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Abstract

Graphene is a two-dimensional atom-thick sheet rapljte composed of asp®hybridized
carbon atom network. Its isolation in 2004 and é¢xéensive research that followed have led,
amongst others, to graphene nanoribbons (GNRsgmhgne-based structure having nano-scale
dimensions and semiconducting or metallic electr@noperties that depend on its geometry and
dimensions. These characteristics of GNRs areairk sontrast to those of graphene, which is a
carbon sheet with semimetal, zero band gap chaistats. In the present article, we discuss the
progress that has been reported towards produdiigs@vith predefined dimensions, by using
bottom-up chemical synthesis approaches.
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1. Introduction

Carbon-based materials have attracted the intefdsith academia and industry owing to their
extraordinary physical and chemical properties thake them suitable for many cutting-edge
technological applications. The most well-studiadoon-based materials are fullerenes, @hd

its higher derivatives)?> carbon nanotubes (CNT%§,graphen&® and graphene derivatives such
as graphene oxide (GOand graphene nanoribbons (GNEsgarbon nanodots (CDS),and
carbon fibers? To date, the only successfully commercialized miwtare carbon fibers, which
are industrially produced on a large scale for i@pfibns where high tensile strength and rigidity
are needede(g., in polymer reinforcement). The rest of the afoeaetioned carbon materials
have, nevertheless, found many optoelectronic aati/ical applications, but their efficiency is
either limited or their production costs are higmaking their large-scale applications
inexpedient. In terms of scientific interest, fullees and their derivatives have, amongst others,
been successfully incorporated in organic photaimdt as the electron-accepting materiaf.
Carbon nanotubes have also found application inglodtaics, as the electron-accepting moiety
or as the core material of the electrodes, as agllin the reinforcement of a variety of
materials>*>*°In the last decade, graphene and its derivatiees lattracted the interest of the
scientific community and are considered as prorgisiandidates for the replacement of silicon
in future electronics!™*°

Graphene is a two-dimensional, atom-thick sheegrafphite composed of a continuous
hexagonal network ofp*hybridized carbon atoms, yet without well-definedges and with
many discontinuities. Since its isolation in 200¢ Novoselovet al.*> who reported a
micromechanical cleavage approach for the exfolatf graphite based on repeated peeling of
highly-oriented pyrolyzed graphite (HOPG) with sdotape, many research groups entered the
fields of graphene and graphene oxides chemistiy plnysics. Pioneering studies were
conducted by Novoselov and Geim, leading to thegeition of their work with the award of
the 2010 Nobel Prize in Physit& Nevertheless, the absence of a procedure foraheatiable
and reproducible synthesis of graphene sheetswathdefined size, shape, and edge structure,
characteristics that would predefine their eleatr@roperties, remains a critical issue limiting
their applicability in optoelectronics. GNRs areterals that could resolve these problems as
they are theoretically predicted to have tailor-matiysical properties:*

More specifically, GNRs are predicted to exhilb&ctronic properties that are dictated by the
ribbon width and the shape of the ed§fe&S.In terms of their edge structure, GNRs can be
categorized as zigzag- or armchair-edged (Schemehg) difference between these two GNR
types is that zigzag-edged GNRs possess a local@malobndingr state around the zigzag edges,
while armchair-edged GNRs lack such a state. Tbalileed nonbonding state is predicted to
yield specific magnetic activities in GNRs. Thiscpkar electron localization, along with the
symmetry-broken spatial spin distribution in zigZ@HIRs, is referred to as the “edge state”.
Zigzag GNRs are predicted to be always metallicenewlas armchair GNRs can be metallic or
semiconducting depending on their widt>
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Zigzag Armchair

Scheme 1Schematic representation: zigzag-edged and aimetiged GNRs.

To date, GNRs are obtained by following two veiffedent strategies, namely the top-down
(the breaking down of large preformed carbon-basedttures) and the bottom-up (the assembly
of simple building blocks into a complex structurépp-down techniques involve the unzipping
of carbon nanotubes using an e-b&aonvia chemical oxidation using potassium permanganate
and sulfuric acid, by intercalating lithium into MWCNTS followed bj¢rmal expansioff and
by longitudinal splitting of MWCNTSs using transitiometal clusters’ GNRs have also been
preparedvia the etching of graphene by lithograpfiyby plasma chemical vapor deposition
(CVD) under a Ni baf via mechanical exfoliation of HOPE, through solution-based
exfoliation of graphite intercalation compounds ©8);® by chemical oxidation/exfoliation of
graphite followed by reduction of the resulting ginane oxide (GOY->*as well as resist-based
patterning’ and scanning tunneling microscopy (STM) patterrifngvhile top-down methods
have the advantage of producing GNRs with micrométegth, they frequently involve
complicated procedures, they lack reproducibiléggd the final materials have poorly-defined
chiralities. Furthermore, top-down-produced GNRdge structures feature a large number of
defects and the width of the ribbon can be largantthe molecular dimensions.

