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ABSTRACT

Zigzag graphene nanoribbons (ZGNRs) with spin-polarized edge states have potential applications in carbon-based spintronics.
The electronic structure of ZGNRs can be effectively tuned by different widths or dopants, which requires delicately designed
monomers. Here, we report the successful synthesis of ZGNR with a width of eight carbon zigzag lines and nitrogen-boron-
nitrogen (NBN) motifs decorated along the zigzag edges (NBN-8-ZGNR) on Au (111) surface, which starts from a specially
designed U-shaped monomer with preinstalled NBN units at the zigzag edge. Chemical-bond-resolved non-contact atomic force
microscopy (nc-AFM) imaging confirms the zigzag-terminated edges and the existence of NBN dopants. The electronic states
distributed along the zigzag edges have been revealed after a silicon-layer intercalation at the interface of NBN-8-ZGNR and Au
(111). Our work enriches the ZGNR family with a new dopant and larger width, which provides more candidates for future carbon-

based nanoelectronic and spintronic applications.
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1 Introduction

Graphene nanoribbons (GNRs) are renowned for their fascinating
electronic and magnetic properties, which have potential
applications in carbon-based nanoelectronics and spintronics [1].
The edge configurations of GNRs greatly influence their electronic
structures [2], thus atomically precise synthetic methods are
needed to construct GNRs with designed properties. Surface-
assistant fabrication starting with organic precursors has been
proven to be a powerful bottom-up approach to synthesize
specifically designed graphene nanostructures [3-10]. Up to now,
a variety of GNRs have been synthesized on surface, including
GNRs with armchair- [9, 11-13], zigzag- [4, 14], and chevron-
terminated edges [15-17], with dopants of nitrogen [18,19],
boron [11-13,20], and sulfur atoms [15,21,22], and
heterostructures splicing with different widths [6-8,23,24] or
edges [25-27].

Zigzag GNRs (ZGNRs) host spin-polarized electronic edge
states [2], which are ideal prototype materials to explore carbon-
based spintronics and qubits [28-30]. The spin-polarized edge
states are anti-ferromagnetic on opposite edges of ZGNRs, which,

however, is difficult to be directly observed due to a strong
hybridization with the underlying metal substrate [4]. Moreover,
the zigzag edges constructed with all carbon atoms are highly
reactive [31, 32], hindering their further exploration. An effective
strategy to decouple the zigzag edges from the substrate is to
introduce a superlattice of isoelectronic dopants along the edges,
such as nitrogen atoms and nitrogen-boron-nitrogen (NBN)
motifs [14,33]. An N-doped 6-ZGNR has recently been
demonstrated to successfully stabilize the edges and electronically
decouple the spin-polarized edge states from hybridization with
the substrate [14]. The NBN dopants have been predicted not only
to have the ability to stabilize the edges [34], but also to enable the
formation of radical cation by selective oxidation [35], which is the
isoelectronic structure of its all-carbon skeleton with an open-shell
character. NBN-doped partial ZGNRs with cove features were
synthesized in 2020 by us [33], in which the spin-polarized edge
states are absent due to the short length of continuous zigzag
edges. Therefore, to investigate the spin-polarized electronic edge
states, a full ZGNR with NBN-doped superlattice along the edges
will be a potential candidate.
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Here, we designed and synthesized a U-shaped precursor with
an interior isopropyl-diphenyl group, 4,13-bis(4-iodophenyl)-2-(4"-
isopropyl-[1,1'-biphenyl]-4-yl)-8 H,9H-8,9-diaza-8a-borabenzo
[feltetracene (BDBT, shown in Fig. 1(a)), which will yield ZGNR
with eight carbon zigzag lines in width and NBN motifs along the
edges (NBN-8-ZGNR). Subsequent deposition of BDBT
molecules on Au (111) surface followed by annealing
demonstrates the formation of NBN-8-ZGNRs. Using non-
contact atomic force microscopy (nc-AFM), we confirmed the
structures of the NBN-8-ZGNRs and their purely zigzag edges. By
silicon intercalation [36-38], a gold silicide (AuSIL) buffer layer
[39] was created between Au and NBN-ZGNRs, which effectively
decouples the surface states of Au (111) and enables the
measurement of the electronic states of the NBN-ZGNRs.
Localized states are detected on the zigzag edges, which indicates
the edge states are preserved on NBN-doped zigzag edges.
Furthermore, the detection of the edge states demonstrates that
NBN dopants make the zigzag edges less active and survive during
the silicon intercalation process.

