly with the substrate and thus
show a more pronounced imprint of it in the imaging of the
GNR orbitals.

Another parameter of utmost relevance in graphene
nanoribbons is their effective mass, as it is inversely
proportional to the charge carrier mobility along the ribbon.>*
There have been different reports proposing analytical relations
between the effective mass and other GNR parameters.”>** For
example Raza et al. related it to the aGNR width (W, distance
in nanometers between C atoms on either edge, calculated
based on a C—C bond length of 1.44 A) through m* = 0.091/
W for the 3p family, m* = 0.160/W for the 3p + 1 family and
m* = 0.005/W for the 3p — 1 family.53 In turn, Arora et al.
related it to the aGNR’s bandgap E, through m™* = E, (eV)/
11.37 eV.>* Reported experimental values for the effective mass,
measured on atomically precise graphene nanoribbons, are
extremely scarce. Apart from chiral graphene nanoribbons,
which display a very different band dispersion behavior,"” the
reported values for armchair graphene nanoribbons include
those of 6-aGNR characterized in this work, 7-aGNR,***>°1%3
the pioneering and to date best studied aGNR synthesized with
atomic precision, as well as 9-aGNRs.”*® For 7-aGNRs, the
reported values are scattered in a wide range, depending on the
research groups and on the characterization techniques
[ARPES and/or Fourier-transformed STS (FT-STS)]. How-
ever, more consistent values from different research groups and
experimental techniques are reported for the latter. Table 1

Table 1. Effective Mass Values of aGNRs Measured
Experimentally and Estimated Theoretically Following the
Relations Proposed by Arora et al.,>* As Well As Raza et al.>’

Arora et al.
width (dimer from Raza et
lines) calc. E;  from exp. Eg al. experiment

6° 0.17 + 0.01 0.15  0.15 + 0.02 (ARPES)

7 0154 021 +001° 021 021> 022 1.07,%°
(ARPES)

0.41 + 0.08"" (FT-

STS)

9 0.074  0.12° 0.09 009 + 0.02° 0.11,>
(ARPES)

0.12 + 0.03° (FT-STS)

“Experimental values of E, and m* taken from this work.
bExperimental value of E, taken from ref S1. “Experimental value of
E, taken from ref 9.

summarizes the effective mass values of 6-aGNRs, 7-aGNRs,
and 9-aGNRs reported from experiments and those estimated
by the above-described relations of Raza and co-workers,>* as
well as of Arora and co-workers.”* For the latter, the bandgap
input has been taken both from their calculations (available
only for 7-aGNR and 9-aGNR) and from the reported
experimental values.”*" It can be observed that the estimated
effective masses fit within the wide range of experimentally
reported values for 7-aGNRs and are in very good agreement
with those of 9-aGNRs. Remarkably, an excellent agreement is
found as well between the estimations and our experimental
measurement on 6-aGNR. Thus, beyond the readily widely
accepted band gap predictions for aGNRs, this work supports
the reliability of the predictive scaling laws for the effective
masses of aGNRs, a similarly important parameter for the
ultimate performance of GNR-based devices.
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Altogether, we prove a new strategy toward the selective
synthesis of GNRs, namely the use of substrate templating.
Combining a stepped Au(322) surface and DBTP precursors,
we report the first selective synthesis of 6-aGNRs. Furthermore,
the uniaxial alignment imposed to the products by the substrate
has allowed us characterizing the electronic properties of 6-
aGNRs by angle resolved photoemission, in addition to density
functional theory calculations and scanning tunneling micros-
copy/spectroscopy. Thereby, not only the bandgap, but also
another important figure of merit in GNRs has been accessed,
as is the valence band’s effective mass.

