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A promising approach to opening the band gap of intrinsic graphene is through the synthesis of graphene
nanoribbons (GNRs)—quasi-one-dimensional (1D) cutouts of the graphene sheet whose electronic and
physical properties are governed by edge structure, chemical modifications, and backbone doping or pore
integration. GNRs can be synthesized using both top-down and bottom-up approaches, with solution-phase
synthesis emerging as a particularly attractive bottom-up method due to its advantages in diverse edge
functionalization, possibilities in gram-scale production and characterization using various spectroscopy
techniques, as well as exploration in practical applications. Solution-phase synthesis of GNRs typically involves
a polymerization step followed by cyclodehydrogenation to form the final structure. This review provides an
overview of the different polymerization strategies employed in GNRs solution-phase synthesis, highlighting
their recent advancements and unique advantages. The Diels—Alder reaction enables the synthesis of GNRs
with considerable lengths (up to 600 nm) and tunable edge functionalization. Suzuki polymerization facilitates
the creation of porous GNRs while preserving heterostructures for post-synthetic modifications, whereas

Received 18th March 2025, Yamamoto polymerization allows for the efficient production of laterally extended GNRs with varying
Accepted 2nd June 2025 bandgaps. Additionally, we discuss alternative cyclodehydrogenation methods, including photochemical
DOI: 10.1039/d5ma00239g approaches, for transforming polymer precursors into GNRs. By consolidating recent progress in solution-

phase polymerization techniques, this review aims to provide valuable insights for the development of next-
rsc.li/materials-advances generation GNRs with tailored properties for electronic and optoelectronic applications.
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1. Introduction

Carbon, the sixth most abundant element in the universe, which
comprises approximately 18% of human body weight, is remark-
ably versatile, existing in various allotropes such as diamond,
graphite, graphene, carbon nanotubes, and fullerenes (Fig. 1)."
In graphene, each carbon atom forms three Sigma (o) bonds,
with the fourth electron contributing to a delocalized network of
pi (n) bonds. These © bonds arise from the overlap of perpendi-
cular p-orbitals, creating a continuous electron cloud across the
graphene sheet. This delocalized m system is responsible for
graphene’s exceptional electrical conductivity, high charge car-
rier mobility, and optical transparency.’>”

Graphene had been theoretically studied for over sixty years
before its first isolation by Geim and Novoselov in 2004, via
micromechanical cleavage® which has since opened possibilities
in fundamental and applied research, notably spintronic and
electronic applications.> However, owing to the intrinsic zero
bandgap behaviour of graphene originating from the convergence
of the Dirac cones at one point, graphene for semiconducting
purposes poses a challenge. The solutions to open a bandgap in
graphene span from dopant adsorption® to applying external
electric fields” however to form reproducible structures with
tuned bandgaps the structures and geometries of these graphene
materials must be precisely engineered.®

Carbon-based nanostructures come in many forms yet share
a similar quality which opens bandgaps compared to that of
2D graphene, structural confinement. These come in the form
of graphene quantum dots (GQDs) and graphene nanoribbons
(GNRs). The properties of both are mainly governed by their
size and edge configurations.” GNRs show promising applica-
tions in the fields of spintronics, field-effect transistors (FETs),
nanoelectronics and optoelectronics. They can be regarded
as a quasi-one-dimensional cut-out of a graphene lattice.'
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Depending on how the graphene lattice is cut, various edge
structures and widths of these ribbons can be created
(Fig. 2), each with distinctive properties depending on these
qualities.’

GNRs synthesis can be split into two types: top-down and
bottom-up methods.’® Top-down methods include breaking
down a graphene lattice to form the ribbon structure. These
methods include nanofabrication,*** sonochemical,* nano-
wire lithography,'*"> unzipping carbon nanotubes (CNTs)"®"”
and various controlled nanocutting/etching methods."®>°
Bottom-up synthesis uses precise molecular precursors and
builds them up into the desired GNRs. These methods consist
of on-surface synthesis (OSS), where metallic substrates are
used as a platform to aid the synthesis of GNRs usually under
ultra-high vacuum (UHV) conditions and in-solution synthesis
which uses organic molecular precursors and various cross-
coupling/polymerization synthetic techniques to afford poly-
mer precursors, followed by a cyclodehydrogenation step to
‘graphitize’ the polymer precursors. "2

While top-down methods of GNR synthesis have provided a
variety of lengths and promising properties, such as high on-
off ratios (up to 10°), applicable for FET devices.”> Most GNRs
prepared by top-down methods possess undefined edge struc-
tures and little control over changing the edge structures on an
atomic scale.’® Bottom-up OSS of GNRs allows for conforma-
tion of theoretical predictions of GNRs by use of scanning
probe techniques. However, a significant challenge in OSS of
GNRs is the strong coupling between the GNRs and the metal
substrate. Additionally, following synthesis, the GNRs remain
adhered to the metal surface along with by products, making
their removal and utilisation in devices challenging, thereby
reducing practical application.>*** On the other hand,
solution-phase synthesis of GNRs allows for gram-scalability
and edge-functionalisation of GNRs opening doorways for
unique electronic and magnetic properties.'®*°3*! In general,
the route to solution-phase synthesis of GNRs follows two basic
steps: (1) polymerization of rationally designed monomers and
(2) planarization of the polymer precursors to afford the GNR
(Fig. 3). The first step generally utilizes reactions such as Diels-
Alder, Suzuki and Yamamoto polymerizations and the second
step is an oxidative cyclodehydrogenation using oxidants such
as FeCls, AlCl;, DDQ/TfOH, Cu(OTf), which ‘graphitizes’ the
polymer.*?

This review focuses on the bottom-up, solution-phase synth-
esis of GNRs, categorized by the polymerization techniques
employed, discussed chronologically while highlighting recent
advancements. By examining the various polymerization meth-
ods, this review aims to provide a comprehensive overview of
how these reactions produce a diverse range of GNRs. It begins
by discussing the structure and properties of GNRs, followed by
an overview of synthesis approaches. The core of the review
concerns the key polymerization reactions used in GNRs synth-
esis, concluding with a brief discussion of the Scholl reaction
and its alternatives such as topochemical polymerizations and
photochemical methods including cyclodehydrochlorination
(CDHQ).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of some carbon-based allotropes.

2. Structure and properties of GNRs

As mentioned in the previous section, depending on how a
graphene lattice is ‘cut’, GNRs with various edge geometries
and widths can be created, each with distinct properties.’ Many
edge geometries are possible for GNRs (Fig. 2). Zigzag and
armchair GNRs (ZGNRs and AGNRs, respectively) were amongst
the first theoretically studied edge geometries.

Fujita et al. first studied ZGNRs and AGNRs using the tight-
binding approach and found that AGNRs show semi-
conducting behavior and found a ‘peculiar’ flat band for
ZGNRs. Upon applying the Hubbard-model within the mean
field approximation, it was found that a band gap opening
occurs in ZGNRs due to spin polarized electron-electron
interactions.>® Further theoretical investigations using more
complex first-principle calculations have further confirmed
these initial results**** and built on them. For example, AGNRs
can be split into three distinct families based on their width:
semiconducting N = 3p, N = 3p + 1 and metallic N = 3p + 2
(where N refers to the width of the AGNR as defined in Fig. 2).
ZGNRs spin polarization is predicted to be ferromagnetic along
a given edge and antiferromagnetic across the width of the
ribbon.>®

Both theoretical predictions have been either directly
or indirectly confirmed via experimental investigations.

