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Magnetism in Nonplanar Zigzag Edge Termini of Graphene
Nanoribbons
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Abstract: Graphene nanoribbons (GNRs) and nanogra-
phenes synthesized by on-surface reactions using tailor-
made molecular precursors offer an ideal playground for a
study of magnetism towards nano-spintronics. Although
the zigzag edge of GNRs has been known to host
magnetism, the underlying metal substrates usually veil the
edge-induced Kondo effect. Here, we report the on-surface
synthesis of unprecedented, π-extended 7-armchair GNRs
using 7-bromo-12-(10-bromoanthracen-9-yl)tetraphene as
the precursor. Characterization by scanning tunneling
microscopy/spectroscopy revealed unique rearrangement
reactions leading to pentagon- or pentagon/heptagon-
incorporated, nonplanar zigzag termini, which demon-
strated Kondo resonances even on bare Au(111). Density
functional theory calculations indicate that the nonplanar
structure significantly reduces the interaction between the
zigzag terminus and the Au(111) surface, leading to a
recovery of the spin localization of the zigzag edge. Such a
distortion of planar GNR structures offers a degree of
freedom to control the magnetism on metal substrates.

Introduction

Quasi-one-dimensional graphene nanoribbons (GNRs) and
zero-dimensional nanographenes (NGs) have attracted tre-
mendous attention from researchers in the past decade since
they are expected to offer key elements in forthcoming
nano-electronics due to their tunable electronic properties
that are dependent on the sizes and edge structures as well
as substituted heteroatoms.[1] To date, various GNRs[2] and

NGs[3] with atomically defined structures have been synthe-
sized on surfaces and directly visualized by high-resolution
scanning probe microscopy.[4] In the synthesis processes,
designer precursor molecules are deposited on a surface and
subsequently planarized by annealing, namely by surface-
assisted cyclodehydrogenation. Direct planarization of pre-
cursor molecules leads to the formation of NGs, while
GNRs can be obtained by functionalizing them with
halogens to enable polymerization before planarization.

Besides the electronic band gap engineering, the magnetic
properties can be induced in GNRs and NGs[1e,5] as the spin
polarization arises from the unpaired electrons[6] and the zigzag
terminal structures.[7] From the early studies of the N=7
armchair GNR (7-AGNR), it has been known that the zigzag
terminus hosts a net spin.[2b,8] However, such magnetic
property is usually suppressed by the strong interaction
between the zigzag terminus and the metal substrate.[9] When
7-AGNR is successfully transferred onto an insulating surface,
such as a NaCl bilayer film on Au(111) by the tip-induced
manipulation, the spin splitting at the zigzag terminus can be
detected by scanning tunneling spectroscopy (STS) at low
temperature.[2c,10] This spin splitting of the zigzag terminus was
interpreted as Coulomb gap arising from the electron-electron
interaction.[6a,d] In contrast, Kondo effect relates to the
magnetic moment screened by conduction electrons of a metal
substrate. So far, Kondo resonances have been investigated in
a few NGs and their dimers, demonstrating significant
structure-dependence of their magnetic properties.[1d,6c,e,7a,11]

Substituted boron atoms in 7-GNRs induce the apparent
zigzag termini, leading to Kondo resonances if the interaction
to the substrate is reduced by the tip lifting[6c] and the AuSix
decoupling layer.[12] However, the detection of Kondo peak
from GNRs on bare metal substrates still remains challenging,
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and thus far only achieved with chiral (3,1)-GNR upon fusion
to form junctions with rearranged structures, hosting localized
spins,[7d] or after a rather random introduction of carbonyl
groups on zigzag edges, e.g. through exposure to oxygen gas.[13]

Herein, we report the on-surface synthesis of π-extended
7-AGNRs with nonplanar zigzag termini, which exhibits the
Kondo effect on Au(111), using 7-bromo-12-(10-bromo-
anthracen-9-yl)tetraphene (DBATP) as the precursor. After
the Ullmann-type coupling reaction on Au(111), a three-
dimensional (3D) helical segment was observed as an
intermediate by controlling the annealing temperature.
Subsequently, the cyclodehydrogenation reaction yielded
benzo- and indeno-fused 7-AGNR (BI-7-AGNR), involving
skeletal rearrangement. In the planarization process, the
cleavage and formation of the C� C bond at the armchair
edge were systematically induced. Remarkably, we found a
strong zero-bias peak at the terminus with a nonplanar
structure in the vicinity of the zigzag edge. Moreover,
density functional theory (DFT) calculations revealed that
structural nonplanarity reduces the interaction between the
zigzag edge and the meal substrate, leading to a recovery of
the spin polarization.

