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Structurally precision graphene nanoribbons (GNRs) have attracted great
interest considering their prospective applications as organic carbon
materials for nanoelectronics. The electronic properties of GNRs not only
critically depend on the edge structure and width but also on the heteroatom
type, doping position, and concentration. Motivated by the recent
undisputable progress in the synthesis of stable boron-doped polycyclic
aromatic hydrocarbons (B-PAHs), considerable efforts have been devoted to
the precision synthesis of the corresponding boron-doped GNRs (B-GNRs) via
bottom-up synthesis approach in recent years in view of the extraordinary
ability of boron doping on modulating their physiochemical properties. In this
review, an overview of the bottom-up organic synthesis of B-GNRs, including
the precursor design and synthesis, structure characterization of the resulting
B-GNRs, and investigation of their electronic properties is provided.
Moreover, the future challenges and perspectives regarding the bottom-up
synthesis of B-GNRs are also discussed. The authors hope that this review
will further stimulate the synthesis and device integrations of B-GNRs with a
combined effort from different disciplines.

1. Introduction

Graphene nanoribbons (GNRs), structurally confined quasi-
1D graphene strips, have displayed unique optical, electronic
and magnetic properties,[1–4] which are regarded as promising
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candidates for various electronic appli-
cations, such as field-effect transistors
(FETs), spintronic devices and quantum
computing.[5–7] Whereas the prevailing
“top-down” approaches, such as hydrother-
mal or lithographic “cutting” of graphene,
cannot control the topology structures or
size distributions of GNRs, and “bottom-
up” chemical synthesis has been developed
to provide GNRs with structural preci-
sion. Bottom-up synthetic method toward
GNRs usually bases on two main pathways,
namely: 1) using synthetic organic and
polymer chemistry techniques;[8] and 2)
on-surface assisted method with modern
surface science techniques.[9] In the last
decade, both in-solution and on-surface
synthesis have significantly advanced
in a highly complementary manner for
the development of atomically precise
GNRs, and enabling a variety of GNRs
with different topologies so that their
structure–property relationships can be

insightfully studied. It has been shown that the electronic prop-
erties of GNRs critically depend on their edge structures and
widths. According to the edge topology, GNRs can be classified
into different types, such as armchair-edged GNRs (AGNRs),
zigzag-edged GNRs (ZGNRs), cove-edged GNRs (CGNRs) and
chiral GNRs with mixed edges (Figure 1).[10] Among them, both
the AGNRs and CGNRs, particularly for those width is narrower
than 10 nm, exhibit semiconducting behavior with a direct band
gap,[11,12] whereas the ZGNRs possess half-metallic properties
with zero bandgap (based on the tight-binding theory), showing
strongly localized charge density of the edge state at the zigzag
sites.[13–15] On the other hand, the edge configuration of chi-
ral GNRs bearing the armchair and zigzag edges are character-
ized by a chiral vector (n, m) which connects crystallographically
equivalent sites along the edge, and their physiochemical proper-
ties, such as electronic band structures and magnetic properties,
are highly dependent on the chiral vector.[16]

Besides the edge structure and width control, the introduc-
tion of heteroatoms into GNRs also represents a feasible strategy
to tune their optical, electronic and magnetic properties.[17,18] In
this regard, both the heteroatom type, doping position, and dop-
ing concentration exhibit significant influence on the electronic
band structure and charge carrier concentration of heteroatom-
doped GNRs. In addition to the primary dopant elements (e.g.,
nitrogen, oxygen, sulfur) in graphene carbon framework, boron
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Figure 1. Structures of armchair type, zigzag type, cove type, and chiral type GNRs. The width of the AGNRs, ZGNRs and CGNRs are depicted as the
numbers “Na”, “Nz” and “Nc”, respectively. The edge geometry of chiral GNRs is characterized by the translation vector [n, m].