2 Results and discussion

The U-shaped BDBT monomer, which has an NBN-containing
benzotetracene core with additional a, 8, and y benzene rings, an
isopropyl group, and two halogen functions (Fig. 1(a)), was
successfully obtained through multi-step solution-based chemical
reactions as displayed in Scheme 1. First, by Suzuki reaction of (4-
isopropylphenyl)boronic  acid  (compound 1) with (4
bromophenyl)trimethylsilane, (4'-isopropyl-[1,1'-biphenyl]-4-
yDtrimethylsilane (compound 2) was obtained in 96% yield. Next,
the trimethylsilyl (TMS) group in compound 2 was converted into
boronic acid group by treatment with an excess of boron
tribromide (BBr;) followed by H,O, which gave the (4-isopropyl-
[1,1'-biphenyl]-4-yl)boronic acid (compound 3) in 88% yield.

Step (1)
_—

550 K
on Au (111)
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Then a Suzuki reaction of compound 3 with 1,3-dibromo-5-
iodobenzene  afforded  3,5-dibromo-4"-isopropyl-1,14'1"-
terphenyl (compound 4) in 91% yield. Afterward, 2,2'-(4"-
isopropyl-[1,1'4',1"-terphenyl]-3,5-diyl)bis(4,4,5,5- tetramethyl-
1,3,2-dioxaborolane) (compound 5) was generated in 73% yield
via the Miyaura borylation reaction based on compound 4. A two-
fold Suzuki reaction of compound 5 with 1-bromo-2-iodo-3-
nitrobenzene afforded 2-bromo-5'-(2-bromo-6-nitrophenyl)-4"-
isopropyl-6-nitro-1,13',1"4",1"-quaterphenyl (compound 6) in
58% yield. After another two-fold Suzuki reaction based on
compound 6 and (4-(trimethylsilyl)phenyl)boronic acid, (5"-(4'-
isopropyl-[1,1'-biphenyl]-4-yl)-3',6"-dinitro-[1,12',1":3",1":2",1""-
quinquephenyl]-4,4""-diyl)bis(trimethylsilane) (compound 7) was
synthesized in 84% yield. Next, the TMS groups in compound 7
were converted into iodo groups by treatment with an excess of
ICl, giving 4,4"-diiodo-5"-(4-isopropyl-[1,1'-biphenyl]-4-yl)-3',6"-
dinitro-1,1'2,1"3",1":2",1""-quinquephenyl (compound 8) in 50%
yield. Subsequently, compound 8 was reduced to 4,4™-diiodo-5"-
(4'-isopropyl-[1,1'-biphenyl]-4-yl)-[1,1':2',1":3",1"":2"",1""-
quinquephenyl]-3,6"-diamine  (compound 9) at room
temperature (r.t.) in the presence of hydrogen gas with Pt/C in
quantitative yield. Finally, heating of a solution of compound 9 in
1,2-dichlorobenzene (0-DCB) at 180 °C in the presence of BBr;
with an excess of triethylamine (NEt;) gave BDBT in 33% yield.
The structure of BDBT was unambiguously confirmed by the
nuclear magnetic resonance (NMR) spectroscopy (Figs. S24-S28
in the Electronic Supplementary Material (ESM)) and high-
resolution matrix-assisted laser desorption/ionization time-of-
flight (HR-MALDI-TOF) mass spectrometry (Fig.S29 in the
ESM) after purification by silica column chromatography and
subsequent recrystallization in CHCly/methanol (MeOH).