On the other hand, bottom-up techniques can affelRs with distinct structural and
geometrical characteristics (defined edge type reardow widths), without edge abnormalities,
very low polydispersity, and the potential for ssab’®*">° Importantly, the precursor
monomers used to chemically synthesize the GNRaal#ie ribbon dimensions, which in turn
dictates the band gaps and electronic propertidbeofinal material. On this basis, producing
GNRs with tailor-made predefined widths, edge stmg& geometries and suitable solubility
constitutes an important challenge for synthetienaists.

Bottom-up approaches reported to date include nizgaynthesis in solutiowvia cross-
coupling of the appropriate organic building-blodkdlowed by the dehydrogenation of the
resulting oligomers!4%*’the conversion of precursors inside CN¥% and surface-assisted
polymerization with subsequent dehydrogenation rinutira-high vacuum environmetit>%>*
Although these bottom-up methods provide GNRs witbefined edge structure, they so far
suffer from the inability to afford GNRs having iatsle widths at large scales, owing to the low
solubility of the synthesized GNRs, and/or the nieedhighly-specialized instrumentation.
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2. GNR Synthesisvia bottom-up approaches

Attempts to chemically obtain graphene nanoribbka-materials by synthetic chemistry had
been reported before the isolation and charactenzaf parent graphene. Millen and co-
workers? pioneered this area, having reported the syntlsisnumber of polycyclic aromatic
hydrocarbons (PAHSs). The production of these eBAys was based either on Diels-Alder or
cyclotrimerization reactions of suitable precursoolecules. Then, the final materials were
obtained by oxidative cyclodehydrogenation of tbspective oligophenylene precursors under
mild conditions. The as-obtained 2-D graphitic mate had electronic properties similar to
those of macroscopic graphite. At the time, owiaghe poor solubility of these materials in
common organic solvents, the complete structuraradterization of these materials was not
possible: characterization was performead laser desorption/ionization time-of-flight mass
spectrometry and UV/visible spectroscopy of theesponding PAHSs thin films. Nevertheless,
this work paved the way, so that eight years ltersame research group published results that
led to the establishment of the bottom-up apprdacthe synthesis of GNRS.

2.1 GNRs synthesis in solutioria coupling reactions of organic building-blocks

In 2008, Millen and co-workefs reported a new method for the synthesis of lin@aB)
graphene nanoribbons with lengths of up to 12 noné8ie 2, GNR1). These nanoribbons were
produced in good yieldsjia the Suzuki-Miyaura coupling polymerization betwesrsuitable
diiodo-modified tetraphenylbenzene (compoundScheme 2) and a diboronic ester modified
hexaphenylbenzene (compoukdScheme 2), followed by a Scholl (dehydrogenatieaxtion.
The as-obtained GNRs had lengths ranging from 82tem and were carrying dimethyl-octyl
substituents on their edges to improve solubilityl,atherefore, overcome problems observed
with the previously-synthesized PARsThis attempt was quite successful and charactiiza
of the resulting GNRs was carried out by mass spextry, UV/Vis spectroscopy, scanning
electron microscopy (SEM), transmission electroerascopy (TEM), and scanning tunneling
microscopy (STM). Moreover, these 2-D carbon strreg exhibited a high tendency to self-
assemble in a regular lamellar pattern.
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Scheme 2Miillen’s synthetic route for the first chemicaflynthesized GNRY.

In the same year, Wang, Negri and co-worKersported the use of perylene bisimides
(PBIs) for the production of functionalized grapberanoribbons. Their decision to utilize PBIs
was based on: i) the fact that this class of oxganolecules shows versatile optical and
electrochemical properties; ii) the possibility fine-tune these properties by attaching various
substituents at their bay positions; iii) their Iniglectron affinity; and iv) their chemical and
thermal stability. All these characteristics makgldPattractive n-type materials in electronics
and optoelectronics. The authors synthesized amgacterized fully conjugated tri(perylene
bisimides), having 19 six-membered carbon ringshm core and imide groups at the edges
(Scheme 3), by utilizing a copper-mediated coupliegction of a tetrabromo-substituted PBI
precursor (compoun8l, Scheme 3). This coupling reaction produced twmeric structures of
triPBIs (Scheme 3, GNRs 2 and 3), which were swsfoltg separatedvia HPLC. Their
structural characterization was performed by meahsH NMR and MALDI-TOF mass
spectrometry. Having 19 benzene rings and 6 imidags in their structure, the obtained triPBls
display broad and red-shifted absorption specwaglith six reduction waves in their cyclic
voltammograms. By comparing these triPBls with P&tsl diPBIs, the authors concluded that
by increasing the number of PBI units in oligo-PBfsom PBIs to diPBIs and eventually
triPBIs) the resulting expansion of thesystem leads to: i) the reduction of the transpod
optical band gaps; ii) the lowering of LUMO enesjidi) a mild reduction of the ionization
potentials; and iv) a remarkable increase in ebectaffinities, all suggesting the potential
applications of triPBIs in organic electronics.
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Scheme 3.Bottom-up synthesis of functionalized GNRs 2 andby8Wang, Negri and co-
workers?

