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Length-dependent symmetry in narrow chevron-like
graphene nanoribbons

Narrow chevron-like graphene nanoribbons were
synthesized on a Au(111) surface. Their electronic properties
were characterized depending on their length and symmetry.
For long ribbons, it was found that the symmetry of the
ribbons only affects the spatial distribution of the electronic
states whereas for shorter ribbons a change in length also
affects the size of the band gap. Moreover, two graphene
nanoribbons can couple by the formation of a 5- and
6-membered ring which could act as the basis of a molecular
heterojunction.
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Introduction

Graphene nanoribbons are a promising candidate material for
next-generation nanoelectronic devices as they may combine
the excellent electronic properties of graphene with the opening
of an electronic band gap. With a bottom-up approach, GNRs of
different structures can be synthesized with atomic precision
and both their electronic and structural properties have been
well-characterized.! These studies report, depending on the
GNRs' width and edge structure (e.g. armchair or zigzag), sem-
iconducting behavior,” doping® and more recently GNRs with
topological phases.* Length-dependent effects in GNRs have
received increasing attention. For instance, seven atom wide
armchair GNRs (7-AGNRs) have length-dependent band gaps®
and 5-AGNRs undergo a topological phase transition once they
reach a certain critical length.® Chevron GNRs, i.e., GNRs with
meandering edge structure and a possible combination of
zigzag and armchair edge terminations can be used to further
tune the band gap of GNRs’ and are expected to be good
candidates for optoelectronic and thermoelectric applications.®
In addition, chevron GNRs have the intriguing property that
depending on the number of monomer units incorporated into
the ribbon, not only their length, but also their symmetry
changes.” However, the effect of this symmetry on their elec-
tronic properties has not been investigated thus far. Here we
investigate the electronic and structural properties of narrow
chevron-like GNRs, also in dependence of their length and
symmetry, using a combination of high-resolution scanning
tunneling microscopy (STM), spectroscopy (STS) and density
functional theory (DFT) calculations. We found that the ribbons
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We report the structural and electronic properties of narrow chevron-like graphene nanoribbons (GNRs),
which depending on their length are either mirror or inversion symmetric. Additionally, GNRs of different
length can form molecular heterojunctions based on an unusual binding motif.

have a strongly length-dependent band gap while their
symmetry determines the spatial distribution of the electronic
states, but does not influence the band gap. In addition, we
identified a common ‘defective’ coupling motif which has
a determining influence on the electronic properties of the
ribbons and can even be used as a basis for the formation of
molecular heterojunctions. We expect that our observations for
the heterojunctions can be transferred to the formation and
properties of heterojunctions made from structurally different
GNRs.

Methods

Sample preparation

All experiments were conducted under ultra-high vacuum
conditions. The on-surface synthesis was performed on an
Au(111) single crystal which was cleaned with repeated Ar +
sputtering and annealing cycles. The commercially available
monomers, 6,12-dibromochrysene (Sigma-Aldrich), were ther-
mally evaporated at 170 °C from a four pocket Knudsen cell
evaporator (Omnivac). The substrate was held at room
temperature during deposition. Using resistive heating the
monomers were converted to graphene nanoribbons following
the procedure of Pham et al.*

Scanning tunneling microscopy and spectroscopy

STM imaging was performed with a commercial low tempera-
ture STM (Scienta Omicron) operated at 4.5 K. The STM was
operated in constant current mode and when using a CO
functionalized PtIr tip in constant height mode. Before
recording constant height images, the tip-sample distance was
set by allowing the feedback loop to relax with parameters Ise; =
200 pA and Vpi,s = 10 mV. All STM images were processed using
the WSXM software package.' Differential conductance (dZ/dV)
measurements were performed using a lock-in amplifier with
modulation voltage V;,s = 12 mV and modulation frequency of
757 Hz. Differential conductance spectra were recorded in open
feedback loop conditions and before each spectrum the tip was
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calibrated to the Au(111) Shockley surface state."* dI/dV point
spectra were normalized according to Feenstra et al. unless
stated otherwise.'” Differential conductance mapping was per-
formed in constant current mode.

DFT calculations

The gas phase DFT calculations were carried out with the
BAND2018 software package within the local-density approxi-
mation (LDA)." The convergence criterion for changes in energy
was <0.03 eV while for the (nuclear) gradients it was <0.0003 eV
A™'. The numerical integration was performed using the
procedure developed by Becke et al.** and its implementation in
BAND is described in ref. 13¢ The integration grid quality was
set to Becke Good." The triple-zeta with one polarization
function (TZP) basis set was used. The core shells of all
elements were treated by the frozen-(large)-core
approximation."