(a)

Zigzag

Armchair

Cove

Finite (7, 8) GNR

Fig. 2 Different ways a graphene lattice can be cut producing (a) variety
of edge features and (b) conventional numbering methods of different
sized GNRs.
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G. Z. Magda et al. used OSS synthesis of a variety of AGNRs
and ZGNRs and found an inverse proportionality between
bandgap and width for AGNRs with good theoretical agreement
on separation of AGNRs into their respective classes (Fig. 4a).
The researchers indirectly confirmed the presence of edge
magnetism in ZGNRs by assessing the electronic structure. It
was concluded that only the presence of magnetic edges
explains both the bandgap and observed semiconductor-to-
metal transition (Fig. 4b), supporting the presence of room
temperature stable magnetic order in precisely engineered
zigzag edges.**

Aside from zigzag and armchair edges, other edge geome-
tries also exist with their own distinct properties. Notably,
cove and fjord edge GNRs are of particular interest due to
their curved conformations leading to helically twisted
ribbons.?”*® These properties prove ideal as reduced m-m
stacking interactions of these curved GNRs lead to increased
dispersibility in organic solvents thereby leading to highly
liquid processable GNRs allowing more facile characterization
by solid state nuclear magnetic resonance (ss-NMR), Fourier-
transform Infrared spectroscopy (FT-IR), Raman spectroscopy,
UV/vis spectroscopy and matrix assisted laser desorption/
ionization time of flight mass spectrometry (MALDI-TOF
MS).*> The non-planarity arises from the steric repulsion
between hydrogen atoms in the [4]-helicene and [5]-helicene
precursor shapes.*°

Other factors affecting GNR properties include chemical
modification. These range from backbone nitrogen doped
or boronated GNRs* ™ to edge functionalization such as
chlorination.** The introduction of non-hexagonal rings*> and
nanopores*® also proves an effective way to engineer properties.
Above all, presence of multi-edge systems giving rise to chiral
GNRs®”##%771 are amongst the most effective way to produce
GNRs with unique properties, as will be discussed vastly in

this review.
Graphitization [%

Fig. 3 A generalized schematic of bottom-up solution-phase synthetic
steps towards GNRs.
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Fig. 4 Bandgap measurements from tunnelling spectra: (a) AGNRs exhibit an inverse relationship between bandgap and ribbon width, consistent with
theoretical classifications. (b) ZGNRs display band structures influenced by edge magnetism, showing a sharp semiconductor (antiferromagnetic) to
metal (ferromagnetic) transition. Theoretical results use the Hubbard model within a mean-field approximation. Error bars reflect thermal broadening and
substrate interactions.?* Reproduced from ref. 24 with permission from [Springer], copyright [2014].

3. Bottom-up solution-phase
synthesis of GNRs

3.1. Polymerization methods

3.1.1. A;B, Diels-Alder polymerization. Amongst the
first reactions utilized to afford the polymer precursors for
planarization of GNRs was the A,B, Diels-Alder reaction. In
2000, Shifrina et al. investigated the Diels-Alder reaction between
1,4-bis(2,4,5-triphenylcyclopentadienone-3-yl) benzene (1.0) and
1,4-diethynylbenzene (1.1) (Scheme 1) using different concen-
trations of the monomeric building block and different
reaction times.

Regioisomeric branched polyphenylenes (1.2) with My, in
the range of 12-120 kg mol~" were obtained and subjected to
cyclodehydrogenation reactions using copper(u) trifluoro-
methanesulfonate and AlCl; producing a dark brown product
(1.3) which was studied by FT-IR and Raman spectroscopy as
NMR analysis was not possible due to the products insolubility
in standard solvents.>® Later in 2003, the same group replaced

IIf
A,B, Diels Alder
+ —_—
=
Il
1.1

'Bu
O AoB; Diels Alder
>

O O
ogc

—_——

A\
10 + O
pe

1.4

the bisdienophile from 1,4-diethynylbenzene (1.1) to 1,4-
diethynyl-2,5-di(4'-tert-butylphenyl) benzene (1.4) (Scheme 1).
The polymer precursor (1.5) (Mw ~ 62.5 kg mol™", polydisper-
sity index (PDI) ~ 2.5) from this A,B, Diels-Alder reaction was
subjected to cyclodehydrogenation by FeCl; affording an AGNR
(1.6) with kinked structure which as well as the previous
spectroscopic techniques, also underwent UV/Vis spectroscopy
to confirm its increased conjugation compared to the polymer
precursor.>

Despite the use of the AB Diels-Alder reaction being the
more popular choice in GNR synthesis due to its ability to
afford long (>200 nm) gulf edged GNRs,>* as will be mentioned
later in this review. The A,B, Diels-Alder reaction was recently
used to synthesize and characterize multi-edged GNRs. In this
2022 paper,*® Yang et al. successfully synthesized curved GNRs
(cGNRs) with hybrid cove-armchair-gulf edge structures. To
test the efficiency of the Scholl reaction, the synthesis of model
compounds 11,11"-diethynyl-5,5"-bichrysene (1.8) and 7-di-tert-
butyl-9,11-bis(4-(tert-butyl) phenyl)-10H-cyclopenta[e]pyren-10-

Scheme 1 Synthetic routes towards GNRs 1.3 and 1.6 using A,B, Diels—Alder polymerization. Reproduced from ref. 52 with permission from [ACS],
copyright [2000] Reproduced from ref. 53 with permission from [ACS], copyright [2003].
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one (1.7) via Diels-Alder reactions yielded 1.9 in 80%. This was
subsequently planarized using a Scholl reaction with FeCl;.
MALDI-TOF MS revealed a 50/50 mixture of products, a fully
and partially cyclized 1.9. To improve cGNR yield and effi-
ciency, a pre-fused approach was used (Scheme 2a). 2.1 was
synthesized from 2.0 which had an integrated bichrysene unit
and additional #Bu groups for solubility. This underwent a
complete cyclization under Scholl conditions at room tempera-
ture in 2 hours.

Finally, an A,B, Diels-Alder reaction between 2.0 and 2.2
yielded precursor polymer 2.3 (My ~ 108.3 kg mol ", PDI ~ 1.9),
which was planarized into cGNRs 2.4 averaging 71 nm in length
(Scheme 2b). FTIR, Raman, and solid-state NMR characterized the
product. UV/Vis spectroscopy showed an optical band gap of
1.61 eV, matching theoretical values, and terahertz spectroscopy
revealed a charge carrier mobility above 2 em® V' s7', high-
lighting a potential for single-GNR nanoelectronics.

Using a similar model compound approach as well as
assistance in rational design using density functional theory
(DFT) calculations, Feng et al. in 2024"° optimised the A,B,-type
Diels-Alder polymerization between dibenzocyclooctadiyne
(2.6) and dicyclopentale,/Jpyrene-5,11-dione derivative (2.5).
A subsequent selective Scholl reaction of the obtained ladder-
type polymer (LTP) precursor 2.7 (My ~ 30.4 kg mol™", PDI ~
1.15) produced wavy GNRs (WGNRs) 2.8 of lengths up to 30 nm
which incorporate periodic eight-membered rings into its

—_——

Diels Alder
X

+\\ :o
5

Scheme 2
ref. 38 with permission from [Wileyl, copyright [2022].
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backbone (Scheme 3). Similarly to the cGNRs, the non-planar
geometry of wGNR (2.8) efficiently prevents the inter-ribbon n-n
aggregation, leading to photoluminescence in solution. Using
these properties, the researchers fabricated the first GNR-based
organic light-emitting electrochemical cells (GOLECs). The cells
showed fast response and short turn on times of under 10 s. The
current density-voltage-luminance characteristics a peak lumi-
nance of 120 cd m™~ 2 with high stability (Fig. 5).