B METHODS

The Au(111) and Au(322) surfaces were cleaned similarly, by
standard Ar" sputtering and annealing cycles. The molecules
were then deposited on the surfaces by means of a home-built
Knudsen cell heated to ~115 °C during sublimation. During
the deposition, the surfaces were held at room temperature and
annealed thereafter to subsequently trigger the different
reaction steps. The STM characterization was performed at
4.3 K in a commercial Scienta-Omicron LT-STM/AFM. For
spectroscopic point spectra and conductance maps, the dI/dV
signal was measured by a lock-in amplifier, modulating the bias
with 15 mV at 731 Hz. The STM images were processed with
the freeware WSxM.® The statistics reported in the histograms
of Figure 1 where analyzed as follows: The total length of
GNRs of each width was added from multiple large scale
images. For each width, the total length is multiplied by the
number of PPP chains involved in their formation (2 for 6-
aGNRs, 3 for 9-aGNRs, etc.). After normalization to the total
amount of GNRs with 6 or more dimer lines, we obtain the
percentage of PPP that undergoes cyclodehydrogenation
during the formation of GNRs of each different width.

The ARPES experiments were performed in situ at the APE-
LE beamline of the Elettra Sincrotrone-Trieste, using linearly
polarized light. For the ARPES acquisition on 6-aGNRs, the
photon energy was tuned from 60 to 35 eV because it yielded a
better signal-to-noise ratio. While this does not affect the 1D
dispersion of the nanoribbons, the 3D-dispersive substrate-
related signal changes significantly. Nevertheless, the observed
band is unquestionably associated with 6-AGNRs, as can be
inferred comparing the emission from the PPP, mixed PPP/6-
AGNR and 6-AGNR samples at the same photon energy
(Figure S1). The temperature for ARPES acquisition was 90 K,
and the overall energy and angle resolution was better than 30
meV and 0.1°.

The optimized geometry and electronic structure of a free-
standing 6-aGNR, composed of six carbon dimer lines
passivated with hydrogen at the edges, were calculated using
densitg functional theory as implemented in the SIESTA
code.”” The 6-aGNR was relaxed until forces on all atoms were
<0.01 eV/A, and the dispersion interactions were taken into
account by the nonlocal optB88-vdW functional.”® The basis
set consisted of double-{ plus polarization (DZP) orbitals for
both species, with an energy shift parameter of 50 meV. A 18 X
1 X 1 Monkhorst—Pack mesh was used for the k-point
sampling of the three-dimensional Brillouin zone, where the
nine k-points are taken along the direction of the ribbon. A
cutoff of 300 Ry was used for the real-space grid integrations.
The simulated STM images were obtained using the STM
utility in SIESTA, which allows calculating the actual space
charge density at experimentally realistic distances above the
graphene nanoribbon.

2515

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpclett.8b00796.

Raw ARPES data of PPP, partially fused PPP and quasi-
entirely fused 6-aGNRs; comparison of dI/dV spectra of
PPP and 6-aGNR; calculated wave functions of valence
and conduction band in free-standing 6-aGNRs and
associated height-dependent STM image simulations;
constant height dI/dV spectrum of 6-aGNRs; STM
images and profiles evidencing the tilt of 6-aGNRs across
substrate steps (PDF)

B AUTHOR INFORMATION

Corresponding Author

*E-mail: d_g oteyza@ehu.es.

ORCID

Aran Garcia-Lekue: 0000-0001-5556-0898
José Ignacio Pascual: 0000-0002-7152-4747
J. Enrique Ortega: 0000-0002-6643-806X
Dimas G. de Oteyza: 0000-0001-8060-6819

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The project leading to this publication has received funding
from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation
programme (Grant Agreement No 635919), from the Spanish
Ministry of Economy, Industry and Competitiveness (MINE-
CO, Grant No. MAT2016-78293-C6), from the Basque
Government (Grant No. IT-621-13), from the regional
Government of Aragon (RASMIA Project), and from the
University of Padova (Grant CPDA154322, Project AMNES).
The work has been partly performed in the framework of the
nanoscience foundry and fine analysis (NFFA-MIUR Italy
Progetti Internazionali) facility.