Results and Discussion

Our original motivation was the fabrication of helical 3D-
GNR[14] on a metal surface, and DBATP 1 was designed as
the precursor based on 10,10’-dibromo-9,9’-bianthryl
(DBBA), which has been commonly used for the synthesis
of 7-AGNRs.[2b] DBATP 1 features an additional benzene
ring fused to DBBA, and was expected to provide 3D-
GNRs with helical segments by Ullmann-type coupling and
cyclodehydrogenation on surface (Scheme 1). For the syn-
thesis of DBATP 1, 2-(naphthalen-2-ylmethyl)benzaldehyde

(4) was initially prepared by palladium-catalyzed C(sp3)-H
arylation of 2-methylbenzaldehyde (2) with 2-iodonaphtha-
lene (3) in 25% yield (Scheme 1).[15] Subsequently, 4 was
reacted with anthracen-9-yllithium that was generated by
lithiation of 9-bromoanthracene, to give a secondary alcohol
intermediate, followed by cyclization with BF3·OEt2 and
then oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (DDQ) to provide 12-(anthrancen-9-yl)tetraphene (5)
in 48% yield. Finally, DBATP 1 was obtained by bromina-
tion of 5 with N-bromosuccinimide (NBS) in 64% yield and
characterized by 1H and 13C nuclear magnetic resonance
(NMR) spectroscopy and high-resolution mass spectrometry
(see Supporting Information, Figures S1–S6).

Toward the on-surface synthesis of 3D-GNRs, DBATP 1
was deposited on Au(111) kept at room temperature, and
subsequently annealed at 180 °C to induce the debromina-
tion and the C� C coupling. Corrugated oligomers were
observed on the surface as indicated by arrows in Figure 1a,
which appeared almost identical to the intermediate product
in the synthesis of 7-AGNR.[2b] The successful covalent bond
formation was confirmed by the tip-induced manipulation
(Figure S7), which displayed the bending of the linear
oligomer 6. Higher temperature annealing at 300 °C led to
the formation of planar ribbons, which has a small number
of corrugated moieties with a bright feature as indicated by
an arrow in Figure 1b. Since the contrast of the bright dot
differs from that of 7-AGNR synthesized by imperfect
cyclodehydrogenation,[16] it can be readily assigned to an
extra benzene ring originally existing in the structure of
DBATP (Figure S8). Thus, the 3D-helical segment 7 was
successfully incorporated in the edges of GNRs, which has
never been reported before to the best of our knowledge.
However, most of the parts in the ribbon became flat,
suggesting the occurrence of strain-induced skeletal
rearrangement.[17] After heating the sample to 370 °C,
completely planar GNRs without bright dots appeared on
surface as indicated by arrows in Figure 1c. Figure 1d shows
the close view of the GNR, in which both sides in the
longitudinal axis have irregular nodes as marked by arrows.
To investigate the structures, the tip apex was terminated
with a CO molecule[18] and was scanned at a constant height
over the GNR while recoding the differential conductance
dI/dV (Figure 1e). The contrast at the terminus is much
brighter than those of other parts of the GNR, which has
already indicated the presence of the spin-polarized state at
the terminus. We first focus on the edges of the longitudinal
axis as indicated by a rectangle in Figure 1e. The inner
structure of the GNR segment was clearly observed in the
bond-resolved dI/dV map (Figure 1f), in which the extra
benzene rings from the DBATP precursor were not visible.
We instead found a systematic rearrangement of carbon
atoms, consequently forming two types of structures; (i) one
hexagonal ring (Type 1) and (ii) a set of hexagonal and
pentagonal rings (Type 2) fused to the armchair edges
(Figure S26), leading to benzo- and indeno-fused 7-AGNR
(BI-7-AGNR). The chemical structures of Type 1 and
Type 2 have been defined in Scheme 1. For a better
observation, the close-up bond-resolved image of Type 1
and Type 2 was recorded as shown in Figure S9. Additional