3.1.2. A,;B, Suzuki polymerization. The A,B, type Diels—
Alder polymerization reaction provides a simple way to produce
GNRs with unique multi-edge structures and innovative
designs without the use of a metal catalyst.>®*>**>3 However,
the high temperature requirements for this method leave room
for improvement.'® In 2008, Yang et al. developed an A,B,
Suzuki coupling reaction between the bis-boronic ester (2.9)
with diiodobenzene derivative (3.0) at 120 °C which successfully
produced the polyphenylenes (3.1) in 75% yield.>® This reaction
was amongst the most sterically hindered Suzuki couplings at
the time. The polyphenylene 3.1 (My, ~ 13.9 kg mol *, PDI ~
1.2) was subjected to Scholl reaction conditions with FeCl;
providing linear AGNRs (3.2) of lengths up to 12 nm (Scheme 4).
The bulky 3,7-dimethyloctyl groups as sidechains increased the
processability of AGNRs causing excellent dispersibility in
common organic solvents. Both UV/vis absorption spectroscopy
and MALDI-TOF MS studies revealed the formation of the
AGNRs with an optical band gap of 2.2 eV revealed. Various

(a) Synthesis of model compounds 1.9 and 2.1; (b) synthetic route toward cGNR (2.4) via A;B, Diels—Alder polymerization. Reproduced from

Mater. Adv,, 2025, 6, 4969-4991 | 4973
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Scheme 3 Synthesis of wGNRs (2.8) via A,B, Diels—Alder reaction between 2.5 and 2.6. Reproduced from ref. 45 with permission from [Wileyl,

copyright [2024].

microscopic studies of these novel structures showed a high
tendency to self-assemble opening a gateway into the use of
GNRs in FETs and optoelectronic devices.

The high functional group tolerance of the Suzuki reaction,*®
allows for band gap engineering in GNRs synthesis by addition
of heterostructures in the Suzuki precursors. In 2018, using a
model study synthesis, Li et al. synthesized two unsymmetrical
edged GNRs containing benzothiadiazole and benzotriazole
groups.*® The bispinacol borates (BPin) (3.3) were reacted with
triaryl dibromide 3.4 under Suzuki coupling conditions using
Pd(PtBus),/K3PO, as the catalyst-base combination to form the
desired polymer precursors 3.5 (Scheme 5a). Subsequently, pre-
cursor 3.5 of similar molecular weights (My ~ 37.4 kg mol ',

PDI ~ 1.73) were cyclodehydrogenated using a 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone/triflic acid (DDQ/TfOH) protocol
forming 3.6 (Scheme 5a). Once the AGNRs (3.6) were isolated
as black powders, they were found to have good dispersibility in
THF, chlorobenzene, and o-dichlorobenzene. Thus, allowing for
characterization by FTIR, Raman, UV-Vis spectroscopy, X-ray
photoelectron spectroscopy (XPS), MALDI-TOF MS, atomic force
microscopy (AFM), and scanning tunnelling microscopy (STM).
Narrow optical band gaps of 1.03 eV and 1.09 eV for 3.6 were
extracted for the S and N-butyl functionalised AGNRs, respec-
tively. Due to the survival of such heterostructures via the Suzuki
reaction, post-functionalisation of 3.7 was possible via a directed
C-H borylation using BCl; followed by ZnPh, producing 3.8

1 3
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Fig. 5 GOLEC fabrication with 2.8 as emissive layer. (a) Schematic representation of the GOLECs; (b) current density and luminance against voltage for
GOLECs with various weight fractions of 2.8; (c) EL spectra for GOLECs with 5 wt% and 10 wt% 2.8 and PL spectra of 2.8 in solution with THF as solvent;
(d) luminance and voltage against time for GOLECs with 5 wt% 2.8 with a current density at 100 A m~24% Reproduced from ref. 45 with permission from

[Wiley], copyright [2024].
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(Scheme 5b) with a further reduced optical band gap of 0.95 eV.
These narrow band gaps achieved fall in a similar range of the
band gap of intrinsic silicon (1.12 eV)*” possibly opening up
the use of GNRs as a future replacement. Further engineering of
band gaps through post-functionalisation paves a way for preci-
sion band gap engineering in future synthesis.

In 2023, Niu et al. reported the first solution-phase synthesis
of porous GNRs (pGNRs).*® The chemical identity of pGNR was
unambiguously verified by FT-IR, Raman and ss-NMR spectro-
scopies as well as supported by the successful synthesis of two
model compounds. Using Pd(PPh;), as catalyst and K,CO; as
base the A,B, Suzuki polymerization reaction between the

(@ .x. " "
4 Q O |2
Suzuki TfOH
PinB BPin R — e N
= < O
X
1\
N._.N 35
X

R= A~
X=8
X = N-Butyl
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Scheme 5
49 with permission from [Springer], copyright [2018].
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C-H Borylation
—»

dihalogen 4,4”-didodecyl-4’,5'-bis(4-dodecylphenyl)-3’,6'-diiodo-1,
1':2’,1"-terphenyl (3.9) and 4.0 furnished the poly-phenylene pre-
cursor (4.1) in 90% yield (Myy ~ 33 kg mol™ !, PDI ~ 1.32). Upon
conformation of synthesis of 4.1 via MALDI-TOF MS, a subse-
quent Scholl reaction with FeCl; afforded pGNRs (4.2) (Scheme 6)
with average lengths of 20 nm with periodic hexagonal pores in
the backbone and a (carbon-to-carbon) diameter of 0.6 nm and
adjacent-pores-distance of 1.7 nm. UV/Vis spectroscopy revealed
an enlarged optical band gap of ~2.0 eV, compared with the
reported solution-synthesized GNRs with similar widths. Thus,
this work provides another example of band-gap engineering via
the tolerant Suzuki coupling reactions,”® however unlike the

(a) Suzuki reaction to form polymers 3.5 then GNR 3.6 (b) directed C—H borylation of 3.7 to form engineered GNR 3.8. Reproduced from ref.
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Scheme 6 Synthesis of pGNR 4.2 from A,;B, Suzuki polymerisation of 3.9 and 4.0. Reproduced from ref. 46 with permission from [Wiley], copyright

[2023].

reduced bandgap caused by heterostructures,

gaps are also possible.

The versatility of the Suzuki reaction allowed for Obermann
et al. to introduce curvature into GNRs via the introduction of
pyrene units leading to the first successful formation of pyrene
GNRs (PyGNRs).*® These PyGNRs were fully characterized by
Raman, FT-IR, UV/Vis spectroscopy and STM. Following the
successful synthesis of model compounds, the diborylated
pyrene derivative (4.3) underwent an A,B, type Suzuki reaction
with the dihalogenated monomer (4.4) (with 3,7-dimethyloctyl
chains to increase the processibility of the PyGNR) using
Pd(PPh;),/K,CO;3 as the catalyst-base combination forming
polymer precursor 4.5 (My ~ 28.8 kg mol™', PDI ~ 1.2).
Subsequent Scholl treatment using FeCl; formed the PyGNR
(4.6) (Scheme 7) with an average length of 35 nm. The acces-
sible pyrene K-regions are open to post-functionalisation allow-
ing further property engineering in the PyGNRs. The survival of

enlarged band-

R
|

he
4.4

these sp® pyrene carbons in 4.5 aims to solve intrinsic solubility
issues during GNR synthesis.