B REFERENCES

(1) Talirz, L; Ruffieux, P,; Fasel, R. On-Surface Synthesis of
Atomically Precise Graphene Nanoribbons. Adv. Mater. 2016, 28,
6222—6231.

(2) Corso, M.; Carbonell-Sanroma, E.; de Oteyza, D. G. Bottom-up
Fabrication of Atomically Precise Graphene Nanoribbons. In On-
surface Synthesis II; Springer: Switzerland, 2018; pp 113—152.

(3) Narita, A.; Wang, X.-Y.; Feng, X,; Miillen, K. New Advances in
Nanographene Chemistry. Chem. Soc. Rev. 20185, 44, 6616—6643.

(4) Wakabayashi, K.; Sasaki, K.; Nakanishi, T.; Enoki, T. Electronic
States of Graphene Nanoribbons and Analytical Solutions. Sci. Technol.
Adv. Mater. 2010, 11, 054504.

(S) Cai, J; Ruffieux, P.; Jaafar, R; Bieri, M.; Braun, T.; Blankenburg,
S.; Muoth, M.; Seitsonen, A. P.; Saleh, M.; Feng, X.; et al. Atomically
Precise Bottom-up Fabrication of Graphene Nanoribbons. Nature
2010, 466, 470—473.

(6) Chen, Y.-C; de Oteyza, D. G.; Pedramrazi, Z.; Chen, C.; Fischer,
F. R; Crommie, M. F. Tuning the Band Gap of Graphene
Nanoribbons Synthesized from Molecular Precursors. ACS Nano
2013, 7, 6123—6128.

(7) Zhang, H; Lin, H.; Sun, K; Chen, L.; Zagranyarski, Y.; Aghdassi,
N.; Duhm, S,; Li, Q; Zhong, D.; Li, Y.; et al. On-Surface Synthesis of
Rylene-Type Graphene Nanoribbons. J. Am. Chem. Soc. 2015, 137,
4022—-4025.

DOI: 10.1021/acs jpclett.8000796
J. Phys. Chem. Lett. 2018, 9, 2510—2517


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b00796/suppl_file/jz8b00796_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.8b00796
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b00796/suppl_file/jz8b00796_si_001.pdf
mailto:d_g_oteyza@ehu.es
http://orcid.org/0000-0001-5556-0898
http://orcid.org/0000-0002-7152-4747
http://orcid.org/0000-0002-6643-806X
http://orcid.org/0000-0001-8060-6819
http://dx.doi.org/10.1021/acs.jpclett.8b00796

The Journal of Physical Chemistry Letters

(8) Kimouche, A.; Ervasti, M. M.; Drost, R;; Halonen, S.; Harju, A.;
Joensuu, P. M.; Sainio, J.; Liljeroth, P. Ultra-Narrow Metallic Armchair
Graphene Nanoribbons. Nat. Commun. 2015, 6, 10177.

(9) Talirz, L.; Séde, H.; Dumslaff, T.; Wang, S.; Sanchez-Valencia, J.
R; Liu, J; Shinde, P.; Pignedoli, C. A.; Liang, L.; Meunier, V.; et al.
On-Surface Synthesis and Characterization of 9-Atom Wide Armchair
Graphene Nanoribbons. ACS Nano 2017, 11, 1380—1388.

(10) Abdurakhmanova, N.; Amsharov, N.; Stepanow, S.; Jansen, M.;
Kern, K; Amsharov, K. Synthesis of Wide Atomically Precise
Graphene Nanoribbons from Para-Oligophenylene Based Molecular
Precursor. Carbon 2014, 77, 1187—1190.

(11) Ruffieux, P.; Wang, S.; Yang, B,; Sanchez-Sanchez, C.; Liu, J;
Dienel, T.; Talirz, L.; Shinde, P.; Pignedoli, C. A.; Passerone, D.; et al.
On-Surface Synthesis of Graphene Nanoribbons with Zigzag Edge
Topology. Nature 2016, 531, 489—492.