Related work by Miillen and collaboratdfsused microwave assisted Diels-Alder reactions
to obtain five monodisperse ribbon-type polyphengke with rigid dibenz@l]pyrene cores in
their repeat units. These polyphenylenes servegresursors for giant PAH ribbons and were
variable in terms of the carbon atoms presentenatiomatic backbone, ranging from 132 to 372
carbon atoms and, moreover, incorporated up tdibenzog,l|pyrene units, thus showing quite
different aspect ratios (Scheme 4, GNR4). Additignaodecyl chains attached at the periphery
of the backbone, aided solubility in common orgamsiclvents and enabled their full
characterization by standard analytical techniquds.synthesized PAH ribbon precursors,
having 132, 192, 252, 312 and 372 carbon atomsheir tbackbone, respectively, were
characterized by MALDI-TOF mass spectrometry and RNI&pectroscopy. Gel permeation
chromatography showed that these polyaromatic cang® were monodisperse, which is of
outmost importance for the final application of lsunaterials, while high-performance liquid
chromatography supported the purity of the produldte next step in producing the nanoribbons
was a cyclodehydrogenation (Scheme 4). For this $ite incorporated dibenzlpyrene cores
were an important feature, since they facilitatté tlehydrogenation which improved the
reaction yields. When the GNRs were eventually peed, their structure could not be verified
owing to poor solubility, despite the attachmenthed dodecyl moieties at their edges; MALDI-
TOF mass spectrometry was successful only for thallest homologue, and for the higher
molecular weight ribbons extensive fragmentatiocuoed during the measurements. STM
studies revealed that when adsorbed on highly wmdempyrolytic graphite (HOPG) these
graphitic molecules self-organize into 2-D columfs.a result, they are attractive candidates for
applications in organic electronics such as fidfdat transistors. From a synthesis perspective,
an interesting feature of Millen’s method was that stoichiometrically controlled Diels-Alder
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reaction gave two important compounds in a singg@:sthe homologue of the desired series
(compoundsl?2 or 14, Scheme 5) and the starting compound for the he&tier homologue
(compoundd1or 13, Scheme 5), as shown in Scheme 5 for the case dirst two and smallest
precursor molecules as an example.
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R

FeCl3
DCM/MeNO,
—

R R
O T3 Y oy
R R

R

aae W

—n

n=1,2,3,4,5 and equals to 132, 192, 252, 312 and 372 carbon atoms in the backbone

Scheme 4 Cyclodehydrogenation of the precursor molecutesfford the final GNR4 type
materials®?

Two years later, the same research group reptneedynthesis of a series of nanoribbons
derived from polyphenylene precursors with a ngidrkinked backbone (Scheme 6, GNR5a-c
type) that showed higher solubility compared to the jmesty reported rigid linear poly(para-
phenylene) systenfé? For the preparation of the precursor polymers,romiave assisted
Suzuki-Miyaura coupling polymerization was usede Hiosence of backbone rigidity facilitated
the synthesis of high molecular weight polymers {@i6.000 g maf). The kinked backbone
polymers obtained were converted into the corredipgnnanoribbons/ia an intramolecular
cyclodehydrogenation reaction, using Fe@s the oxidant in dichloromethane at room
temperature for 3 days. The final GNRs, with lesgtip to 40 nm (Scheme 6), hosted dodecyl
substituents at their periphery and were obtairedvaxy materials that dissolved in common
organic solvents, such as toluene, tetrahydrofiaad,dichloromethane. One GNR analogue that
was synthesized without the dodecyl chain decaratias obtained as an insoluble powder. The
enhanced solubility of the dodecyl-substituted GNBsabled their detailed structural
characterization by means of Raman spectroscopyLMAOF mass spectrometry, and
solution techniques, such as UV/Vis absorption, tplioninescence, and gel permeation
chromatography.
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Scheme 5.Microwave assisted Diels-Alder protocol used by Miiland co-workef$ for the
synthesis of the first two polyphenylene ribbd2sand14.
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Scheme 6.Microwave assisted Suzuki-Miyaura coupling polyimation followed by Scholl

cyclodehydrogenation for the production of GNRsb5#&pe, with limited rigidity in the
backboné’?