Starting from the BDBT monomer, the surface-assisted
polymerization and subsequent cyclization enable the synthesis of
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Figure1 Synthetic process, DFT calculated band structure, and spatial distribution of spin-ordered edge states of NBN-8-ZGNRs. (a) Monomer BDBT, a U-shape
monomer with an additional isopropyl-diphenyl group in the interior, is designed to synthesize NBN-8-ZGNRs through polymerization (step (1)) and subsequent
cyclodehydrogenation (step (2)) on Au (111) surface. (b) DFT calculated spatial distribution of spin density in an NBN-8-ZGNR, in which the blue and coral circles
denote the spin up and spin down states. (c) PDOS of the upper edge and lower edge atoms as marked by the black dashed boxes in (b). The blue and red lines indicate
the spin up and spin down states. (d) DFT calculated band structure of a freestanding NBN-8-ZGNR. The blue and red lines indicate the spin up and spin down

channels. The spin up and spin down states are degenerate.
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Scheme 1 Synthetic route to BDBT. Reagents and conditions: (a) (4-bromophenyl)trimethylsilane, Pd(PPh;),, Cs,COs, toluene, ethanol (EtOH), and H,0, 80 °C,
12 h, 96%; (b) BBr;, 100 °C, 4 h, then H,O and n-hexane, 0 °C, 4 h, 88%; (c) 1,3-dibromo-5-iodobenzene, Pd(PPhs),, Cs,COs, toluene, EtOH, and H,0, 80 °C, 12 h,
91%; (d) bis(pinacolato)diboron, Pd(dppf)Cl,, KOAc, and dimethyl sulfoxide (DMSO), 100 °C, 24 h, 73%; (e) 1-bromo-2-iodo-3-nitrobenzene, Pd(dppf)Cl,, Na,CO;,
tetrahydrofuran (THF), and H,O, 70 °C, 12 h, 58%; (f) (4-(trimethylsilyl)phenyl)boronic acid, Pd(PPhy),, Cs,CO;, toluene, EtOH, and H,0, 80 °C, 12 h, 84%; (g) ICl
and dichloromethane (DCM), 0 °C-r.t,, 12 h, 50%; (h) MeOH/THEF, Pt/C, and H,, r.t,, 12 h, quantitative yield (crude); and (i) BCl;, NEt;, and 0-DCB, 180 °C, 12 h,

30%.

NBN-8-ZGNRs on Au (111), as illustrated in Fig. 1(a). On the
zigzag edges of NBN-8-ZGNRs, the NBN motifs insert in every six
benzene rings, forming a superlattice of substitutional dopants
along both edges. Density functional theory (DFT) calculations
reveal that the NBN-8-ZGNRs, like other GNRs with zigzag edge
topologies, have edge states that couple ferromagnetically along
each edge and antiferromagnetically between the opposite edges
(Fig. 1(b)). The spin-polarized edge states mainly distribute on the
edge carbon atoms, but have little contribution from the
substitutional dopants of NBN motifs. The projected density of
states (PDOS) of the two edges are displayed in the upper and
lower parts of Fig. 1(c), respectively. They are the density of states
projected to the upper (lower) edge atoms as marked by the black
dashed boxes in Fig. 1(b), which clearly demonstrate the spin-
polarized nature of the edges. The DFT calculated band structure
of a freestanding NBN-8-ZGNR in Fig. 1(d) shows that this
ribbon has an indirect band gap of 0.27 €V, and the spin up and
spin down states are degenerate in the ribbon.