(12) de Oteyza, D. G; Garcia-Lekue, A.; Vilas-Varela, M.; Merino-
Diez, N.; Carbonell-Sanroma, E.; Corso, M.; Vasseur, G.; Rogero, C,;
Guitian, E,; Pascual, J. I; et al. Substrate-Independent Growth of
Atomically Precise Chiral Graphene Nanoribbons. ACS Nano 2016,
10, 9000—9008.

(13) Merino-Diez, N.; Li, J.; Garcia-Lekue, A.; Vasseur, G.; Vilas-
Varela, M.; Carbonell-Sanromad, E.; Corso, M.; Ortega, J. E.; Pefia, D,;
et al. Unraveling the Electronic Structure of Narrow Atomically-
Precise Chiral Graphene Nanoribbons. J. Phys. Chem. Lett. 2018, 9,
25-30.

(14) Han, P.; Akagi, K; Federici Canova, F.; Mutoh, H.; Shiraki, S.;
Iwaya, K.; Weiss, P. S.; Asao, N.; Hitosugi, T. Bottom-Up Graphene-
Nanoribbon Fabrication Reveals Chiral Edges and Enantioselectivity.
ACS Nano 2014, 8, 9181-9187.

(15) Martin-Martinez, F. J.; Fias, S; Van Lier, G.; De Proft, F.;
Geerlings, P. Tuning Aromaticity Patterns and Electronic Properties of
Armchair Graphene Nanoribbons with Chemical Edge Functionalisa-
tion. Phys. Chem. Chem. Phys. 2013, 15, 12637.

(16) Carbonell-Sanroma, E.; Hieulle, J.; Vilas-Varela, M.;
Brandimarte, P.; Iraola, M.; Barragan, A; Li, J; Abadia, M.; Corso,
M,; Sanchez-Portal, D.; et al. Doping of Graphene Nanoribbons via
Functional Group Edge Modification. ACS Nano 2017, 11, 7355—
7361.

(17) Durr, R. A.; Haberer, D.; Lee, Y.-L.; Blackwell, R.; Kalayjian, A.
M,; Marangoni, T.; Thm, J.; Louie, S. G.; Fischer, F. R. Orbitally
Matched Edge-Doping in Graphene Nanoribbons. J. Am. Chem. Soc.
2018, 140, 807—813.

(18) Bronner, C.; Stremlau, S.; Gille, M; Braufe, F.; Haase, A,;
Hecht, S.; Tegeder, P. Aligning the Band Gap of Graphene
Nanoribbons by Monomer Doping. Angew. Chem., Int. Ed. 2013, S2,
4422—4425.

(19) Cai, J.; Pignedoli, C. A,; Talirz, L.; Ruffieux, P.; Séde, H.; Liang,
L; Meunier, V,; Berger, R; Li, R; Feng, X; et al. Graphene
Nanoribbon Heterojunctions. Nat. Nanotechnol. 2014, 9, 896—900.

(20) Basagni, A.; Vasseur, G.; Pignedoli, C. A.; Vilas-Varela, M.; Pefia,
D.; Nicolas, L.; Vitali, L.; Lobo-Checa, J.; de Oteyza, D. G.; Sedona, F,;
et al. Tunable Band Alignment with Unperturbed Carrier Mobility of
On-Surface Synthesized Organic Semiconducting Wires. ACS Nano
2016, 10, 2644—2651.

(21) Cloke, R. R.; Marangoni, T.; Nguyen, G. D.; Joshi, T'; Rizzo, D.
J.; Bronner, C.; Cao, T.; Louie, S. G.; Crommie, M. F.; Fischer, F. R.
Site-Specific Substitutional Boron Doping of Semiconducting Arm-
chair Graphene Nanoribbons. J. Am. Chem. Soc. 2015, 137, 8872—
887S.

(22) Kawai, S.; Saito, S.; Osumi, S.; Yamaguchi, S.; Foster, A. S,;
Spijker, P.; Meyer, E. Atomically Controlled Substitutional Boron-
Doping of Graphene Nanoribbons. Nat. Commun. 2015, 6, 8098.