In 2012, Miillen and co-workéefsreported the preparation of GNRs that had brogiit li
absorption extending up to the near-infrared regmth an optical band gap as low as 1.12 eV.
The synthesis of such conductive materials iscalitior most optoelectronic applicatioresg,
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photovoltaics, LEDs, optical switching devices)eam that a low band gap generally enhances
the charge injection/mobility towards the devicectlodes. In this case, the research group
began by synthesizing a para-terphenyl-based digjogene precursor (compoufld, Scheme

7). As shown in Scheme 7, this precursor was sgitbdvia a Sonogashira-Hagihara coupling
reaction between a diiodo-modified terphenylene onegr (compound?5, Scheme 7) and
trimethylsilylacetylene, followed by deprotectioa yield 2,2-diethynylterphenyl (compound
26, Scheme 7). Then, a Diels-Alder cycloaddition with functionalized tetraphenyl-
cyclopentadienone monomer under microwave conditi@fficiently produced the para-
terphenyl-based oligophenylene precursor in 85%lyiEhis precursor was then polymeriaged

an AA-type Yamamoto polymerization, producing a kinkedyphenylene precursor exhibiting
molecular weights up to 35,000-40,000 g thdbize exclusion chromatography of the isolated
polymer showed a quite high polydispersity indeXDI(P= 2.2). Fractionation of the crude
polymer led to two fractions with PDI values of lafd 1.1, and weight-average molecular
weights (MW) of 52,000 g mdl (for GNR6a) and 7,200 g nibkfor GNR6b), respectively. It
was thus demonstrated th&f-type Yamamoto polymerization was preferable overA;B,-
type polymerizations, like Suzuki-Miyadf4® and Diels-Aldef? that the same group had
previously used for the preparation of GNRs premss The final synthetic step, Scholl
cyclodehydrogenation of the two polymer precursassig Fe(d as oxidant in a mixture of
dichloromethane and nitromethane, afforded thetanget GNRs (Scheme 7, GNR6a-b).

Bis(cycloocta-(1,5)-diene)nickel(0)-
cycloocta-(1,5)-diene
2,2"-bipyridine, PhMe/DMF, 80 °C

cl al O Q
i) Trimethylsilylacetylene O
R R

PA(PPhy),Cly/Cul, EtN, 1t =

O i) K,CO3, THF/MeOH, rt Xylene, 160 °C, MW (300 W)
- . O
58% 85%

81%

FeCls
DCM/MeNO,, rt

28 R = CypHps GNR6a-b

Scheme 7Synthesis of GNR6a-b exhibiting optical band gapsow as 1.12 e¥:
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UV/Vis studies of the as-obtained GNRs (6a and @bing NMP as solvent, revealed that
the absorption edges extend to 1109 and 812 nrpectegely, corresponding to optical band
gaps of 1.12 and 1.53 eV, respectively.

R'O OR! 1-Bromohexane, K,CO3 HO OH 1-Bromododecane, K,CO3 R20 OR?
DMF, 90 °C, 24 h DMF, 90 °C, 24 h
95% 93%
Br Br ] Br Br ) Br Br
30 R'=CgH1s 29 R®=C1aHys 31
o) Oo. O
B
0.,.0 B
O K,CO3, Aliquat 336 ‘
32 33 0 34
K,CO;, Aliquat 336 O ;wi,oP:(PPhs)m 140 °C
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[O ) o
(]
76%
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R'O  OR! R'O  OR!
35
Poly-Ph (76%) Poly-Np (75%) Poly-An (75%)

‘ FeCls, DCM/MeNO,

30°C,3d

GNR-Ph (83%) GNR-Np (42%) GNR-An (20%)

Scheme 8Synthesis of GNR-Ph, GNR-Np, and GNR-An by Kimgand J4&?
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One year later, Kim Jung and Jo published thehggrs of GNR precursor polymers
containing phenylene, naphthalene, or anthraceits fam the fabrication of GNRs (Scheme 8),
by using the Suzuki polymerization method developgdhe group of Miille® The respective
polymer precursors, named on the basis of the menemployed as Poly-Ph (phenylene), Poly-
Np (naphthalene), or Poly-An (anthracene), wera tt@nverted into the corresponding GNRs
(GNR-Ph, GNR-Np and GNR-An) by Scholl cyclodehydsngtion using Feglas oxidant. The
degree of cyclodehydrogenation was studiedH NMR spectroscopy and was found to be 75%
for GNR-An, 78% for GNR-Np, and 100% for GNR-Ph. mdover, completely cyclo-
dehydrogenated GNR-Np and GNR-An were insolublerganic solvents, while completely
cyclodehydrogenated GNR-Ph was soluble in mostricgsolvents. All GNR films obtained by
the respective materials were applied in thin fitansistor devices (TFTs), where they showed
ambipolar charge transport behavior. The GNR filmpared from the anthracene-based GNRs
exhibited the highest TFT performance (a hole nityhilf 3.25 x 107 cn/V s and an electron
mobility of 7.11 x 1G cnf/V s), owing to its more extensive conjugation éarger nanoribbon
width, compared to the GNRs prepared from the plesmeyand naphthalene-based polymers.