(B) is a unique dopant in view of its electron deficiency and
Lewis acidity, which may offer a wide variety of functionality in
GNRs. To take the small size B-doped polycyclic aromatic hydro-
carbons (B-PAHs) as examples, the boron doping endows the
resultant heteroaromatic system with a 𝜋-electron-acceptor site
due to the existence of vacant pz orbital of boron, which can be
used to stabilize some reactive species, such as radical contain-
ing compounds, through electron delocalization (Figure 2).[19,20]

On the other hand, B-PAHs could also simultaneously act as 𝜎-
donors because boron has lower Pauling electronegativity (EN(B)
= 2.0) compared with carbon (EN(C) = 2.6).[21] In addition, B-
PAHs are capable of forming Lewis acid–base complex with var-
ious Lewis base, which could display unique optical properties,
such as dual fluorescence.[22] Furthermore, B-PAHs generally
have energetically low-lying LUMO and narrow HOMO–LUMO
gaps, which are highly desirable for n-type or ambipolar semi-
conductor materials.[23] Most importantly, B-PAHs usually show
magnificent fluorescence with high photoluminescence quan-
tum yield, thus making them promising emitter materials for
OLED applications.[24–26]

Nevertheless, the pz orbital of boron also brings the instabil-
ity issue in the heteroatom-doped PAH system, because boron

center can easily be attacked by nucleophilic species due to its
high electrophilic feature. Hence, addressing the instability is-
sue of B-PAHs becomes particularly important, not only for re-
vealing the structure–property relationship of B-PAHs but also
for advancing the development of B-doped GNR (B-GNR) chem-
istry. To achieve this, three strategies have been generally ex-
plored so far to address the stability problems of B-PAHs, in-
cluding electronic effect,[23,27–29] steric effect[30–33] and chelating
effect[34–39] (Figure 3). These established methodologies pave the
way for boron doping of GNRs by using the predesigned sta-
ble organoboron precursors. Although considerable progress has
been made in the synthesis of bench-stable B-PAHs, the bottom-
up chemical synthesis of their related B-GNRs is still scarce due
to the limited precursor molecules containing boron atoms and
the lack of suitable synthetic strategies. In this review article,
we provide an overview of the synthetic efforts toward the struc-
turally defined B-GNRs via bottom-up on-surface or in-solution
synthetic approach, as well as the related boron-containing pre-
cursor design. Moreover, the electronic properties of the resultant
B-GNRs are also presented. Finally, we also provide our views on
the challenges and perspectives regarding the precision synthesis
of B-GNRs.
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Figure 2. The wide scope of functionalities in B-doped PAHs.

2. On-Surface Synthesis of B-GNRs

For on-surface assisted method toward B-GNRs, it usually in-
volves three steps: i) sublimation of dihalogenated boron-doped
monomers onto a metal surface under ultrahigh vacuum con-
ditions (UHV); ii) surface-assisted formation of diradical inter-
mediates and homocoupling polymerization; and iii) surface-
assisted cyclodehydrogenation by annealing at a higher tem-
perature. The most attractive feature of the on-surface assisted
method is that the resulting GNRs can be visualized in situ
by high-resolution scanning tunneling microscopy (STM) under
UHV conditions, unambiguously proving their atomically pre-
cise structures.

In 2015, Fischer group and Kawai group independently
reported boron-doped 7-AGNR (B-7-AGNR) 5 via on-surface
synthesis.[40,41] As shown in Figure 4a, the preparation of B-7-
AGNR 5 was achieved through two major steps starting from
boron-containing precursor 3, which was obtained through the
treatment of selectively mono-lithiated 9,10-dibromoanthracene
(2) with 5,10-dibromo-5,10-dihydroboranthrene (1). First, precur-
sor 3 was deposited on an Au(111) surface under UHV condition
and was subsequently annealed at 180 °C to afford linear poly-
mer 4 via surface-catalyzed dehalogenative polymerization. Sub-
sequently, the elevation of annealing temperature to 400 °C trig-
gered the surface-assisted cyclodehydrogenation to produce B-7-