(23) Nguyen, G. D.; Toma, F. M.; Cao, T.; Pedramrazi, Z.; Chen, C;
Rizzo, D. J.; Joshi, T.; Bronner, C.; Chen, Y.-C.; Favaro, M,; et al.
Bottom-Up Synthesis of N = 13 Sulfur-Doped Graphene Nanorib-
bons. J. Phys. Chem. C 2016, 120, 2684—2687.

(24) Deniz, O.; Sanchez-Sanchez, C.; Dumslaff, T.; Feng, X.; Narita,
A.; Miillen, K; Kharche, N.; Meunier, V.; Fasel, R; Ruffieux, P.
Revealing the Electronic Structure of Silicon Intercalated Armchair

2516

Graphene Nanoribbons by Scanning Tunneling Spectroscopy. Nano
Lett. 2017, 17, 2197—-2203.

(29) Huang, H.; Wei, D.; Sun, J.; Wong, S. L.; Feng, Y. P,; Neto, A.
H. C; Wee, A. T. S. Spatially Resolved Electronic Structures of
Atomically Precise Armchair Graphene Nanoribbons. Sci. Rep. 2012, 2,
983.

(26) Chen, Z.; Wang, H. 1; Bilbao, N.; Teyssandier, J.; Prechtl, T.;
Cavani, N,; Tries, A; Biagi, R;; De Renzi, V.; Feng, X,; et al. Lateral
Fusion of Chemical Vapor Deposited N = S Armchair Graphene
Nanoribbons. J. Am. Chem. Soc. 2017, 139, 9483—9486.

(27) Basagni, A.; Sedona, F.; Pignedoli, C. A.; Cattelan, M.; Nicolas,
L,; Casarin, M.; Sambi, M. Molecules—Oligomers—Nanowires—
Graphene Nanoribbons: A Bottom-Up Stepwise On-Surface Covalent
Synthesis Preserving Long-Range Order. J. Am. Chem. Soc. 2015, 137,
1802—1808.

(28) Merino-Diez, N.; Garcia-Lekue, A.; Carbonell-Sanroma, E.; Li,
J.; Corso, M.; Colazzo, L.; Sedona, F.; Sanchez-Portal, D.; Pascual, J. L;
de Oteyza, D. G. Width-Dependent Band Gap in Armchair Graphene
Nanoribbons Reveals Fermi Level Pinning on Au(111). ACS Nano
2017, 11, 11661—11668.

(29) Zhong, D.; Franke, J.-H; Podiyanachari, S. K,; Blomker, T.;
Zhang, H.; Kehr, G.; Erker, G; Fuchs, H; Chi, L. Linear Alkane
Polymerization on a Gold Surface. Science 2011, 334, 213—216.

(30) Abadia, M; Ilyn, M.; Piquero-Zulaica, L; Gargiani, P.; Rogero,
C.; Ortega, J. E; Brede, J. Polymerization of Well-Aligned Organic
Nanowires on a Ferromagnetic Rare-Earth Surface Alloy. ACS Nano
2017, 11, 12392—12401.

(31) Son, Y.-W,; Cohen, M. L,; Louie, S. G. Energy Gaps in
Graphene Nanoribbons. Phys. Rev. Lett. 2006, 97, 216803.

(32) Kharche, N.; Meunier, V. Width and Crystal Orientation
Dependent Band Gap Renormalization in Substrate-Supported
Graphene Nanoribbons. J. Phys. Chem. Lett. 2016, 7, 1526—1533.

(33) Rousset, S.; Repain, V.; Baudot, G.; Garreau, Y.; Lecoeur, J. Self-
Ordering of Au(111) Vicinal Surfaces and Application to Nanostruc-
ture Organized Growth. J. Phys.: Condens. Matter 2003, 15, S3363.