3.1.3. AB Suzuki polymerization. While the synthesis of
c¢GNRs was made possible with the A,B, Diels-Alder polymeri-
zation,*® highly distorted edge structures such as fjord edge
GNRs (fGNRs) can be synthesized by utilizing AB-type Suzuki
polymerization reactions. Yao et al. conducted an efficient
solution synthesis of fGNRs via an AB type Suzuki reaction.?”
Following reaction optimisations using model compounds,
polymerization of 4.7 gave tert-butylphenyl-substituted poly(p-
phenylene) precursor 4.8 (My ~ 36 kg mol !, PDI ~ 2.4).
MALDI-TOF MS confirmed the formation of 4.8 therefore a
subsequent Scholl reaction with FeCl; afforded the fGNR 4.9
(Scheme 8) as a dark red solid with an estimated length of
17 nm. The fGNR was characterized by FT-IR, Raman and UV/
Vis spectroscopy. Twisted conformations of the model com-
pounds were unambiguously confirmed via crystallographic

FeCls

Scheme 7 Synthesis of PyGNRs (4.6) from pyrene integrated bis-boronic ester 4.3. Reproduced from ref. 48 with permission from [RSC], copyright

[2023].
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Scheme 8 Synthesis of fjord edge GNRs (4.9) from the AB Suzuki polymerization and subsequent Scholl reaction of 4.7. Reproduced from ref. 37 with

permission from [ACS], copyright [2021].

studies suggesting a similar conformation for the fGNR supported
also by DFT calculations. Photoconductivity analysis revealed an
intrinsic charge carrier mobility of 100 cm® V™" s, higher than
values for other cGNRs*® placing these highly distorted GNRs as a
potential candidates for nanoelectronic devices.

GNR heterojunctions combine the distinct topological
features of the individual ribbons allowing for further electronic
bandgap engineering. Zhang et al. reported a novel chain-growth
polymerization strategy that allowed for formation of a GNR
heterojunction with N = 9 (where N refers to the number of pairs
of atoms per GNR unit cell) armchair and chevron GNRs segments
(9-AGNR/cGNR)." The controlled Suzuki catalyst-transfer polymer-
ization (SCTP) between 2-(6'-bromo-4,4’’-ditetradecyl{1,1':2’,1"'-
terphenyl]-3’-yl) boronic ester (5.1) and 2-(7-bromo-9,12-diphenyl-
10,11-bis(4-tetradecylphenyl)-triphenylene-2-yl) boronic ester (5.3),
followed by the Scholl reaction of the obtained block copolymer
(5.4) with controlled My, of 26.1 kg mol ' (PDI ~ 1.45), led to
the formation of the 9-AGNR/cGNR (5.5) (Scheme 9) which was
unambiguously validated by FT-IR, Raman, and UV/Vis spectro-
scopies and estimated to be 14 nm in length.

Lee et al. also reported SCTP type reactions to synthesise
AGNRs of a controlled length. 5.6 was subjected to optimised
SCTP conditions using a RuPhos-Pd catalyst system giving

R =CyqHzg
X=BrH
L = Ligand

polymer (5.7) in an excellent 85% yield (M, ~ 29.8 kg mol ',
PDI ~ 1.14-1.39). This alkyne containing precursor underwent
mild alkyne benzannulation forming 5-AGNRs (5.8). Subsequently,
Scholl conditions were applied to 5.8 using a DDQ/TfOH protocol
to laterally extend the conjugated framework and form the 11-
AGNR 5.9 (Scheme 10).°® These innovative SCTP type reactions
prove to be a useful method in controlling the length of GNRs
and allow for milder conditions to be used such as alkyne
benzannulation.

3.1.4. AA Yamamoto polymerization. The A,B, type Diels-
Alder and Suzuki polymerization require two monomers for
reactions to form GNRs making them stoichiometrically sensitive.
This limits its ability to form consistent high weight polypheny-
lene precursors due to possible inefficient reactions.’>®° On the
other hand, the AA type Yamamoto coupling requires only one
dihalogenated monomer thereby reducing this effect. The mono-
mer can be of high molecular weight allowing for facile lateral
extensions of GNRs as well of the incorporation of multiple edge
structures within one monomer.

In 2012, Schwabz et al. produced monomer 6.0 through a
multistep synthesis, enabling its AA Yamamoto polymerization
using bis(cycloocta-(1,5)-diene) nickel (0) cycloocta-(1,5)-diene
(Ni(COD),) to form polyphenylene precursor 6.1 (Scheme 11).°

R 5.5 R

Scheme 9 Synthetic route toward 9-AGNR/cGNR (5.5) using subsequent SCTP of 5.1 and 5.3. Reproduced from ref. 47 with permission from [Wiley],

copyright [2023].

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 10 Alkyne benzannulation of polymer precursor 5.7 to form 5-AGNR 5.8 and subsequently 11-AGNR 5.9. Reproduced from ref. 58 with

permission from [ACS], copyright [2023].

Precursor 6.1 had a weight (My) of up to 52 kg mol " (PDI ~
1.2) corresponding to 21-24 repeating units of 6.0 leading to
GNRs of lengths up to 30 nm, which at the time was superior to
the widely used A,B, Suzuki polymerization. The subsequent
Scholl reaction using FeCl; as an oxidant yielded the GNR (6.2).
These GNRs were found to be soluble/dispersible in N-methyl-2-
pyrrolidone (NMP) allowing for characterization by MALDI
TOF, FT-IR and Raman spectroscopy. UV/Vis spectroscopy
extracted a narrow optical band gap of 1.12 eV matching well
with theoretical calculations of 1.09 eV. Due to the lateral
extension of GNRs via the AA Yamamoto reaction, this led to
high dispersibility allowing for facile liquid phase processing
which offers benefits in characterization but also in device
fabrication. M. El Gemayel et al. fabricated thin-film FET
devices using a co-deposited GNR/poly(3-hexylthiophene)

(P3HT) blend.*” The device showed a 24% increase in charge-
carrier mobility compared to a pristine P3HT device. The on/off
ratio remained robust upon addition of the GNR, and the photo
response of the transistor was doubled compared to the
pristine FET.