AGNR 5. The chemical structure of 5 was directly resolved by
STM and high-resolution non-contact atomic force microscopy
(nc-AFM) equipped with a CO functionalized tip, which indi-
cated that the boron atoms were indeed located at the center of
the GNRs, corresponding to 4.8 atom percentage (Figure 4b–d).
To elucidate its electronic structure, the dI/dV studies were con-
ducted for 5 and the bandgap was estimated to be 2.4 eV (Fig-
ure 4e), which was comparable to the non-doped 7-AGNR (2.3 eV)
on Au(111). This result showed that B-doping in 5 did not influ-
ence the overall electronic structure of the pristine 7-AGNR. Due
to the Lewis acidity of boron centers, 5 was found to efficiently
adsorb NO, which was demonstrated by STM topography as well
as simulated STM image, indicating that B-GNRs could be used
as gas sensor materials. In addition, it was also observed that the
armchair edges of 5 could fuse at high temperature (500 °C), lead-
ing to the formation of B-GNRs with wider widths of N = 14 and
N = 21 (Figure 4f). More detailed studies on the electronic prop-
erties of B-GNR 5 were demonstrated by Garcia-Lekue, Corso,
Pascual et al.[42,43] They revealed that the electronic band gap of
B-GNR 5 could be finely tuned by varying the distance between
two boron atoms. Besides, rotation of the boron-containing moi-
ety with respect to the ribbon axis can change the symmetry of
the carbon bands that they mix with, which should have an effect
on the frontier transport bands.

In 2020, the evolution of a magnetic ground state was achieved
by inserting a pair of B atoms in 7-AGNRs by Pascual and co-
workers (Figure 5a).[44] The 10,10′-dibromo-9,9′-bianthryl precur-
sor 6 along with a small portion of B-doped molecule 3 were evap-
orated and allowed for surface-assisted polymerization and cy-
clodehydrogenation. The structure of the resultant B-7-AGNR 7
was confirmed by the STM study (Figure 5b). The doping of a pair
of B atoms broke the conjugation of their topological bands and
consequently, two spin-polarized boundary states around them
were generated. The spin state was detected in electrical transport
measurements through 7 suspended between a tip and sample.
Most recently, by using first-principles calculations, Zhang et al.
demonstrated that the magnetism in B-7-AGNR 7 is contributed
by 𝜋-electrons, originating from the imbalance of electrons in two
spin channels in response to boron dopants (Figure 5c).[45]

In 2018, Kawai, Hatakeyama, Foster et al. reported the
synthesis and characterization of a defined GNR embedded
with B/N co-doping starting from functionalized dibenzoaz-
aborine monomer 12 (Figure 6a).[46] The 10-bromo-5-(10-
chloroanthracen-9-yl)-5,10-dihydrodibenzo[b,e][1,4] azaborinine
(9) was obtained through an intramolecular tandem elec-
trophilic borylation from compound 8. Then, treatment of 9

Figure 3. Three strategies for making bench-stable B-PAHs and representative examples.
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Figure 4. a) Schematic illustration of the on-surface synthesis of B-7-AGNR (5); b) the nc-AFM image and c) the Laplace filtered image of 5 taken using
a CO-functionalized tip; d) the simulated AFM image of 5; e) dI/dV curve on B-7-AGNR 5; f) Δf maps of fused N = 14 B-AGNR and N = 21 B-AGNR.
(b–f) reproduced with permission.[40] Copyright 2015, Springer Nature.

Figure 5. a) Schematic drawing of the synthesis of B-7-AGNR (7) on Au(111)surface; b) STM constant current topography image and constant height
current scan of 7; c) simulated structure of the 2B-7AGNR by DFT calculations (left) and spin-resolved projected density of states (PDOS) over carbon
atoms around two boron atoms (right). (b,c) reproduced with permission.[44] Copyright 2020, American Physical Society.
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Figure 6. a) The synthetic route toward BN-7-AGNRs 14 and 17 via on-surface assisted approach; b) STM topography of the synthesized BN-7-AGNRs
(left) and corresponding AFM images (middle is 17, right is 14). (b) reproduced with permission[46] Copyright 2018, American Association for the
Advancement of Science.

with (10-(trimethylsilyl)-anthracene-9-yl)lithium (10), followed
by replacing trimethylsilyl group with iodine, afforded 12 in
a yield of 8.6%. For the on-surface synthesis of B/N-GNR,
precursor 12 was first annealed on Au(111) surface at 200 °C
to produce polymer 13 and dimer 15 through Cl–I coupling
(Path A) and I–I coupling (Path B) reactions, respectively. Upon
elevation of the annealing temperature to 400 °C, both poly-
mer 13 and dimer 15 were converted into atomically precise
BN-7-AGNR 14 and 17, respectively. AFM observation with a
CO-functionalized tip directly resolves the elemental difference
in resultant BN-GNR, which can be correlated to the van der
Waals radii, as well as the modulated local electron density

caused by the substitution (Figure 6b). Besides, STM and density
functional theory (DFT) calculations were also conducted to
verify the structure and electronic properties of the resultant
BN-7-AGNRs.