(34) Ruffieux, P.; Cai, J; Plumb, N. C; Patthey, L, Prezzi, D;
Ferretti, A.; Molinari, E.; Feng, X.; Miillen, K; Pignedoli, C. A.; et al.
Electronic Structure of Atomically Precise Graphene Nanoribbons.
ACS Nano 2012, 6, 6930—6935.

(35) Linden, S.; Zhong, D.; Timmer, A.; Aghdassi, N.; Franke, J. H.;
Zhang, H.; Feng, X.; Miillen, K.; Fuchs, H.; Chi, L; et al. Electronic
Structure of Spatially Aligned Graphene Nanoribbons on Au(788).
Phys. Rev. Lett. 2012, 108, 216801.

(36) Cirera, B; Zhang, Y.-Q; Bjork, J.; Klyatskaya, S.; Chen, Z;
Ruben, M,; Barth, J. V.; Klappenberger, F. Synthesis of Extended
Graphdiyne Wires by Vicinal Surface Templating. Nano Lett. 2014, 14,
1891—-1897.

(37) Saywell, A; Schwarz, J.; Hecht, S.; Grill, L. Polymerization on
Stepped Surfaces: Alignment of Polymers and Identification of
Catalytic Sites. Angew. Chem., Int. Ed. 2012, 51, 5096—5100.

(38) Corso, M.; Schiller, F.; Fernandez, L.; Cordén, J.; Ortega, J. E.
Electronic States in Faceted Au(111) Studied with Curved Crystal
Surfaces. J. Phys.: Condens. Matter 2009, 21, 353001.

(39) Zdetsis, A. D.; Economou, E. N. Rationalizing and Reconciling
Energy Gaps and Quantum Confinement in Narrow Atomically
Precise Armchair Graphene Nanoribbons. Carbon 2017, 116, 422—
434,

(40) Vasseur, G.; Fagot-Revurat, Y.; Sicot, M.; Kierren, B.; Moreau,
L.; Malterre, D.; Cardenas, L.; Galeotti, G.; Lipton-Dulffin, J.; Rosei, F,;
et al. Quasi One-Dimensional Band Dispersion and Surface
Metallization in Long-Range Ordered Polymeric Wires. Nat. Commun.
2016, 7, 1023S.

(41) Lipton-Duffin, J. A.; Ivasenko, O.; Perepichka, D. F.; Rosei, F.
Synthesis of Polyphenylene Molecular Wires by Surface-Confined
Polymerization. Small 2009, S, 592—597.

(42) Neumann, A.; Christmann, K.; Solomun, T. Binding States and
Structural Phase Transformations upon Iodine Adsorption on a Gold
(100) Surface. Surf. Sci. 1993, 287—288, 593—599.

DOI: 10.1021/acs jpclett.8000796
J. Phys. Chem. Lett. 2018, 9, 2510—2517


http://dx.doi.org/10.1021/acs.jpclett.8b00796

The Journal of Physical Chemistry Letters

(43) Vasseur, G.; Abadia, M.; Miccio, L. A.; Brede, J.; Garcia-Lekue,
A; de Oteyza, D. G.; Rogero, C.; Lobo-Checa, J.; Ortega, J. E. IT Band
Dispersion along Conjugated Organic Nanowires Synthesized on a
Metal Oxide Semiconductor. J. Am. Chem. Soc. 2016, 138, 5685—5692.

(44) Torras, J.; Casanovas, J.; Aleman, C. Reviewing Extrapolation
Procedures of the Electronic Properties on the 7-Conjugated Polymer
Limit. J. Phys. Chem. A 2012, 116, 7571—-7583.

(45) Kertesz, M,; Choi, C. H; Yang, S. Conjugated Polymers and
Aromaticity. Chem. Rev. 2005, 105, 3448—3481.

(46) Chen, M; Xiao, J.; Steinriick, H.-P.; Wang, S.; Wang, W.; Lin,
N.; Hieringer, W.; Gottfried, J. M. Combined Photoemission and
Scanning Tunneling Microscopy Study of the Surface-Assisted
Ullmann Coupling Reaction. J. Phys. Chem. C 2014, 118, 6820—6830.