In the same year, Kubo and co-workerpublished a study on the synthesis and
characterization of quarteranthenes (Scheme 9, GNRWarteranthenes are small GNRs
produced by reductive aromatization and conseqeyilization of specially modified precursor
molecules. The electronic absorption spectra ofgihateranthene with fouert-butyl groups
appended around the core (Scheme 9), exhibit alwmvgy band centered at 917 nm with a long
tail that extends up to 1300 nm (infrared). Absiorptdecay measurements showed that this
specific quarteranthene when exposed to air unchient light has a half-life of only 15 h at
room temperature. Studies on the molecular geometagnetic and optical properties, as well
as the chemical reactivity at the zigzag edgesuaftgranthenes led to the conclusion that the
physical and chemical properties of these molecales explained very well by the edge
localization of the unpaired electrons. By obseayvithe room temperature ferromagnetic
correlation via SQUID measurements, quarteranthenes can be coeides the minimal
structural element of zigzag GNRs that still shgeesuliar magnetic properties. Moreover, the
multispin correlation in zigzag GNRs, which is &mtiomagnetic across the ribbon main axis
and ferromagnetic along the ribbon’s main axis,|@¢dae simulated by aligning anthenes side-
by-side.
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Scheme 9Synthetic route to quarteranthenes (GN7).

In 2014, Sinitskii and coleagu®®sreported the bottom-up, large scale (gram quasjiti
synthesis of high-aspect-ratio GNRs that are orllynm wide and have atomically smooth
armchair edges (Scheme 10, compoutih GNR8a). These GNRs were producdd a
Yamamoto coupling of the appropriate molecular prears (compound5a and 46a Scheme
10), followed by a FeGImediated Scholl cyclodehydrogenation. The as-nbthiGNRs exhibit
a large electronic bandgap of ~1.3 eV, which wgsicantly higher than any value reported in
experimental studies of graphene nanoribbons peepdry top-down approaches. These
synthetic GNRs can have lengths higher than 10Gndhself-assemble in highly-ordered few-
micrometer-long ‘nanobelts’ that can be visualibgydconventional microscopy techniques, and
potentially used for the fabrication of electrordevices. Atomic force microscopy (AFM)
images determined the height of the GNR nanobetidyzed to be ~3 A, which is very close to
the interlayer spacing in graphite (3.35 A). Heighdfiles of different AFM images for 480 such
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nanobelts were no more that ~5 A, suggesting trestet nanobelts were not GNRs stacks since
their thickness corresponded to the thicknesssihgle graphene ribbon. SEM imaging, used to
determine the widths of the same GNR nanobeltscateld widths of a few nm up to about 60
nm: the narrowest GNR nanobelt was calcuated tabbet 10 nm wide, which corresponds to 5
to 6 GNRs arranged side by side. Additionally, Sirivhges revealed GNRs that were at least
100 nm long. These GNRs could be used to bridgeretées fabricated by standard electron-
beam lithography (EBL) techniques and be appliedeichnological fields like field effect
transistors, logic gates, and photovoltaic devices.

In a parallel work, Sinitskii and co-worké¥sichieved the bottom-up, large scale synthesis of
narrow, nitrogen-doped graphene nanoribbons (N-GNRsthe same method but by changing
only one step of the synthesis (Scheme 10, compd6bd GNR8b). The monomer molecule
used as precursor for the N-GNR synthesis wasymotetric relative to the plane perpendicular
to the coupling direction. As a result, the positiaf nitrogen atoms in the final N-GNR edge
may vary. However, the N/C ratio of 1/20 in thebdln produced should be the same regardless
of how the monomer molecules couple with each ot88M and AFM images acquired after
depositing the N-GNRs on mica and mica-(Aulll) sabss, revealed images of nanostructures
defined as “GNR nanobelts*’

STM images of the N-GNR nanobelt on Au(111l) swistrillustrate a side-by-side
arrangement of individual ribbons that are ovend®long. Nevertheless, it was unclear if these
nanobelts existed in solution or formed on the sabs by capillary forces during the solvent
evaporation. Transmission electron microscopy (TEMealed the N-GNR nanobelts to be 8 to
20 nm wide and up to 1 mm long, corresponding to 82 of the as-produced N-GNRs arranged
in a side-by-side fashion.