Monomer 6.3 substituted with N-n-hexadecyl maleimide units
was subjected to AA Yamamoto conditions using Ni(COD),/COD
yielding polymer precursors (6.4) (M ~ 15.6-186 kg mol ", PDI
~ 1.2-1.5). Intramolecular oxidative cyclodehydrogenation
using FeCl; as the Lewis acid and oxidant, converted the polymer
precursors into armchair edged GNR-AHMSs (6.5) with uniform
width (1.7 nm) and lengths of 6, 11, and 58 nm, respectively
(Scheme 12). The bulky AHM side groups caused excellent
dispersibility (concentrations of up to 5 mg mL™ ') in many
organic solvents such as tetrahydrofuran (THF). Loss of extended

Scheme 11 Synthetic route toward GNR (6.2) via AA type Yamamoto polymerization of monomer 6.0. Spectroscopic studies on single GNRs were
conducted by Huang et al. in 2018.2* Reproduced from ref. 61 with permission from [ACS], copyright [2012].
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Scheme 12 Synthetic route to GNR (6.5) via AA type Yamamoto polymerization of monomer 6.3. Reproduced from ref. 21 with permission from [ACS],

copyright [2018].

tail in Near Infrared (NIR) region (compared to previously
synthesised GNRs) during UV/Vis experiments confirm that
dilute dispersions in THF (<0.1 mg mL™ ") consist mainly of
nonaggregate ribbons (Fig. 6), exhibiting high fluorescence
quantum yield (9.1%) and long fluorescence lifetime (8.7 ns).
This dispersibility allows resolving the real-time ultrafast excited-
state dynamics of the GNRs, which displays features of small,
isolated molecules in solution. This successful synthesis and
edge functionalisation using the AA Yamamoto coupling reduces
the limitations of solution-based synthesis, allowing for
improved characterization of individual GNRs, which is typically
difficult compared to OSS methods.

The AA type Yamamoto polymerization can be used to form
multi-edge cGNRs much like the A,B, Diels-Alder.*® Niu et al.
reported the first synthesis of a cGNR with cove, armchair and
usually unstable, zigzag edges.>® This feature is of particular
interest due to the survival of intrinsic zigzag properties in
chiral GNRs.”® Following the multi-step synthesis of monomer
6.6, AA type Yamamoto polymerization afforded 6.7 (Mw ~
20.8 kg mol ™!, PDI ~ 1.15) which was subjected to Scholl
reaction conditions using FeCl; producing the cGNR (6.8)
(Scheme 13) with a narrow width of 0.7 nm and average length
of 23 nm. Along with FT-IR, Raman MALDI-TOF MS, UV/Vis
spectroscopy revealed a bandgap of 1.22 eV and incredibly, by

(@)
2.22 1.67 1.33 1.11 0.95

THz photoconductivity analysis, a record high intrinsic charge
carrier mobility of 600 cm® V™' s™" was calculated.

Incorporation of periodic zig-zag segments was later executed
by Wang et al. in 2021.°° Following the synthesis of the structu-
rally flexible S-shaped monomer 6.9, AA Yamamoto polymeriza-
tion was carried out using Ni(COD), as a catalyst, producing the
‘snakelike’ polymer precursor 7.0 (My, ~ 29.8 kg mol™*, PDI ~
1.2). Upon ‘graphitization’ using FeCl; as Lewis acid and oxidant
the multi-edged ¢cGNR (7.1) was formed (Scheme 14) with an
average length of 20 nm. The successful synthesis of the cGNR
(7.1) was confirmed by FT-IR, Raman and ss-NMR investigations.
UV/Vis spectroscopy revealed a narrow bandgap of 0.99 eV and
THz photoconductivity analysis calculated a charge carrier mobi-
lity of 20 cm® V™' s~ Interestingly DFT simulations show an
‘up-down’ curved topology for the ribbon.

Recent theoretical studies into the use of porphyrin units in
GNR backbones have been of interest due to their enhanced
delocalization and spin ground states making them useful for
molecular wires®® or spintronic applications.®* Efforts in OSS to
functionalize GNRs with porphyrins has been successful with
the intrinsic properties of the porphyrin remaining intact.®®
However, Chen et al. managed to successfully synthesize the
first solution-made porphyrin-fused GNR (PGNR)®® by utilizing
the AA Yamamoto polymerization of 7.2 yielding 7.3
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Fig. 6 (a) Absorption and (b) PL spectra of GNR-AHMs (6.5) in THF (0.03 and 0.003 mg mL™* for absorption and PL measurements, respectively).21

Reproduced from ref. 21 with permission from [ACS], copyright [2018].
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Scheme 13 Synthetic route toward multi-edged GNR 6.8 via AA type Yamamoto of monomer 6.6. Reproduced from ref. 38 with permission from

[Wileyl, copyright [2022].

(Mw ~ 132.7 kg mol ™", PDI ~ 2.46) in 93%, followed by an
oxidative cyclodehydrogenation using a DDQ/TfOH protocol
forming 7.4 (Scheme 15). The PGNRs (7.4) were characterized
by ss-NMR, FT-IR, Raman and XPS. 7.4 functionalised with the
dodecyl aryl group was found to exhibit a charge carrier
mobility of >400 cm®> V' s™' via THz photoconductivity
analysis, an optical bandgap of 1.0 eV was extracted from
absorption spectra. The charge transport behaviour of 7.4 was
investigated by fabricating single nanoribbon devices (Fig. 7)
which showed FET behaviour at room temperature and clean
single-electron-transistor behaviour at millikelvin tempera-
tures. The non-differential conductance (NDC) regions showed
a minimum voltage below 10 mV indicating low power opera-
tion possibilities.

R = CjaHzs

3.1.5. AB type Diels-Alder polymerization. The synthesis of
long GNRs (>100 nm) is inherently difficult using transition-
metal (TM) catalysed reactions due to termination by loss of
functional groups.®” Therefore, the Diels-Alder polymerization
is a desired route to this target. Use of the A,B, Diels-Alder
polymerization affords GNRs with lengths up to 71 nm.*®
However, stoichiometric inefficiency limits this reaction.”®*

In 2014, Narita et al. subjected the monomer building block
(7.5), which consists of a cyclopentadienone as the conjugated
diene and an ethynyl group as the dienophile, to AB type Diels—
Alder conditions affording polymer (7.6) which had an My
between 24-620 kg mol™' (PDI ~ 3-14), higher than any
reported weights using Yamamoto or Suzuki reactions at the
time. The polymer precursor (7.6) was finally ‘graphitized’

Scheme 14 Synthetic route toward GNR 7.1 with periodic zigzag segments via AA type Yamamoto polymerization of monomer 6.9. Reproduced from

ref. 50 with permission from [ACS], copyright [2022].
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Scheme 15 Synthesis of PGNR (7.4) from monomer 7.2 using AA type Yamamoto polymerization. Reproduced from ref. 66 with permission from

[Springer], copyright [2024].

using Scholl reaction conditions with FeCl; affording the GNR
(7.7) with lengths >200 nm (Scheme 16a).>* Model dimer and
trimer compounds were subjected to ‘graphitization’ and ana-
lysed by MALDI-TOF MS to confirm the successful formation of
the GNR (7.7). 7.7 was fully characterised by FT-IR, Raman and
ss-NMR spectroscopy. THz probing found the intrinsic charge
carrier mobilities as large as 15000 cm® V™' s™* along with a
large optical bandgap of 1.88 eV from absorption spectra. The
strong aggregation of the GNRs made characterization difficult
however the presence of dodecyl chains in monomer 7.5
improved their dispersibility allowing for characterization,
nonetheless.

Installation of different functional groups on the periphery
of such GNRs is feasible by modification to the starting mono-
mer. To diminish the bandgap, the same researchers shortly
after performed a simple lateral phenyl extension to produce
monomer 7.8 which was heated to 260-270 °C to induce AB type

Fig. 7 Scheme of the electronic devices, where a single strand of PGNR
(7.4) bridges two graphene electrodes (separated by a nanogap) con-
nected to gold pads. A palladium gate is deposited on the SiO,/Si surface
and covered with a 10-nm-thick HfO, dielectric.%® Reproduced from ref.
66 with permission from [Springer], copyright [2024].