Scheme 1. The synthetic route to DBATP 1 in solution and on-surface
synthesis of BI-7-AGNR.
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images of other GNR segments are displayed in Figure S10.
Type 1 has two carbon atoms less compared with the
precursor, which might be removed as ethylene or ethane.
We also found that this ethenylene can occasionally fuse to
the adjacent armchair edge of GNR (Figure S10). We
assume that the reaction mechanism leading to Types 1 and
2 might be similar to the reaction pathway that was
previously proposed for a related system,[17] but consider
that in-depth theoretical studies would be necessary for
further discussion.[19,20] Another edge site (indicated by light
blue arrow in Figure 1f) appeared different from Type 1 and
Type 2, and we propose the corresponding chemical struc-
ture as shown in Figure S11.

Given the fact that the BI-7-AGNR lack periodic edges,
the electronic structures measured by STS were rather
complicated. A series of the dI/dV curves were taken along
the longitudinal axes of GNR and showed a strong
modification of electronic structures by the nodes. Such
electronic structures were also seen in dI/dV maps taken at
different bias voltages (Figure S12).

In the vicinity of the zigzag termini of the GNRs, we
observed three different structures. Figure 2a shows a close-
up view of the first type of the terminus, in which a small
node is indicated by an arrow. The constant height dI/dV
map (Figure 2b) and the corresponding Laplace filtered
image (Figure 2c) show the distinct inner structure, in which
the formation of the additional hexagonal ring can be
observed (Figure 2d). Hereafter, we name this terminus as
Terminal 1. Figure 2e shows the second type of the terminus

with a larger node in the STM topography as indicated by
an arrow. The corresponding chemical structure was identi-
fied from the constant height dI/dV maps (Figure 2f, Fig-
ure S13) and the Laplace filtered image (Figure 2g), named
as Terminal 2 (Figure 2h). The large node in the STM
topography is related to the apparent feature of the
pentagonal ring and the hexagonal ring. Unlike the bare 7-
AGNR directly adsorbed on Au(111), strong contrasts were
detected at the zigzag edge. The structure of Terminal 2
appeared similar to that of Type 2, but the positions of the
pentagonal and hexagonal rings were switched each other
(see also Figure S26). Consequently, the additional hexago-
nal ring at the zigzag edge is slightly pulled towards the
GNR main body by the small pentagonal ring. Figure 2i
shows the last terminus, having two small nodes as marked
by arrows, named as Terminal 3. We found the strong signal
in the constant height dI/dV map around the nodes,
indicating the corrugated structure (Figure 2j, Figure S14).
According to the corresponding Laplace filtered image
(Figure 2k), in which one heptagonal ring and two adjacent
pentagonal rings are visible, we assign Terminal 3 to the
chemical structure as shown in Figure 2l. We also observed a
similar structure within a GNR segment (called Type 3 in
Figure S10d), supporting this structural assignment. Interest-
ingly, for Terminals 2 and 3, the constant height dI/dV maps
taken at close to the Fermi level (Figure 2f and g) show
significant modulations of the differential conductance. This
phenomenon suggests the presence of spin-polarized states,

Figure 1. On-surface synthesis of BI-7-AGNR on Au(111). a) STM topography of DBATP on Au(111) after annealing to 180 °C for 10 min. b) STM
topography of the surface after heating to 300 °C for 10 min. The inset shows the structural model of a 3D-GNR segment. c) STM overview of the
surface after heating to 370 °C for 10 min. d) Close-up view of BI-7-AGNR on Au(111) and e) the corresponding constant height dI/dV map.
f) Constant height dI/dV map of the area indicated by a rectangle in (e). Measurement parameters: Sample bias voltage V=200 mV and tunneling
current I=5 pA in (a,b, c). V=200 mV and I=3 pA in (d). For constant height dI/dV map: V=1 mV, Vac=10 mV in (e, f).
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which is usually quenched by the interaction between the
zigzag terminus of GNR and the underlying Au(111).