In 2014, Millen and co-workéeYsreported the bottom-up synthesis of structuraligilw
defined liquid phase-processable GN®Ra their Diels-Alder polymerization strated§.More
specifically, non-planar polyphenylene precursoesensynthesized (compousd, Scheme 11
and compound7, Scheme 12) and then “planarized” to afford twpety of GNRs, having
dodecyl or branched 2-decyltetradecyl chains, mspdy, for increased solubility/proccess-
ability (Schemes 11-GNR9 and 12-GNR10). The GNRBeric precursor (compoung?2,
Scheme 11) exhibited molecular weights one ordenagnitude greater than those obtaiwied
the Yamamoto coupling polymerization previously lsled by the same tedthalthough the
polydispersity index was quite high (between 3 adj, which was attributed to the possible
formation of cyclic oligomers in addition to linepolymers. After fractionation, dynamic light-
scattering experiments showed that the absolutewdiye of the GNR9 polymeric precursa®
was about 470430 kg nmidl with a PDI value between 1.7 and 1.9. Similafty, the GNR10
polymeric precursor (compourB, Scheme 12), the MW values varied from 160+2070+30
kg mor* and the PDI values were between 3.4 and 4.9, césely.
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Scheme 10Sinitskii large scale synthesis of GNRs (GNR8a) BRGNRs (GNR8b§’*?

STM images of GNR9 (Scheme 11) on highly oriemggablytic graphite (HOPG) showed a
well-organized self-assembled monolayer of straggitt uniform nanoribbons of up to about 60
nm in length. AFM phase imaging of GNR10 (Schempdi?HOPG similarly showed a highly
organized self-assembled monolayer of straight andorm nanoribbons, but with lengths
exceeding 200 nm. Moreover, the as-obtained GNRisléi@e optical bandgaps of 1.88 eV,
while non-contact time-resolved terahertz conditgtimeasurements revealed excellent charge-
carrier mobility within individual GNRs.
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2.2 GNRs synthesisia the conversion of precursors inside CNTs

In 2011, Khlobystov and co-workéPsreported an alternative method for the preparatiba
sulfur-terminated graphene nanoribbon within a Iskvgalled carbon nanotube (SWCNT). The
basic idea for this strategy came from fullererdsse relatives of GNRs, that can undergo
chemical transformations inside SWNTS, triggerechbgt or electron beam radiation (e-beam).
In this setup, the carbon nanotube is not involwvethe reactions of the guest-molecules, but
imposes desired spatial limitations on the structaf the product. For example, fullerene
epoxide (GyO) can form strictly linear polymer chains withifW8ITs, while the same reaction
leads to the formation of branched, highly conwedupolymers, when performed outside the
nanotub€® On this basis, SWCNTs were used as efficient tataplhosts for the self-assembled
preparation of GNRs. As GNR precursor monomers régsearchers used either modified
fullerenes {N-methyl-2-[4-(liponyloxy)benzyl]-[5,6]-SEN@C80 fulleropyrrolidine} or tetrathia-
fulvalene/Go mixtures. Electron microscopy of the products edeé elliptical distortion of the
nanotube, as well as helical twist and screw lilaiom of the nanoribbon. The authors suggest
that these effects create new ways to control thpgrties of these nanomaterials, such as the
electronic band gap and the concentration of cheageers. The overall procedure of producing
GNRs inside SWCNTs was dominated by two factorsl-[) confinement at the nanoscale
ensures propagation of the GNR in only one dimemsad ii) the incorporation of heteroatoms
into the predominantly carbon-based elemental teekdeads to the termination of dangling
bonds, stabilizing the structure thermodynamicalife semiconducting properties of sulfur
GNRs and their dynamic behavior inside the nanofui&tion and translation), may pave the
way for future applications of these materialslac&onic and mechanical nanodevices.