© 2025 The Author(s). Published by the Royal Society of Chemistry

Diels-Alder polymerization forming wider (~2 nm) polymer
precursors 7.9 with a largely improved My, ~ 230-550 kg mol "
and PDI of 2.8-3.8. Post oxidative cyclodehydrogenation
afforded 8.0 with lengths up to 390 nm (Scheme 16b).%® Simi-
larly, the GNRs were fully characterized and UV-vis spectro-
scopy eluded a smaller bandgap of 1.24 eV.

Gotz et al. used methoxy-functionalized monomer 8.1 to
yield polymer 8.2 (My, ~ 31-54 kg mol ", PDI ~ 1.5-1.7) which
was planarized to methoxy-functionalised GNR (8.3) by oxida-
tive cyclodehydrogenation using FeCl; (Scheme 17). Theoretical
simulations predicted a reduced bandgap of 8.3 compared to a
hydrogen passivated parent (Fig. 8) due to geometric distortion
caused by the methoxy groups along with the electron donating
nature of the functionality. This was verified by the fingerprint
of band shrinkage seen in the red shift of the UV/Vis spectra.
THz analysis revealed a 25% increase in photoconductivity due
to reduced effective mass of charge carriers in 8.3.°°

The modifications on the periphery of these monomers
are not limited to simple lateral extensions. Keerthi et al.
successfully synthesized GNRs with anthraquinone (AQ) and
naphthalene/perylene monoamide (NMI/PMI) units achieved
through Suzuki coupling of polyphenylene precursors with
bromo groups, validated by MALDI-TOF MS, FTIR, Raman and
XPS.>° AB Diels-Alder polymerization of monomer 8.4 pro-
duced polymer precursor 8.5 which was subjected to Suzuki
coupling conditions (Pd(PPh;),/K,CO;) with three boronic
esters, 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)anthrace-
ne-9,10-dione (AQ-BPin), N-(2-ethylhexyl)-4-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)naphthalene-1,8-dicarboximide
(NMI-BPin), and N-(1-heptyloctyl)-9-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)perylene-3,4-dicarboximide (PMI-BPin), pro-
ducing functionalised polymer precursors 8.6 (A = AQ, NMI,
PMI) with My, as high as 161 kg mol ™' and PDI < 3. Sub-
sequent intramolecular oxidative cyclodehydrogenation using
FeCl; as oxidant afforded the GNRs (8.7) (Scheme 18), with
possible lengths of up to 1000 nm.

Mater. Adv., 2025, 6, 4969-4991 | 4981
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Scheme 16 Synthesis of (a) GNR (7.7) and (b) laterally extended GNR (8.0) via AB type Diels—Alder reaction. Reproduced from ref. 54 with permission
from [Springer], copyright [2014]; Reproduced from ref. 68 with permission from [ACS], copyright [2014].

However, these vast lengths could have also been due to end-
to-end tangling of individual ribbons. Interestingly, drop cast-
ing the three GNRs (8.7) (A = AQ, NMI, PMI), revealed a self-
assembling behaviour. The PMI functionalised GNR (8.7)
formed a fascinating rectangular network providing evidence
that edge functionalisation of GNRs can be used to tune their
supramolecular assemblies.

More sophisticated edge functionalization was later devel-
oped by Slota et al. where GNRs functionalized with spin-
bearing nitronyl nitroxide (NIT) radicals (8.9) were synthesized
from the AB Diels-Alder polymerization. A non-cyclized poly-
phenylene precursor (8.8) with NIT radicals was also synthesized
as means of a control (Fig. 9). Using electron paramagnetic
resonance (EPR) spectroscopy, the researchers manipulated the
spin states to measure the spin-dynamics and spin-environment
interactions. Spin coherence times were measured and found to
be in a promising range of microseconds at room temperature,
ideal for spintronic applications and decoherence channels were

R1 = CqoHas
8.1 R, = OMe

identified.>* The survival of the brominated monomer through
the AB Diels-Alder polymerization in this case, opened the
possibility of edge functionalization and direct manipulation
and observance of magnetism in GNRs for the first time.

The functionalization opportunities provided by the AB
Diels-Alder polymerization has expanded GNR applications.
Rogers et al. demonstrated that GNRs 9.0 effectively supported
gold nanoparticles (AuNPs) for electrocatalytic CO, reduction
(Fig. 10). The GNR-AuNP interaction reduced the onset potential
by several hundred millivolts, increased catalytic activity, and
improved nanoparticle dispersion, enhancing the electrochemi-
cally active surface area. The GNR-AuNPs also exhibited over 100-
fold greater stability and performance compared to amorphous
carbon supports. Edge functionalization of the GNRs with ester
groups tuned the catalytic environment, shifting the rate-
determining step and altering the reaction mechanism.”®

Other innovative uses include the inclusion of additional

‘capping’ monomers to form GNR heterostructures for

Scheme 17 Synthesis of methoxy-functionalised GNRs (8.3) via AB type Diels—Alder polymerization of monomer 8.1. Reproduced from ref. 69 with

permission from [RSC], copyright [2022].
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Fig. 8 DFT band structures of GNR-OMe (8.3) (R = OMe; blue, right) and
GNR-H (R = H; orange, left) The two band structures are aligned to the
vacuum level, which is set to zero.®® Reproduced from ref. 69 with
permission from [RSC], copyright [2022].

applications in next generation molecular diodes (Fig. 11)”" and
bulky edge functionalization has led to pure carbon based
GNRs to be used as single electron transistors.”” Also, advance-
ments in ‘clickable’ GNRs have been made for functionalisation
with fluorescent dyes for facile imaging,”® or for successful
application in biosensor interfaces (Fig. 12).”*

Manipulation of the cyclopentadienone monomer is also
possible (Scheme 19) as demonstrated by Veber et al. in 2020

Br

O

O o AB Diels Alder

A 8.7 CyHys Cq2Has
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where modifications to a boranted AB Diels-Alder monomer
(9.4) via Suzuki coupling with 9.5 formed an acetal protected
cyclopentadienone monomer 9.6 and thus an acetal functiona-
lised polyphenylene precursor (9.7). Acid catalysed deprotection
yielded the aldehyde functionalised precursor which was sub-
jected to Scholl reaction conditions to yield the aldehyde
functionalised GNRs (9.8). Subsequent Lewis acid catalysed
interfacial polymerization caused the growth of Covalent
Organic Framework GNRs (COF-GNRs) using imine cross links
(Fig. 13). These COF-GNRs showed 2D self-assembly and crys-
tals gave access to a large surface area (>10> nm?®).””

Outside the realm of AB/A,B, Diels-Alder polymerisations,
the Diels-Alder reaction can be used post-polymerization using
Ring Opening Alkyne Metathesis (ROAMP) techniques.”® Kugel-
gen et al. initiated ROAMP of the rationally designed alkyne 9.9
using catalyst 10.0 and alkyne 10.1 to terminate. This repeating
alkyne polymer 10.3 underwent a Diels-Alder benzannulation
to form the GNR precursor polymer 10.4. A FeCl; Scholl
condition was applied forming the desired ¢cGNR 10.5 with
lengths up to 68 nm. The ROAMP method proves useful due to
the structural control in functionalized end groups and con-
trolled lateral extension by taking advantage of precise Diels—
Alder reactions (Scheme 20).