The BDBT monomer was sublimed from a molecule cell
evaporator at 530 K onto a clean Au (111) substrate held at room
temperature in ultrahigh vacuum. The as-deposited monomers
form linear or circular self-assemblies that are adsorbed
respectively on the face centered cubic (fcc) and elbow region of
the Au (111) surface, as shown in Fig. 2(a). After annealed at
550 K, the monomers went through dehalogenation and C-C
coupling to form linear precursor chains as displayed in Fig. 2(b).
However, in the zoomed-in image in Fig. 2(c), the precursor
chains are clearly resolved to be made of short segments as
denoted by the red boxes. The chevron stripes are the polymerized
backbones, and the bright dots are rotated benzene rings that
connect to the backbone with C-C single bonds. Statistics on the
length distribution in Fig. 2(g) and Fig. S30 in the ESM display
that most precursor chains consist of 2-5 monomers. The limited
lengths in this case are most likely due to the steric hindrance
imposed by the rotated benzene rings, which prevent the radical
addition reactions even though the monomers seem to be close
enough.

After further annealed at 700 K, the precursor chains were fully
cyclized to form NBN-8-ZGNRs. As shown in Fig. 2(d), most
NBN-8-ZGNRs are connected into a branched structure,

indicating there were side reactions at 700 K. These side reactions,
along with the short precursor backbones yielded in the last step,
result in GNRs comprised of few units. Statistics of the length
distribution (Fig. 2(g) and Fig. S31 in the ESM) show that about
62% of the products are segments composed of 2 or 3 monomers,
while about 18% of them are still monomers. In order to
distinguish the boundaries between one-dimensional GNRs and
zero-dimensional nanographenes in the products, we used DFT
calculated energy gap as a criterion. The calculated DOS of NBN-8-
ZGNR segments with increasing number of units reveals that the
energy gap decreases with increasing lengths (Fig.S33 in the
ESM). The energy gap of tetramer (0.29 eV) is comparable to that
of infinite GNR (0.27 eV). Therefore, the nanostructures with
more than four monomers can be considered as one-dimensional
NBN-8-ZGNRs.

Figure 2(e) displays an NBN-8-ZGNR consisting of 5
monomers. To precisely resolve its structure, we performed nc-
AFM imaging in the same area of Fig. 2(e), which clearly shows
the zigzag edges. Starting from one terminus of the GNR, we are
able to identify the monomers that made up the GNR, as marked
by T-shaped boxes in Fig. S34(a) in the ESM. By comparing the
atoms along the zigzag edges with those in the BDBT monomer,
ie, the atoms with the same number labels in Figs. S34(a) and
S34(b) in the ESM, the NBN motifs can be located along the
zigzag edges of NBN-8-ZGNRs. Superimposed with the chemical
structure, the NBN motifs are clearly located along the edges, as
indicated by the red ovals in Fig. 2(f). Note that there is a bright
protrusion at the lower part of the right edge, which, judging from
the chemical structure, is a H, defect commonly seen in ZGNR
edges when using precursors with methyl groups [4].

The two termini of the NBN-8-ZGNR in Fig. 2(f) have different
morphologies. The upper terminus (in red shade in Fig. 2(f)) has
two protruded benzene rings in the armchair direction, indicating
the terminal monomer did not connect with another monomer
after dehalogenation. The lower terminus (in yellow shade in Fig.
2(f)) only has one extra benzene ring extending from an armchair
ending, which is yielded by the detachment of the o benzene ring.
To further understand the termini structures and possible cleavage
of bonds during the growth of NBN-8-ZGNRs, more chemical-
bond resolved nc-AFM images were obtained, as shown in Fig. 3.
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Figure2 Bottom-up synthesis and characterization of NBN-8-ZGNRs on Au (111). (a) Large-scale scanning tunneling microscopy (STM) image of as-deposited
BDBT monomers on Au (111) (the voltage applied on the sample (V;) = -1 V and the tunneling current (I;) = 30 pA). (b) Large-scale STM image of precursor chains
formed after annealed the sample at 550 K (V, = —1 V and I, = 30 pA). (c) High-resolution zoomed-in STM image of the polymers, in which two oligomers are marked
by red boxes (V= 100 mV and I, = 50 pA). (d) Large-scale STM image of fully cyclized NBN-8-ZGNRs after annealed the polymers at 700 K (V; = =200 mV and I, =
10 pA). (e) Zoomed-in STM image of an NBN-8-ZGNR (V, = -200 mV and I, = 40 pA). (f) Constant-height nc-AFM frequency shift image of the ribbon in (e) taken
with a CO-functionalized tip. The chemical structure is superimposed on the upper part of the ribbon. The red ovals denote the positions of the NBN motifs. The red
and yellow shades denote the upper and lower edges mentioned in the manuscript, respectively. (g) Statistics of the length distribution of the precursor chains (green)
and NBN-8-ZGNRs (orange) after annealed at 700 K.