Results

Narrow chevron-like graphene nanoribbons were fabricated
according to the procedure of Pham et al®® The prochiral
monomer units, 6,12-dibromochrysene (Fig. 1a), were sublimed
onto a clean Au(111) substrate held at room temperature in
ultra-high vacuum. The monomers are adsorbed on the surface
in either the left- or right-handed geometry (Fig. 1a), thus
a racemic mixture of two enantiomers is available on the
surface. Annealing activates enantioselective, surface-assisted
Ullmann-type coupling followed by thermally induced cyclo-
dehydrogenation, yielding achiral narrow chevron-like gra-
phene nanoribbons (Fig. 1b). For a more detailed description of
the synthesis process, we refer to the work of Pham et al.**

After synthesis of the GNRs, the sample was subsequently
cooled to 4.5 K for characterization with scanning tunneling
microscopy (STM) and spectroscopy (STS). A high-resolution
STM image obtained with a CO-functionalized tip confirms
the distinct, narrow chevron-like structure of the GNRs
(Fig. 2b).** The central carbon ring, i.e., the one that connects
two monomer units, always appears larger in such images. This
may be rationalized from the Clar structure of these ribbons,
where two chrysene monomers are always linked by two single
bonds (Fig. 2a and b)."” Interestingly, the symmetry of the GNRs
is length-dependent, where GNRs consisting of an odd or even
number of monomer units are inversion or mirror symmetric,
respectively (Fig. 2c and d).

Large-scale STM images reveal in addition to straight GNRs
the formation of a considerable number of bent ones, i.e., the
formation of heterojunctions from GNRs with different length
and symmetry (Fig. S1 in the ESIT). It is important to note that
pristine or straight (i.e., without junctions) ribbons are
a minority. Furthermore, the ribbons preferentially lie on the
face-centered cubic (fcc) areas of the well-known Au(111)
herringbone reconstruction.*® This suggests that the herring-
bone reconstruction may have a quasi-1D templating effect on
the GNR growth.
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Fig. 1 (a) Schematic displaying the two 6,12-dibromochrysene
enantiomers and the chevron-like GNR obtained upon annealing. (b)
Constant height STM image obtained with a CO functionalized tip of
the chevron-like GNR displaying the individual aromatic rings. Scale
bar =5 A, Vpias = 10 mV.

To investigate the effect of spatial symmetry on the electronic
structure of the GNRs, we first focus on pristine ribbons con-
sisting of 5 and 6 monomer units, which are inversion and
mirror symmetric (Fig. 2c and d), respectively, using a combi-
nation of dI/dV spectroscopy and DFT calculations. The results
for a selection of typical dI/dV point spectra for 5 and 6 unit long
ribbons are shown in Fig. 3a and b, respectively (more spectra
are provided in Fig. S2t). The electronic states of the GNRs are
substantially localized giving rise to position-dependent elec-
tronic resonances in the d/dV spectra, similar to results previ-
ously reported for other GNRs.?»#*»® Thus, probing multiple
areas of the ribbons is necessary to reveal all electronic reso-
nances. For the 5-unit long ribbon, we identify the electronic
resonances corresponding to occupied states at —1.97 V,
—1.63 V and —1.33 V and resonances corresponding to unoc-
cupied states at 1.33 V and 1.79 V. We identify the band gap
(measured from onset to onset) of the 5-unit long ribbons as
2.3 eV. The electronic state positions change substantially when
investigating the 6-unit long ribbon. This time, we identify
occupied states at —1.2 V, —0.88 V, —0.58 V and unoccupied
states at 1.23 V and 1.57 V and the band gap narrows accord-
ingly to 1.5 eV, a decrease of 0.8 eV in comparison to the 5-unit
long ribbon. Length-dependent band gaps have been previously
reported for other short GNRs, however a change in band gap of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The three Clar structures of chrysene. (b) A Clar structure of
the narrow chevron-like GNR. Note that the Clar structure for the GNR
is simply a series of Clar structures of the individual chrysene mono-
mers and the Clar structure of the GNR is thus not unique. The
chrysene monomers are always connected through an “empty” ring.
(c) Structural model of a GNR consisting of an odd number (five) of
units exhibiting inversion symmetry (point group Cp). (d) Structural
model of a GNR consisting of an even number (six) of monomer units
exhibiting mirror symmetry (point group Cy,).