3.2. Alternative planarization techniques

So far, the planarization techniques discussed have been using
Scholl reactions. The Scholl Reaction is traditionally an oxida-
tive cyclodehydrogenation reaction using FeCl; as a Lewis acid
and oxidant. The mechanism of this reaction is not definitively
known due to the dual behaviour of FeCl; however it is

Ci2Has

CiaH2s Y pMi

Scheme 18 Synthetic route to peripherally modified GNRs (8.7) with AQ, NMI and PMI electron withdrawing groups. Reproduced from ref. 30 with

permission from [ACS], copyright [2017].

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Structures of NIT-polyphenylene 8.8 and NIT-GNRs 8.9 synthesized via AB Diels—Alder polymerization. Reproduced from ref. 31 with permission

from [Springer], copyright [2018].

generally accepted to follow either a radical cation mechanism
or via the formation of an arenium ion.”” The Scholl reaction is
an easy procedure which produces good yields for GNRs."
However, in some cases it can lead to a mixture of fully cyclized
and partially cyclized products®® or undesirable ring formation/
chlorination.”® The uncertainty in the reaction mechanism of
the Scholl reaction, contributes to variability in efficiency
across novel substrates.”” While FeCl, is commonly used,
alternative systems like DDQ/TfOH are also effective.*>*® Oxi-
dant choice is influenced on the substrates electronics: theore-
tically, electron-rich arenes would react via an arenium ion
pathway promoted by strong Lewis acids (e.g., FeCl;, AlCl;),
whereas electron-poor substrates would favour a radical cation
mechanism, which can be facilitated by single-electron oxi-
dants (e.g., DDQ) in the presence of strong Brgnsted acids like
TfOH.*>®® In this section, alternative pathways to planariza-
tion, using alkyne precursors and photochemical methods, are
briefly discussed. Whilst some of these methods are not strictly
solution-mediated synthesis, they are important to mention
to give depth into the variety of methods used in the field.

R =H, COOMe 9.0

Fig. 10 (a) GNRs (9.0) synthesized (b) as support for AuUNPs for electro-
catalytic CO, reduction.”® Reproduced from ref. 70 with permission from
[ACS], copyright [2017].
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Other reviews have discussed these methods in more detail®**!
however such depth is beyond the scope of this review.

3.2.1. GNRs from alkyne precursors. Alkyne rich precursors
are favourable for the formation of carbon nanostructures owing
to their intrinsic thermal instability.** Topochemical polymer-
ization is the solid-state photo/heat induced 1,4-addition poly-
merization of conjugated triple bonds giving rise to a polymer
with three cumulated double bonds per repeating unit.®” In
2016, Jordan et al. used monomers containing butadiyne units
(10.6) and using topochemical polymerization converted these
units into polydiacetylenes (10.7) set up for further aromatiza-
tion to afford GNRs (10.9) (Scheme 21a) (~1.36 nm in width).

The GNRs (10.9) had a bandgap of 1.4 eV. The solid-state
reaction only required UV light or heat to proceed with the
addition of no other reagents.** The same group later synthesized
an AGNR (11.2) of the 3p + 2 class (Scheme 21b) using this method
which would be predicted to have a very low bandgap. Use of
Raman, FT-IR, ss-NMR show the target structure was synthesized
however the harsh conditions used to perform the cyclization
resulted in loss of the bulky side chains, causing analysis and
processing to be difficult.** Other methods using alkyne precur-
sors include alkyne benzannulation®® (Scheme 10) however these
methods typically still make use of a Scholl reaction as a last step.*

3.2.2. Photochemical methods. Whilst the use of alkyne
precursors removes the need for additional reagents relying
solely on heat and/or light, photochemical methods only rely on
light removing the requirement of very high temperature reac-
tions and can also be done in solution phase.®

The Mallory reaction is amongst the oldest photochemical
carbon-carbon bonding reaction.®” This reaction has been used
widely in the synthesis of nanographene’s from polyaromatic
hydrocarbons (PAHs) however is rarely used in GNR
synthesis.® Zhong et al. used monobromo, dibromo and
monostannane derivatives and subjected them to Stille cou-
pling conditions to form perylene diimides (PDIs) which
afforded GNRs 11.4 after a Mallory reaction.®® Scheme 22 shows
the synthesis using a dibromo monomer 11.3.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) GNR heterostructures (9.1) synthesized for use in molecular diodes (b) Schematic /-V measurement of GNR-based device (100) (c) Average
photoresponsivity of six GNR-based devices on diamond at 573 K and —5 V under vacuum conditions.”* Reproduced from ref. 71 with permission from

[ACS], copyright [2023].

A more popular photochemical method for GNR synthesis is by elimination of HCI. This reaction affords very high conver-
reactions most notably the CDHC. The mechanism is believed sion attributed to the entropic benefit of HCI release.®!
to be a photochemical conrotatory electrocyclization followed Scheme 23 shows the synthesis of thiophene annulated GNRs

Fig. 12 Structures of ‘clickable’ GNRs used for (a) facile imaging via inclusion of fluorescent dyes (9.2) and (b) applications in biosensor interfaces (9.3).
Reproduced from ref. 73 with permission from [ACS], copyright [2018] Reproduced from ref. 74 with permission from [RSC], copyright [2024].
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Scheme 19 Synthesis of COF-GNRs 9.8 using acetal protected cyclopentadienone monomer 9.4. Reproduced from ref. 75 with permission from

[Cell Press], copyright [2020].

(11.8 And 12.1) synthesized by Suzuki polymerization methods
but with the replacement of the Scholl reaction with CDHC
reaction due to the inclusion of chlorinated precursor 11.5.%”

4. Conclusion and future perspectives

Each polymerization technique discussed in this review offers
distinct advantages and remains relevant in current literature
for tailoring GNR structures for specific applications (Table 1).
The A,B, Diels-Alder reaction, despite being one of the earliest
methods, continues to be utilized in recent studies for synthe-
sizing multi-edged GNRs with unique electronic properties

(002)

(001)

Fig. 13 Structural model of COF-GNRs with unit cell (black box), orienta-
tion displaying lattice plane (01-1) corresponding to distance between
linkers (0.7 nm) (top), orientation displaying interlayer packing and lattice
planes (001) (orange), (002) (gray), and (105) (blue) corresponding to 2.5,
1.25, and 0.35 nm (bottom).”> Reproduced from ref. 75 with permission
from [Cell Press], copyright [2020].

4986 | Mater. Adv, 2025, 6, 4969-4991

nm.*® It has also enabled the incorporation of eight-

membered rings, opening pathways for photoluminescent
properties with successful device applications.*> However, its
broader use has declined due to advancements in other poly-
merization techniques.