All the boron centers in the above B-doped AGNRs are embed-
ded in the ribbon backbone and the tricoordinate boron formed
covalent bonds with carbon atoms. In addition, other types of
B-GNRs were also synthesized on the surface, in which the
boron atom is located on the edges and the boron is attached
to other heteroatoms, such as oxygen or nitrogen. Compared
with AGNRs with boron dopants inside the ribbon backbone,
the introduction of boron atoms on the edges has been shown
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Figure 7. a) The synthetic route toward OBO-doped chiral (4,1)-GNR 21; b) STM overview of 21 (left) and constant-height frequency-shift nc-AFM image
of the ribbon segment (right); c) DFT models of inter-ribbon interactions for homochiral OBO-doped (4,1)-GNRs. (b,c) reproduced with permission.[47]

Copyright 2018, American Chemical Society.

to impart unique properties on GNRs, such as self-assembly
behavior.

In 2018, Müllen, Fasel, and our group reported the on-
surface synthesis of the first chiral (4,1)-GNR 21 with OBO
co-dopants from the rationally designed precursor 6,16-dibromo-
9,10,19,20-tetraoxa-9a,19a-diboratetrabenzo[a,f,j,o]perylene (19)
(Figure 7a).[47] Precursor 19 was synthesized in decent yield
through a tandem demethylation–borylation reaction from
1,4-bis(5′-bromo-2′-methoxyphenyl)-2,5-bis(2′-methoxyphenyl)-
benzene (18). To fabricate the OBO-doped chiral (4,1)-GNR
21, monomer 19 was first sublimed onto an Au(111) substrate
held at room temperature under UHV conditions, followed by
annealing the substrate at 200 °C to induce polymerization and
further annealing the polymer at 450 °C to initiate cyclodehy-
drogenation, fully planarized OBO-doped chiral (4,1)-GNR 21
with an average length of 61 nm was finally obtained. The struc-
ture of 21 was characterized by STM and nc-AFM (Figure 7b)
as well as Raman spectroscopy. DFT calculations combined
with STS studies were conducted to unravel its band structure
and the bandgap is identified to be 3.33 eV, which is in good
agreement with the calculated bandgap (2.96 eV). Besides, DFT
calculations reveal that the OBO-doped (4,1)-GNR 21 exhibits a
larger bandgap (1.50 eV) in vacuum compared with the pristine
all-carbon (4,1)-GNR (0.50 eV) due to the weak conjugation of
the pz orbitals of the OBO segments with the carbon backbone
of GNR. Moreover, the interaction energy of the structurally
equivalent pristine (4,1)-GNR was calculated to be −0.10 eV/unit

cell, indicating that the OBO units on the edges endow the GNRs
with stronger inter-ribbon interactions (Figure 7c). Recently, the
large-scale synthesis of OBO-doped (4,1)-GNR from precursor
19 was demonstrated by the chemical vapor deposition (CVD)
method.[48] Noteworthily, stable and large-area OBO-doped
(4,1)-GNR films could be obtained by a wet chemistry transfer
process and the optical bandgap of the obtained GNR film is
≈1.9 eV.

Although OBO-doping could stabilize the zigzag edges of the
resultant GNR and fine-tune its band structure, it significantly di-
minishes the electronic conjugation of the GNR, and thus does
not contribute to improving its charge transport properties. In
contrast, substituting C=C–C unit on the zigzag edge with a
nitrogen–boron–nitrogen (NBN) motif not only provides access
to stable ZGNRs but also renders the formation of the radical
cation on the NBN unit through selective oxidation, which is the
isoelectronic structure of its pristine carbon framework with an
open-shell character.