0.8 eV by adding only a single monomer unit is exceptionally
large.®> Further investigations of longer ribbons indicated that
this is a length-dependent effect and not due to the differing
symmetry of the 5- and 6-unit long GNRs (Fig. S31). Comparison
of a 6-unit long ribbon with a 9-unit long ribbon (Fig. S3t)
shows that their electronic states are at similar positions with
respect to the Fermi level, indicating that the electronic prop-
erties of a 6-unit long ribbon are close to that of an ideal, infi-
nitely long ribbon. The band gap of the chevron-like GNRs is
0.5 eV larger than an 8-AGNR of equal width, likely due to the
increased electronic confinement in chevron-like structures.” It
is also interesting to note that the most studied chevron GNR so
far, derived from 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene
(DBTT), has a larger bandgap (~2.4 eV) than the narrow
chevron-like GNR investigated in this work, despite its greater
width.*>*?2! This may be due to this chevron GNR (based on
DBTT) being derived from a 15-wide AGNR, which belongs to
the medium gap 3p family of GNRs, whereas the narrow

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a and b) d//dV spectra recorded for a 5- and 6-unit long GNR,
respectively. The spectra were recorded at the positions indicated in
the insets. (c and d) d//dV maps for a 5- and 6-unit long GNR,
respectively, recorded at the energy positions indicated in (a and b),
respectively. (e) Theoretical LDOS calculations obtained through DFT
for a 6-unit long GNR. Scale bars and scanning parameters: (a) scale
bar =1nm, Vypias = —1.25V, st = 150 pA. (b) Scale bar =1 nm, Vpias =
—0.95V, lset = 200 pA. (c) Scale bar = 1 nm, from top to bottom Vyjas =
—215V,-165V, —125V, 145V, 1.77 V. From top to bottom: /s = 150
pA, 200 pA, 200 pA, 150 pA, 150 pA (d) scale bar = 1 nm, from top to
bottom: Vpias = —1.25V, —0.95V, —0.55V, 1.25V, 1.65 V. From top to
bottom: /ser = 200 pA, 200 pA, 150 pA, 200 pA, 200 pA.

chevron-like GNR is derived from an 8-wide AGNR from the
small gap 3p + 2 family of GNRs.**

To investigate the spatial distribution of the frontier states,
differential conductance maps were recorded at the peak posi-
tions determined from the di/dV spectra and compared to DFT
calculations. The results are summarized in Fig. 3c and d. It is
obvious that the spatial symmetry of the electronic states is the
same as that of the ribbons, i.e., the states for the 5-unit long
ribbon are inversion symmetric, whereas the states for the 6-
unit long ribbon are mirror symmetric. The overall electron
distribution for each state is the same regardless of ribbon
length. The distinct localized character of the states, which was
also observed in dI/dV point spectroscopy experiments, is also
apparent in the d7/dV maps.

In order to further validate these findings, gas-phase DFT
calculations were carried out within the local-density approxi-
mation (LDA) and the resulting local density of states (LDOS)

Nanoscale Adv., 2022, 4, 3531-3536 | 3533
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maps show excellent agreement with our experimentally ob-
tained dI/dV maps (Fig. 3e). The similarity of the calculated
LDOS maps of gas-phase GNRs and the experimentally obtained
d7/dv maps on the metal-supported GNRs indicates that the
substrate-GNR interaction is weak.

At this point it is interesting to compare pristine ribbons
with bent ones exhibiting junctions of two or more ribbons.
Such bent ribbons were more common on the sample than the
pristine ones. As is confirmed by high-resolution STM images,
these junctions are based on the formation of homochiral
coupling as opposed to heterochiral coupling, which forms
straight ribbons (Fig. 4a). The relative abundance of junctions
found on our samples (Fig. S11) compared to studies of other
GNRs"?**?* may be due to a combination of factors: (i) there is no
strong energetic preference for heterochiral compared to
homochiral coupling® and (ii) the templating effect of the
Au(111) herringbone reconstruction.

Junctions in the chevron-like GNRs are based on the
formation of both a 5- and 6-membered ring between two
monomer units (Fig. 4a and S47). Such a binding motif has not
been observed thus far. Based on 55 junctions, the average
angle was determined to 141 + 8° (Fig. S5). Since no other
angles were observed and high resolution STM images always
gave similar results, we conclude that the junctions are always
formed through this same binding motif.