In the same year, Talyzin, Anoshkin and co-worKessso reported the synthesis of GNRs
encapsulated in SWCNTs. In this case, GNRs wereoggt-terminated, by using confined
polymerization and fusion of polycyclic aromatic dngcarbon (PAH) molecules, like
coroneneand perylene (compouri®and 60, Scheme 13). More specifically, SWNTs opened
by oxidation treatment, were exposed to coronenpeoylene vapors in reactors sealed with
argon at ambient pressure. Annealing was then pee® for 1 to 24 h starting from just above
the melting point of coronene and up to the tentpeea at which bulk coronene fusion reactions
were observed. Similar experiments were carriedauthe case of perylene. SWNTs served as
nucleation centers for coronene or perylene fustatalyzing the reaction and leading to the
formation of bulk hydrocarbon products on the owtete of SWNTs and GNRs inside the
SWNTs. Therefore, the aligning effect of one coafinspace inside the nanotubes on the
orientation of the encapsulated coronene or pegytealecules was crucial for the formation of
the nanoribbons. Scheme 13 shows the proposedwsaof the nanoribbons formed, by using
either coronene (GNR11a-b) or perylene (GNR12) psars. HRTEM microscopy of the as-
produced GNRs revealed that these were formedeartbid SWNTs with almost 100% filling,
and that their respective length was limited onhthe length of the nanotubes used in the study.
Moreover, the nanoribbons were non-uniform in thedth, with a visible variation in the range
of about 0.5 to 1.0 nm (the respective diameter of the hdves used were between 1.7 and 2.0
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nm). The maximum width of the GNRs was limited hg tliameter of the SWNTs, while their
geometrical shape was more complex. Additionalg, obtained GNRs 11 and 12 twisted and
frequently formed helical configurations. Finalthe authors suggest that various combinations
of nanotubes and nanoribboriee( metallic GNRs inside metallic SWNTs or metallic B&
inside semiconducting SWNT) hold promise for thatkgsis and application of new materials
with unusual properties.

GNR11a
GNR11b

9% -0
60

Scheme 13The suggested structures of hydrogen terminateRsSirmed inside SWCNTs by
using either coronene (GNR11) or perylene (GNR1&prsors?

2.3 GNRs synthesis through surface-assisted polynigation
Given that graphene nanoribbons consist of extenalemmatic systems, their synthesis,
characterization, purification, and proccessabiditlysuffer from the strong intermoleculasz
stacking interactions that leads to poor solubilityconventional organic solvents. One way to
overcome these obstacles, is to employ covalenthegis on surfaces. In this approach,
molecular layers of oligophenylene precursors agodited on a suitable metallic surface and
then subjected to thermal-assisted polymerizatioml a&yclodehydrogenation, eventually
producing the desired graphene.

In 2010, Cai and co-workéfspublished a study on the atom-precise bottom-bpidation
of straight- and chevron-type GNRs having varioogotogies and widths, by employing a
surface-assisted coupling of molecular precursaitovied by cyclodehydrogenation. The
topology, width, and edge periphery of the grapheseoribbons obtained were defined by the
structure of the precursor monomers, which couldidsgned to give access to a wide range of
different GNRs. Scheme 14 shows the synthesisasetliGNRS, by using various dibrominated
precursor monomers based on bisanthracenes (coohp6ln GNR13), polyphenylenes
(compound45, GNR14), or a combination of the latter with td@substituted polyphenylenes
(compoundgl5 and46, GNR15), over an Au(111) surface. The first stegihe fabrication of the
as-prepared GNRs, is to thermally activate theyssr molecules. For GNR13 (Scheme 14),
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annealing at 200C imparts the dehalogenated intermediates with gimabermal energy to
diffuse along the surface of Au(11l) and form senglovalent C-C bonds between each
monomer, thus producing the respective polymemshd&or GNR14 and GNR15, the annealing
temperature was set at 280. GNR13 is eventually obtained after a second aimte step at
400°C, which induced intramolecular cyclodehydrogematib the polymer chain and hence the
formation of an armchair-edged ribbon with half gegiodicity of the mother polymeric chain.

In a similar manner, GNR14 and GNR15, were produweih the second annealing step set
at 440°C. GNR13 and GNR14 both exhibited a band gap okV.6despite their differences in
terms of topology. Moreover, this method for thierfeation of GNR13 and GNR14 also worked
well when the Au(111) template was replaced by Ag@jl as shown from STM images of
straight- and chevron-type GNRs grown on Ag(11ijesmes. Additionally, when the precursor
monomers for GNR13 and GNR14 were deposited togetinethe substrate surface and
thermally activated, the homomolecular couplingctiem was highly selective over the more
sterically hindered heteromolecular one. Finalhg strategy followed for the preparation of
GNR15 should also enable the controlled growthasfous GNR heterojunctions.