To investigate the origin of the bright contrast at the
modified termini of the GNRs on Au(111), the electronic
structures with large energy ranges (Figure S15) and near the
Fermi level (Figure 3) were measured with STS. Figure 3a
shows a bond-resolved image of Terminal 1, superimposed
with the structural model and dots, which indicates the tip
positions for the STS measurements. We observed the absence
of the zero-bias peak in the dI/dV curves (Figure 3b), meaning
that no net spin exists in Terminal 1. This result is consistent
with that of non-decorated 7-AGNR edge. In contrast, distinct
zero-bias peaks appeared at the zigzag edge of Terminal 2 as
indicated by the red dot and curve in Figures 3c and d,
respectively. Furthermore, similar peaks were also measured
near the zigzag edge as indicated by green, blue, and pink
curves. We assigned the zero-bias state to Kondo resonance,

arising from the magnetic moment screened by conduction
electrons of the Au(111) surface, since such a peak was absent
at the site distant from the zigzag edge (light blue and yellow).
We found that Terminal 3 also shows a zero-bias peak in the
dI/dV curves (Figures 3e and f). In contrast, the dI/dV curve
above the pentagonal ring fused at armchair edge far away
from the zigzag terminus has no zero-bias peak (Figure S16),
indicating pentagonal ring itself could not hold net spin. Given
that the zigzag terminus of a GNR can increase its interaction
with the underlying substrate due to formation of a single
C� Au bond after removing a hydrogen (H) atom,[21] this
behavior would quench the spin polarization. Thus, we utilized
the tip manipulation to remove one H atom at the zigzag
termini of Terminal 2 and 3 and found the disappearance of
the zero-bias peak (Figures S17 and S18). These results further
suggest that the GNR spin density arises from the zigzag edges.
Half width at half maximum (HWHM) of the curve at the
zigzag edge of Terminal 3 obtained by Frota fitting (indicated
by dashed lines in Figure 3d and f) is 12.7�0.8 mV, while that
of Terminal 2 is 2.7�0.3 mV. The larger linewidth of Termi-
nus 3 might be because of its relatively strong interaction with
the underlying substrate. Nevertheless, the net spin is no
longer suppressed by the Au(111) substrate regardless of
whether the end of GNR is Terminal 2 or Terminal 3. These
types of termini were observed also in some other GNRs, and
the corresponding STS measurements displayed the consistent
results that Terminal 2 and 3 have zero-bias peak (Figur-
es S19–S21). Our study demonstrates the importance of edge

Figure 2. Three types of termini structures of BI-7-AGNR on Au(111).
a) STM topography of Terminal 1 with a small node (indicated by an
arrow) at the top edge of BI-7-AGNR. b) Constant height dI/dV map of
one Terminal 1. c) Corresponding Laplace filtered image. d) Corre-
esponding chemical structure. e) STM topography Terminal 2 with a
large node (indicated by an arrow) at the top edge of BI-7-AGNR.
f) Constant height dI/dV map of Terminal 2. g) Corresponding Laplace
filtered image. h) Corresponding chemical structure. i) STM topogra-
phy of Terminal 3 with two small nodes at the top edge of BI-7-AGNR.
j) Constant height dI/dV map of Terminal 3. k) Corresponding chemical
structure. l) Corresponding chemical structure. STM measurement
parameters: V=200 mV and I=5 pA in (a, i). V=200 mV and I=3 pA
in (e). For constant height dI/dV maps: V=1 mV, Vac=10 mV in (b, f).
V=0, Vac=1 mV in (j).

Figure 3. STS characterization of three types of termini structures.
a) Bond-resolved image of Terminal 1 with the chemical structure
superimposed. b) dI/dV curves recorded at different sites as indicated
by the colored dots in (a). c) Bond-resolved image of Terminal 2 with
the chemical structure superimposed. d) dI/dV curves measured at
different sites as indicated by the colored dots in (c). e) Bond-resolved
image of Terminal 3 with the chemical structure superimposed. f) dI/
dV curves measured at different sites as indicated by the colored dots
in (f). The dashed lines overlapping the red lines in (d) and (f) were
obtained from Frota fitting. The bond-resolved images in (a, c, e) are
identical with Figure 2b, f and j, respectively. Measurement parameters:
For constant height dI/dV maps: V=1 mV, Vac=10 mV in (a, c). V=0,
Vac=1 mV in (e). V=100 mV, I=100 pA, Vac=1 mV for STS in (b).
V=30 mV, I=200 pA, Vac=0.3 mV for STS in (d). V=30 mV,
I=100 pA, Vac=0.3 mV for STS in (f).
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modification to GNR, which is expected to effectively
decouple GNR from metal substrate, e.g. indeno-fused zigzag-
GNR on Au(111).[2c]