Suzuki coupling remains widely adopted due to its broad
functional group tolerance, which facilitates bandgap engineer-
ing. It enables both bandgap narrowing through the preserva-
tion of heterostructures in monomeric units with post-
borylation options® and bandgap widening, owing to the
stability of defined pores in GNR structures.’® Unique AB
variations of SCTP have also led to the synthesis of weight
controlled GNR heterostructures, enabling precise topological
engineering for potential quantum applications.*”>*

The AA Yamamoto polymerization overcomes the stoichio-
metric inefficiencies of A,B, polymerization®**° while retaining
the ability to synthesize multi-edged GNRs, including those
with typically unstable magnetic zigzag edges.>>>! This method
has also enabled the solution-phase synthesis of highly sought
porphyrin GNRs.®® However, the reliance on TM catalysts in
Suzuki and Yamamoto reactions limits the achievable GNR
lengths due to functional group degradation.>*:*°

The AB Diels-Alder reaction addresses these limitations,
enabling the synthesis of GNRs up to 600 nm in length®® and
offering versatile functionalization options.*®*® Functional
groups can be incorporated into monomeric building
blocks®®7° or retained through halogenated monomers, allow-
ing post-functionalization with electron-withdrawing units for
supramolecular assembly tuning,* spin-containing radicals for
magnetic probing,>* and fluorescent compounds for facile
characterization.”® These advances have broadened GNR appli-
cations, including catalytic enhancements with tunable reac-
tion mechanisms,”® molecular diode integration,”* and
biosensor development.”*

Emerging directions include further rational design of mono-
mers incorporating pores and non-hexagonal rings—areas that
are still underexplored in the literature. The OSS method has
demonstrated multiple examples of boron-containing GNRs via

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 20 ROAMP synthesis of cGNR 10.5 using catalyst 10.0. Reproduced from ref. 76 with permission from [ACS], copyright [2019].

boronated monomers.*® In contrast, solution-phase synthesis GNR backbone. Such strategies would offer fine control over
has so far only achieved post-functionalization with boron,*® bandgaps and optoelectronic properties, enhancing the
highlighting a key challenge: developing monomers with pre- potential for device integration. For practical implementation,
installed boron units to enable precise incorporation into the techniques like SCTP and ROAMP show strong promise,*””®”® as

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Topochemical
|l Polymerization

(cc)

R = CH,OCH3 10.7 10.8 10.9

HN
Q Crystals formation
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W
W
O
11.0 R
Ve

R = CHg, iPr, (CH;)sCH3

Scheme 21 Synthesis of GNRs from alkyne precursors (a) topochemical polymerization from butadiyne precursors 10.6 and (b) low bandgap AGNR
(11.2). Reproduced from ref. 83 with permission from [Cell Press], copyright [2016]; Reproduced from ref. 84 with permission from [ACS], copyright
[2017].
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Scheme 22 Synthesis of GNRs (11.4) using combination of Stille and Mallory reactions of dibromo monomer 11.3. Reproduced from ref. 86 with

permission from [ACS], copyright [2014].

they enable control over GNR length and highly ordered hetero-
junction formation—critical parameters for high-performance
devices.®

One of the main challenges in GNR synthesis remains the
‘graphitization’ step. The Scholl reaction, while widely used and
generally high yielding, suffers from significant drawbacks.
These include ring rearrangements and unwanted chlorination
when using Lewis acid oxidants like FeCl;,*® as well as degrada-
tion of solubilizing groups with AlCl;,** resulting in poor solu-
bility and limited post-synthetic characterization. Alternative
oxidative conditions, such as DDQ/TfOH, can lead to oxidized/
triflated by-products,®”® introducing structural defects that
negatively impact the intrinsic properties®® and device perfor-
mance of the resulting GNRs. Furthermore, for GNRs to be viable
at an industrial scale, synthesis methods must deliver gram-
scale, defect-free material—something that remains a significant
hurdle.®® Beyond traditional polymerization methods, alterna-
tive strategies such as topochemical polymerization using alkyne
precursors leverage thermodynamic driving forces from heat or
light, offering milder conditions and sustainability benefits.*°

+

1.9

12.0

Notably, photochemical approaches, particularly CDHC, provide
a faster and regioselective route for synthesizing GNRs, enabling
fine-tuning of structural properties.?*®”

Furthermore, while GNR mobilities have reached up to
600 cm® V™' 57! they remain far below CNTs, which exceed
50000 cm”® V' s 1.°° This gap stems from various reasons, such
as device fabrication, device optimization, contact resistance,
defects in GNRs backbone or terminals, GNR aggregation via -1
stacking, which complicates isolation and hinders reproducible
measurements,”’ even with advanced deposition.’® In contrast,
CNTs benefit from defect-free structures and well-established
fabrication methods.*?

Overall, AB Diels-Alder polymerization remains the most pro-
mising strategy for GNR synthesis due to its ability to produce long,
highly functionalized ribbons which have already led to various
device implementation including, molecular diodes, bioimaging,
and transistors.”®”* Whilst other methods remain useful for their
respective purposes, SCTP and ROAMP polymerizations also show
high potential for device implemented GNRs due to their superior
structural control and pathway for milder ‘graphitization’ methods.

121

Scheme 23 Synthetic route toward thiophene annulated GNRs (11.8 and 12.1) via Suzuki polymerization and using CDHC mechanism for aromatization.

Reproduced from ref. 87 with permission from [Wiley], copyright [2018].
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Table 1 Summary of the referenced GNRs discussed throughout this review providing information on lengths, molecular weights (My, unless stated

otherwise), polymerization and graphitization methods. '—" in place where information was not available in original article

GNR  Average length (nm) Molecular weight of polymer precursor (kg mol *) Polymerization method Graphitization method Ref.
1.3 — 12-120 A,B, Diels-Alder AlCl, 52
1.6 — 62.5 A,B, Diels-Alder FeCl; 53
2.4 71 108.3 A,B, Diels-Alder FeCl, 38
2.8 30 30.4 A,B, Diels-Alder FeCl, 45
3.2 12 13.9 A,B, Suzuki FeCl; 55
3.6- 86 37.4 A,B, Suzuki DDQ/TfOH 49
3.8

4.2 20 33 A,B, Suzuki FeCl; 46
4.6 35 28.8 A,B, Suzuki FeCl; 48
4.9 17 36 AB Suzuki FeCl; 37
5.5 14 26.1 AB Suzuki FeCl; 47
5.8 — 29.8 (M,) AB Suzuki Benzannulation 58
5.9 — — AB Suzuki DDQ/TfOH 58
6.2 30 52 AA Yamamoto FeCl; 61
6.5 6, 11, 58 15.6-186 AA Yamamoto FeCl; 21
6.8 23 20.8 AA Yamamoto FeCl; 51
71 20 29.8 AA Yamamoto FeCl; 50
7.4 — 132.7 AA Yamamoto DDQ/TfOH 66
7.7 200 24-620 AB Diels-Alder FeCl; 54
8.0 390 230-550 AB Diels-Alder FeCl; 68
8.3 — 31-54 AB Diels-Alder FeCl; 69
8.7 — 161 AB Diels-Alder FeCl; 30
8.9 100 AB Diels-Alder 31
9.0 — — AB Diels-Alder FeCl; 70
9.1 — — AB Diels-Alder FeCl; 71
9.2 — 125-278 AB Diels-Alder FeCl; 73
9.3 10-371 — AB Diels-Alder FeCl; 74
9.8 — 26 (M) AB Diels-Alder FeCl; 75
105 68 14 (M,) ROAMP FeCl, 76
109 — — Topochemical polymerization Topochemical polymerization 83
112 — — Topochemical polymerization Topochemical polymerization 84
114 — — Stille/Mallory — 86
11.8 — 9.7 (My) A,B, Suzuki CDHC 87
121 — (M) A,B, Suzuki CDHC 87
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