In 2013, Bronner and co-workétsexpanded the work of C8iby preparing analogous,
nitrogen-doped GNRsia the polymerization of specially-designed monomamsan Au(111)
surface. Moreover, they studied the band gap ofeth@itrogen-doped GNRs with surface-
sensitive electron spectroscopies. As shown in8ehkb, they incorporated one or two nitrogen
atoms in the parent monomer (monomessand 66, respectively). These monomers were used
to generate GNR16 and GNR17, respectively, witfed#ht nitrogen doping levels leading to
different electronic properties. The synthesishaf hew monomer85 and66 was accomplished
via Diels-Alder reactions of the appropriate cyclopelnone (compoundd, Scheme 15) with
either mixed phenylpyridyl-acetylene or bispyridydtylene, followed by immediate cheletropic
CO extrusion. By using this approach, graphene niamans were successfully doped in a
predefined manner by selective nitrogen substiutibthe precursor monomers, a modification
that does not interfere with their on-surface cluwaireactivity. Angle-resolved high-resolution
electron energy loss spectroscopy (HREELS) in caoatimn with photoelectron spectroscopy of
these GNRs showed that the band gap was lineaiftggiin relation to the electronic structure
of the environment of the GNR, but remained almwm&thanged in magnitude, as expected for a
pyridine-like sp? nitrogen at the edges of armchair GNRs. Thuspihagnitude of the band gap
of the nitrogen monosubstituted GNR16 remains umgbéd, compared with that of the
analogous pristine GNR of Cai, while the band gaphe nitrogen disubstituted GNR17 was
reduced by 3%.
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Scheme 14 Surface-assisted production of straight-type (@&B)Rchevron-type (GNR14), and
junction-type (GNR15) GNRs, by using properly desid precursor molecul&®.
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Scheme 15Surface-assisted preparation of N-doped chevrpa-6NRs 16 and 1.

One vyear later, Sakaguchi, Nakae and co-wotkerwok the “surface-assisted
polymerization” approach one step further. They destrated the large-scale growth of
armchair-edged GNRs on Au(111) surfaces in extrgmog-vacuum conditions. To accomplish
that, they introduced a new method based on ragagmerized chemical vapor deposition
(RP-CVD). By using bromo-substituted precursor moacs based on perylene (compou6fda
and 67b), anthracene (compour@l), and tetracene (compoul@®), as shown in Scheme 16
respectively, armchair-edged GNRs 2, 3, or 4 bemzengs wide were produced by this
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technique (Scheme 16, GNRs 18-20). The experimegmiatedure begins by placing the
appropriate monomers in a quartz boat, which age #wvaporated at 200-250 °C. The vapors
pass through the hot walls of a quartz tube andemyently deposit onto the substrate at 250-
300 °C for 15 min (to form the GNR prepolymers lagical-polymerization). The temperature
was then raised to 400-450 °C and maintained tlierel0 min to dehydrogenate the
prepolymers to GNRs. The optical absorption spegftthe GNRs obtained vary from the violet
up to the infrared region of the electromagnetiecsum, depending on their ribbon width. The
band gaps of poly(perinaphthalene) (GNR18), polygmehracene) (GNR19), and poly(peri-
tetracene) (GNR20) were 0.8, 1.6 and 1.3 eV, rés@by. The photoconductivity of bulk films
of RP-CVD-grown GNRs was investigateth white light illumination from a light-emitting
diode. GNR18 and GNR19 showed 7.3 and 4.0% of et:gain upon illumination, respectively.
These values are comparable to the value of 2.4 na&a from P3HT (poly-3-hexylthiophene),
which is a conventional p-type photoconductor useghotovoltaics. These results revealed
once again the potential of GNRs as an excelleotquonductor.

GNR18 GNR19 GNR20

T

67a

-
e

67b 61 68

Scheme 16RP-CVD production of GNRs 18-20, being 2, 3, drefizene rings wid®.

3. Conclusions

Despite graphene’s exceedingly high electron miyhati room temperature, its use in electronic
applications is precluded owing to its zero bang-geo overcome this problem, scientists are
amongst others focusing their efforts into obtagngraphene nanoribbons (GNRs), that is, thin
strips of graphene possessing a large aspect Té®electronic states of GNRs depend strongly
on their edge structure: zigzag GNRs are metadicdll widths and also exhibit magnetic

properties, whereas armchair GNRs can be eitheiceaducting or metallic depending on their

width. To date, a variety of top-down approachesehbeen developed, including the sono-
chemical or electrochemical etching of graphenestshehe lithographic patterning of graphene
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sheets, and the unzipping of carbon nanotubes. tAawall top-down strategies suffer from
significant drawbacks such as, but not limited ¢omplicated experimental setups, large
nanoribbons widths, lack of control over the graghedges, high fractions of defects, and low
reproducibility. The alternative bottom-up approashaim at addressing these issues by
chemically synthesizing well defined, tailor-dessgn GNRs with predefined structural
characteristics and, as a result, electronic ptmser The present article summarizes and
discusses all known bottom-up strategies for tmehesis of GNRs published until October 2014
and aspires to provide a useful guide for chenaists materials scientists working or interested
in the field. This field has witnessed a numbershificant recent advancements and many
more are expected. Undoubtedly, the success of bittlom-up approaches will be of
fundamental importance to the field of electroniatenials and devices in general.
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