(a)

Length (counts of units)

(c)

(b) (d)

Figure3 nc-AFM images of several NBN-8-ZGNR segments. (a) and (c) Constant-height nc-AFM frequency shift images of two NBN-8-ZGNR segments. (b) and
(d) Zoomed-in images of the red boxes in (a) and (c), respectively, overlayed with chemical structures. The benzene ring in red in (b) signifies the cleavage of an a
benzene ring at the terminus. (e) Chemical structures of two monomers in which the C-C bond connecting the p or y benzene rings is cleaved. The two monomers
are separated by a red dashed line. (f) The BDBT molecule structure with the C-C bonds that are most likely to dissociate at elevated temperature labelled in red.

In Figs. 3(a) and 3(b), the same termini are found as those in Fig. B and y benzene rings cleaved in one monomer and only {

2(f), indicating the detachment of the a benzene ring is easy in the
reaction process. The patch in the red box in Fig. 3(c) is another
commonly seen structure on the surface. The zoomed-in image in
Fig. 3(d) with chemical structure overlayed indicates that this
patch is formed by two monomers fused head-to-head, with both

benzene ring cleaved in the other, as plotted in Fig. 3(e). From the
nc-AFM images, we confirm that the C-C single bonds that
connect the a, B, and y benzene rings are likely to be cleaved
during cyclodehydrogenation, as shown in Fig. 3(f) labeled in red,
which could be the main reason for the short length and cross-

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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linked structures of the resulting NBN-8-ZGNRs. Since most
precursor chains still contain the o, B, and y benzene rings as
shown in Fig. 2(c), the detachment of these benzene rings should
happen at the annealing process of 700 K.

Similar to the case of 6-ZGNRs, there is a strong electronic
coupling between NBN-8-ZGNRs and Au (111) surface that
suppresses the intrinsic electronic states of the ribbons. As
displayed in Fig. S32 in the ESM, the dI/dV spectra taken on the
edges and in the middle of the ribbon are all dominated by the
surface states of the gold substrate. In order to decouple the
surface states of Au (111), we deposited silicon on the sample and
held at 550 K, which leads to the formation of an AuSIL layer on
the surface of Au (111), as shown in the inset of Fig. 4(a). The
AuSIL strongly changed the morphology of Au (111), on which
the herringbone reconstruction transforms to a flat surface.
Furthermore, some of the silicon atoms diffuse underneath the
ribbons through their edges, which intercalate the AuSIL buffer
layer at the interface of NBN-8-ZGNR/Au (111). However, the
silicon intercalation also induces contaminations on the NBN-8-
ZGNRs, such as residual silicon clusters at the ribbon edges and
small silicon (or AuSIL) islands that fill in the interspace of the
cross-linked ribbons. The latter case makes it difficult to
distinguish the terminus of some ribbons (the black dashed curves
in Fig. 4(a)). In addition, the termini of the ribbons seem to be
modified by silicon intercalation, transforming the corners
between the zigzag and the armchair edges from sharp corners to
round corners, as marked by the blue dashed shapes in Fig. 4(a).
These modifications indicate that some parts of the ribbons, such
as the termini, may be buried under the AuSIL layer.