In 2020, our group reported the first bottom-up synthesis
of NBN-doped Z-GNRs through surface-assisted synthesis
based on the U-shaped molecular oligoarylene precursors
with an NBN unit preinstalled at the zigzag edge.[49] First,
4,13-bis(4-iodophenyl)-2-phenyl-8H,9H-8,9-diaza-8a-borabenzo-
[f,g]tetracene (23a) was synthesized through multistep organic
synthesis, in which the NBN motif was introduced to the
zigzag periphery by NH2-directed electrophilic borylation.
Then, monomer 23a was deposited onto the gold substrate
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Figure 8. Synthetic strategy for NBN-doped ZGNR1 25a and ZGNR2 25b.

and the swallow-shaped polymer poly-24a was synthesized by
annealing at 200 °C (Figure 8, left). Subsequently, the targeted
NBN-ZGNR1 (25a) could be obtained through intramolecular
cyclodehydrogenation of poly-24a at 450 °C. Similarly, monomer
23b containing one additional phenyl ring was further developed
to synthesize NBN-ZGNR2 (25b) (Figure 8, right), in which
the zigzag edge proportion (57%) was larger than that of NBN-
ZGNR1 (37%). However, the length of NBN-ZGNR2 is shorter
than that of NBN-ZGNR1 due to the increased steric hindrance
between the central benzene rings (ring B and C) with the side
rings (ring D) in the polymer poly-24b.

The zigzag edge topologies of both NBN-ZGNRs were ev-
idently unveiled through STM and nc-AFM measurements
(Figure 9a–c). Comparing the electronic structures of pristine
carbon-based ZGNRs (PC-ZGNRs) without NBN units (PC-
ZGNR1: 0.52 eV, Figure 9e; PC-ZGNR2: 0.27 eV, Figure 9g),
the energy bandgaps of NBN-ZGNR1 (1.50 eV, Figure 9d)
and NBN-ZGNR2 (0.90 eV, Figure 9f) are much higher, in-
dicating that NBN doping plays a significant role in tailor-
ing the electronic structures of GNRs. Moreover, theoretical
calculations predict that the band structures of NBN-ZGNRs
can be further tailored to be gapless or metallic through the

Macromol. Chem. Phys. 2022, 2200232 2200232 (7 of 11) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH



www.advancedsciencenews.com www.mcp-journal.de

Figure 9. a) STM image and b) nc-AFM image of ZGNR1 (25a); c) nc-AFM image of ZGNR2 (25b); (d) and (f) STS and calculated band structures of
25a and 25b; (e) and (g) DFT-calculated band structures of pristine carbon-based PC-ZGNR1 and PC-ZGNR1. (a,g) reproduced with permission.[49]

Copyright 2020, Wiley-VCH GmbH.

selective oxidation of the NBN units into the formation of rad-
ical cations.

3. In-Solution Synthesis B-GNRs

Besides the on-surface synthesis, solution synthesis also presents
an alternative strategy to provide well-defined GNRs. For solution
synthesis, it usually consists of two steps: i) the polymerization
of small molecular precursors for making polyarylenes (polymer
precursors); and ii) the subsequent graphitization, so-called cy-
clodehydrogenation. Solution-synthesis approaches show signif-
icant advantages for the large-scale preparation of liquid-phase-
dispersible GNRs with controlled structures. To date, almost all
the reported B-GNRs have been achieved via the surface-assisted
synthesis which requires the pre-installation of boron centers in
the molecular precursors. In contrast, due to the high flexibility
and easy-to-handle features of in-solution synthesis, GNRs ob-
tained through this approach allow for post-functionalization of
resultant GNRs by introducing the boron element in the final
stage.

In 2018, Dong and co-workers realized the solution synthe-
sis of B-6-AGNRs (32) by post-functionalization of 6-AGNRs (31)
containing thiazole units (Figure 10). At first, model compound
27, which can be regarded as the short segments of B-6-AGNRs
(32), was synthesized to demonstrate the feasibility of the bory-
lation reaction (Figure 10a). C–H borylation of 26 was success-
ful upon simple treatment of it with BCl3; subsequently, addition