To study the structure and the electronic state of the
GNR adsorbed on Au(111) in depth, DFT calculations were
carried out as they provide key factors for understanding the
experimental results, especially the zero-bias peak in Fig-
ure 3. Figures 4a and b show the optimized geometry of the
BI-7-AGNR with 4 units containing Terminal 2 (see also
Figure S22) and the corresponding spin density, respectively.
We found the spin density localized around the left terminal
of the GNR, which is in agreement with the experimental
result in Figure 3c. The side view of the DFT optimized
structure (Figure 4a) shows that the adsorption height of the
zigzag edge is slightly larger than that of the rest; the unit
with the edge has a mean adsorption height of 2.65 Å while
that of the whole GNR is 2.35 Å. Such corrugated structure
reduces the interaction between the zigzag edge and the
underlying gold substrate. The more specific details about
gaps between GNR and substrate can be seen in Figure S23,
in which the z-position (perpendicular to the Au(111)
surface) of the C atoms is plotted in the bar chart. To
investigate the origin of spin density, we performed DFT
calculations on periodic GNR with a pentagon ring fused at
the bulk edge (Figure S24), showing almost no spin density.
The spin densities of Terminals 1 and 3 were also calculated
and the results are displayed in Figure S25. DFT calculations
indicated that Terminal 1 exhibits a negligible spin density,
while the relatively strong spin density for Terminal 3 were
observed. Terminal 3 displays more delocalized spin density
than that of Terminal 2. Thus, Terminal 2 exhibits the
highest zero-bias peak, Terminal 3 lower zero-bias peak, and
Terminal 1 no peak, which is in good agreement with the
experimental results (Figure 3). To further analyze the
relationship between spin density and the GNR-Au(111)

interaction, the GNR terminus was artificially lifted by 1.78–
3.28 Å (Figures 4c). The distribution plot clearly shows that
spin density around the GNR terminus significantly enhan-
ces with increasing the adsorption height. Thus, DFT
calculations revealed that Terminal 2 and 3 are significantly
nonplanar, increasing their adsorption height on Au(111),
which decreases the interaction between GNR termini and
Au(111) surface, and recovers the spin polarization.

Conclusion

In summary, we demonstrate a synthesis of π-extended 7-
AGNR with unique edge and termini structures using 7-
bromo-12-(10-bromoanthracen-9-yl)tetraphene as the pre-
cursor on Au(111). During the process of annealing, we
observed the appearance of 3D-GNR with [6]helicene
substructures. Further annealing resulted in the formation of
planarized BI-7-AGNR with three type of termini struc-
tures, involving strain-induced skeletal rearrangement at the
[6]helicene moieties. A Kondo resonance appeared even on
a bare Au(111) surface for nonplanar zigzag termini, which
may allow further investigations of the magnetic properties
of the GNRs. DFT calculations revealed that terminal
structural deformation induced a decoupling from the
substrate, restoring the spin polarization. Although further
optimization of the precursor structure is necessary for
obtaining GNRs with uniformly fused helicenes, we believe
that these results pave the way toward the synthesis of other
3D-GNRs with helicene-incorporated edge structures.
Moreover, the introduction of the local structural deforma-
tion may be the key to realizing magnetic properties of other
carbon-based materials on metal substrates.
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Figure 4. DFT calculations of the GNR segment on Au(111). a) Opti-
mized geometry. b) Spin density at the optimized geometry. The upper
and lower Figures show the top and side views, respectively. c) Spin
density at the optimized GNR segments at different distances from the
Au(111) surface of 1.78–3.28 Å. The spin density isosurface of
3×10� 3 e is used for all plots.
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