Figure 4(b) displays a zoomed-in topography of the ribbon in
the yellow box in Fig.4(a). The zigzag edge and the armchair

(a)

Nano Res. 2023, 16(7): 1043610442

terminus are indicated by red and yellow dashed lines,
respectively. Due to the Si clusters attached to one of the edges,
Fig. 4(b) only shows the clean zigzag edge of the ribbon. The most
likely chemical structure of this ribbon is superimposed in Fig.
4(c). We performed dI/dV spectra on the zigzag edge (the red and
blue dots in Fig. 4(b)) and the interior of the ribbon (the green
dot), and the corresponding spectra are shown in Fig. 4(d) in the
same color code. The spectrum at the interior of the ribbon nearly
mimics that on the AuSIL (the grey spectrum in Fig. 4(d)), only
that the density of the occupied states is higher than the
unoccupied states. For the spectra at the edge, however,
prominent electronic states are observed around Fermi level at
—450 and 180 mV, as denoted by P1 and P2 in Fig 4(d),
respectively. DFT calculated DOS on the freestanding model of
the structure in Fig. 4(c) exhibits two states around the Fermi level,
which can be attributed to the valence band (VB) and conduction
band (CB), as displayed in Fig 4(e). Figures 4(f) and 4(g)
demonstrate the spatial distributions of the calculated local DOS at
VB and CB, which mainly disperse along the zigzag edges and
decay in the interior of the GNR, having the same distributions as
the P1 and P2 states obtained in dI/dV spectra. These results
indicate that the electronic states along the edges exist in NBN-8-
ZGNRs, and the introduction of the NBN dopants preserves these
states and stabilizes the zigzag edges to survive the formation of
the AuSIL buffer layer.

3 Conclusions

In conclusion, we have synthesized NBN-8-ZGNRs on Au (111)
substrate starting from a specially designed monomer BDBT. nc-
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Figure4 Edge-states characterization of NBN-8-ZGNRs on the Si intercalated Au (111) substrate. (a) Large-scale STM image of NBN-8-ZGNRs on AuSIL/Au (111)
(Vy=-1V and I, = 50 pA). Blue and black dashed lines indicate the NBN-8-ZGNR segments on AuSIL. The inset is a high-resolution STM image of the AuSIL surface
(Vy=-1V and I, = 500 pA). (b) Zoomed-in STM image of the ribbon in the yellow box in (a) (V= -1 V and I, = 50 pA). The red and yellow dashed lines indicate the
zigzag and armchair edges of the ribbon. The grey, red, blue, and green dots denote the positions where dI/dV spectra in (d) were performed. (c) Chemical structure
superimposed on the same ribbon in (b). (d) dI/dV spectra obtained on AuSIL substrate (grey), GNR zigzag edge (red and blue), and GNR interior (green) (V,=-1V
and I, = 1 nA before opening feedback loop, frequency = 931 Hz, and the modulation amplitude (V,,.q) = 5 mV). (¢) DFT calculated DOS. Spatial distributions of local

DOS at (f) VB and (g) CB of a freestanding NBN-8-ZGNR segment.
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AFM images confirm the successful introduction of a NBN
dopant superlattice along the zigzag edges, and reveal that the
additional benzene rings are easy to detach from the NBN core,
which results in short segments of NBN-8-ZGNRs. After the
formation of AuSIL buffer layer, the ribbons are electronically
decoupled from the substrate, enabling us to detect the edge states.
Our work provides a new ribbon with NBN dopants and a larger
width in the ZGNR toolbox compared with the existing ones, and
reveals that the zigzag edges in NBN-8-ZGNRs are robust enough
to survive the formation of AuSIL at the ZGNR/Au (111)
interface.
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