(47) Puschnig, P.; Berkebile, S.; Fleming, A. J.; Koller, G.; Emtsev, K;
Seyller, T.; Riley, J. D.; Ambrosch-Draxl, C.; Netzer, F. P.; Ramsey, M.
G. Reconstruction of Molecular Orbital Densities from Photoemission
Data. Science 2009, 326, 702—706.

(48) Puschnig, P.; Liiftner, D. Simulation of Angle-Resolved
Photoemission Spectra by Approximating the Final State by a Plane
Wave: From Graphene to Polycyclic Aromatic Hydrocarbon
Molecules. J. Electron Spectrosc. Relat. Phenom. 2015, 200, 193—208.

(49) Goiri, E.; Borghetti, P.; El-Sayed, A.; Ortega, J. E,; de Oteyza, D.
G. Multi-Component Organic Layers on Metal Substrates. Adv. Mater.
2016, 28, 1340—1368.

(50) Willenbockel, M.; Liiftner, D.; Stadtmiiller, B.; Koller, G.;
Kumpf, C.; Soubatch, S.; Puschnig, P.; Ramsey, M. G.; Tautz, F. S. The
Interplay between Interface Structure, Energy Level Alignment and
Chemical Bonding Strength at Organic—metal Interfaces. Phys. Chem.
Chem. Phys. 2015, 17, 1530—1548.

(51) Sode, H.; Talirz, L.; Groning, O.; Pignedoli, C. A.; Berger, R ;
Feng, X.; Miillen, K; Fasel, R; Ruffieux, P. Electronic Band Dispersion
of Graphene Nanoribbons via Fourier-Transformed Scanning
Tunneling Spectroscopy. Phys. Rev. B: Condens. Matter Mater. Phys.
2015, 91, 045429.

(52) Karl, N. Charge Carrier Transport in Organic Semiconductors.
Synth. Met. 2003, 133—134, 649—657.

(53) Raza, H; Kan, E. C. Armchair Graphene Nanoribbons:
Electronic Structure and Electric-Field Modulation. Phys. Rev. B:
Condens. Matter Mater. Phys. 2008, 77, 245434.

(54) Arora, V. K;; Bhattacharyya, A. Unified Bandgap Engineering of
Graphene Nanoribbons: Unified Bandgap Engineering of Graphene
Nanoribbons. Phys. Status Solidi B 2014, 251, 2257—2264.

(55) Senkovskiy, B. V.; Haberer, D.; Usachov, D. Y.; Fedorov, A. V,;
Ehlen, N.; Hell, M,; Petaccia, L.; Di Santo, G.; Durr, R. A.; Fischer, F.
R,; et al. Spectroscopic Characterization of N = 9 Armchair Graphene
Nanoribbons. Phys. Status Solidi RRL 2017, 11, 1700157.

(56) Horcas, I; Fernandez, R.; Gémez-Rodriguez, J. M.; Colchero, J.;
Gomez-Herrero, J.; Baro, A. M. wsxm: A Software for Scanning Probe
Microscopy and a Tool for Nanotechnology. Rev. Sci. Instrum. 2007,
78, 013708S.

(57) Soler, J. M,; Artacho, E.; Gale, J. D.; Garcia, A,; Junquera, J.;
Ordejon, P.; Sanchez-Portal, D. The SIESTA Method for Ab Initio
Order- N Materials Simulation. J. Phys.: Condens. Matter 2002, 14,
2745-2779.

(58) Klimes, J.; Bowler, D. R.; Michaelides, A. Chemical Accuracy for
the van Der Waals Density Functional. J. Phys.: Condens. Matter 2010,
22, 022201.

2517

DOI: 10.1021/acs jpclett.8000796
J. Phys. Chem. Lett. 2018, 9, 2510—2517


http://dx.doi.org/10.1021/acs.jpclett.8b00796