To study the electronic properties of the junctions in more
detail, a junction of a 6-unit (mirror symmetric) and 3-unit
(inversion symmetric) long GNR (a ‘6-3 junction’) was exam-
ined. To inspect the electronic properties of the 6-3 junction, we
recorded multiple dI/dV point spectra on both sides of the 6-3
junction (Fig. 4b). Interestingly, the positions of the electronic
resonances are slightly altered (in comparison to pristine
ribbons) on either side of the junction area. We recorded
a series of equidistant spectra across the junction area which
corroborate this finding (Fig. 4e). Moreover, we identified
a downshift of both the valence and conduction band in the 3-
unit long section compared to the 6-unit long one. Thus, the 6-3
junction acts as a type II heterojunction, formed from a single
precursor and in a single step. The formation of the hetero-
junction is ascribed to the length-dependent band gap of the
chevron-like graphene nanoribbons, i.e., the 6 unit long section
has a narrower band gap than the 3 unit long section. In
addition, as was noted previously, the length dependence of the
band gap is particularly pronounced for the chevron-like GNRs.
The band gap difference between the 6 unit and 3 unit long
sections is not as much as one might expect from the results for
‘isolated’ straight ribbons, indicating that there is electronic
coupling between the two ribbons participating in the junction.
It is interesting to note that the Clar structure of the junction is
not different from the Clar structure of the two individual
ribbons that constitute it, i.e., the Clar structure is unperturbed
by the junction (Fig. S71). This is in contrast with the case of 3, 1
chiral GNRs where junctions between two ribbons adopt an
open shell structure and lead to single spin features.”

In addition, we performed dI/dV mapping for the 6-3 junc-
tion to investigate the spatial distribution of its frontier orbitals
(Fig. 4c and d). At tip-sample bias of 1.1 V, the LUMO of both the
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Fig. 4 (a) Top: constant height STM image recorded with a CO
functionalized tip of the 6-3 junction. Bottom: structural model of the
junction together with a close-up constant height STM image recor-
ded with a CO functionalized tip. The 5-membered ring is encircled in
red. (b) dI/dV point spectra recorded on the positions indicated in
subfigure (a). (c and d) d//dV maps recorded at —0.55 V and 1.1V,
respectively, revealing the HOMO and LUMO of the 6-3 junction. (e)
2D heatmap obtained by recording spectra on a line across the
junction area. The positions of the spectra are indicated in the inset.
For clarity, every fourth point is indicated by a filled circle. Scale bars
and scanning parameters: (a) scale bar = 1 nm, V5s = 10 mV (inset:
scale bar =5 A, Vi,s = 5 mV). (c) Scale bar =1 nm, Vijas = —0.55V, /eet
=200 pA. (d) Scale bar =1 nm, Vpias = 1.1V, lset = 200 pA. (e) Scale bar
=1nm, Vpias = =13V, lset = 200 pA.

6- and 3-unit long sections are imaged simultaneously. Because
the LUMO is (almost) aligned, this state ignores the junction
area. However, the situation changes when we consider the state

© 2022 The Author(s). Published by the Royal Society of Chemistry
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at —0.55 V: the HOMO of the 6-unit long section. This state is
localized on the 6-unit long section of the 6-3 junction and only
weakly penetrates into the 3-unit long section, typical for GNR
heterojunctions.®***** This further corroborates that the 6-3
junction acts as a molecular heterojunction.

Lastly, we can now compare our results for the 5-, 6- and 9-
unit long ribbon with an arbitrary ribbon with numerous
junctions incorporated into it. Such a general ribbon was
recently characterized by others in ref. 26 and by us in Fig. S61.>¢
Our results are in excellent agreement with those in ref. 26. It is
clear from these results that the electronic properties of such
a ribbon are vastly altered, with an upshift of the HOMO by
~0.5 eV and an upshift of the LUMO of ~0.2 eV and a corre-
sponding band gap decrease, with respect to the pristine ones
without a junction. This may be due to a combination of factors:
(i) the coupling defect made from a 5- and 6-membered ring
locally alters the m-system of the GNR, (ii) numerous other
defects (which appear as bright protrusions in Fig. S1t) have an
unknown effect on the GNRs' electronic properties, (iii) the 5-
membered ring introduces strain in the GNR structures and (iv)
the 5-membered ring causes a frustration in the sublattices of
the GNR.

Conclusion

Our results demonstrate that the narrow chevron-like GNRs
from 6,12-dibromochrysene are semiconducting with a band
gap of 1.5 eV, wider than that of an AGNR of equal width. We
identified various edge-localized molecular states, which have
symmetry reflecting the symmetry of the ribbons. The band gap
of the chevron-like GNRs depends sensitively on their length: an
increase in length of one monomer unit can lead to a change in
band gap of almost 1 eV. The symmetry of the ribbons does not
affect the band gap. In addition to short and straight ribbons,
we investigated junctions of GNRs of different lengths. The
junctions are formed through a homochiral coupling in
combination with the formation of 5- and 6-membered ring. As
a case study, we investigated the electronic properties of a 6-3
junction. It was found that the two sides of the junction are
partially electronically decoupled, leading to a misalignment of
the HOMO. Thus, it was found that junctions between two
ribbons may act as molecular heterojunctions formed by
a single molecular precursor. We expect that this may be a more
general property of junctions between short GNRs, as length-
dependent band gaps have been demonstrated for other
GNRs as well.”
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