of ZnPh2 afforded 27 in 64%, which was fully characterized by
1H/13C NMR, X-ray crystallography and mass spectroscopy. The
synthesis of 32 is illustrated in Figure 10b. At first, the Suzuki–
Miyaura polymerization of monomers 28 and 29 formed linearly
polymer precursor 30.[50] The following cyclodehydrogenation
reaction of 30 furnished GNR 31 in excellent yield. The opti-
cal band gap of thiadiazole-fused GNR 31 was 1.03 eV, whose
value is lower than that of the pristine 6-AGNR. Borylation of
GNR 31 was conducted with a similar protocol on the synthe-
sis of model compound 27, affording the stable B-GNR 32. In-
ductively coupled plasma-mass-spectrometry (ICP-MS) showed
that the boron/sulfur (B:S) ratio in 32 was 0.38:1.00, indicating
that the borylation efficacy was ≈38%. Besides, Raman spectrum
of 32 exhibited higher ID/IG than 31, supporting the presence
of enlarged edge regions caused by the formation of boracycles.
Unsurprisingly, B-GNR 32 possessed a slightly narrower opti-
cal band gap of 0.95 eV compared with that of parent GNR 31.
This result reveals that post-functionalization is a straightforward
strategy for tailoring the band gap of GNRs.

4. Summary and Outlook

In summary, this review provides an overview of the recent de-
velopment of precision synthesis of B-GNRs either by on-surface
assisted method or solution-mediated strategy. Although signif-
icant progress has been achieved, the efficient and diverse syn-
thesis of B-GNRs is still in its infancy. Many challenges and
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Figure 10. a) The borylation reaction of 26 afforded model compound 27; b) the synthetic route toward GNR 31 and the post-functionalization of 31
through unsymmetrical heterocyclic edges as well as the UV–vis–NIR spectrum of 32 in THF suspension. (a,b) reproduced with permission.[50] Copyright
2018, Springer Nature.

opportunities remain for the synthetic exploration of this elusive
type of GNRs, some of which are listed here:

i. Both the surface-assisted and in-solution strategies require
pre-designed boron-containing precursor, however, the cur-
rent studies have not paid enough emphasis on the novel
precursor design for B-GNRs. Therefore, only a few B-doped
precursors, such as 3 and 8 with diboraanthracene or diben-
zoazaborine subunits, have been successfully employed for
the synthesis of B-doped AGNRs. So far, only B-7-AGNRs
could be achieved by surface-assisted approach, which is
not beneficial to systematically investigate the influence of
boron doping on their physicochemical properties. Although
OBO/NBN doping at the zigzag edges of GNRs can be con-
sidered as a feasible strategy to stabilize the highly reactive
zigzag edges and to enrich the B-GNR family, B-GNRs with
cove and full zigzag edge topologies are still missing. In this
regard, not only the exploration of synthetic methodologies
toward stable B-PAHs, but also the design of B-PAHs could
be potentially employed as precursors for synthesizing B-
GNRs are the key factors for the further development of this
field.

ii. On-surface synthesis allows for in situ characterization and
direct measurement of the electronic properties of the re-
sultant B-GNRs. Nevertheless, the mass production, purifi-
cation, and isolation of B-GNRs are fundamentally diffi-

cult. Therefore, the large-scale synthesis and length con-
trol of GNRs by on-surface synthesis approach will be
anticipated.[48]

iii. Although the surface-assisted synthesis of several types of
B-GNRs has been demonstrated, in-solution synthesis of B-
GNRs still lags behind. There is still no report on the in-
solution synthesis of B-GNRs from the corresponding pre-
cursor with boron atoms, possibly due to the difficulty of the
cyclodehydrogenation reaction where an electron-deficient
boron-containing precursor is concerned. The introduction
of strong electron donor groups into those precursors can
be a feasible strategy to achieve the synthesis of B-GNRs
in solution. On the other hand, the matrix assisted direct
(MAD) transfer technique may provide an alternative path-
way that requires the synthesis of B-doped polymer precur-
sor featuring narrow and well-defined length distributions
by solution-based polymerization methods, and then trans-
ferring the polymer precursor onto metal substrates for the
cyclodehydrogenation process.[51]

We hope that, with this comparative assessment, this review
will inspire new ideas in the design and synthesis of B-GNRs
with novel structural topologies and functionalities, which will
be strongly needed for the future development and integration
of this type of unique GNRs in nanoelectronic devices.
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