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Vat dyes represent an interesting class of building blocks for organic electronics as they are readily
available at low cost and easy to functionalize. Yet, these molecules have never been used to prepare
graphene nanoribbons (GNRs). Using the Breonsted acid-catalyzed alkyne benzannulation, two contorted
GNRs have been synthesized from vat orange 1 and vat orange 3 in a few synthetic steps. These GNRs
absorb light in the visible region with bandgap values around 2.0 eV and have been tested in organic
field-effect transistors (OFETs) to measure their charge transport ability. Hole mobility values of up to
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Introduction

Graphene has attracted lots of attention in various areas since its
discovery in 2004 due to its remarkable properties such as its
exceptional electrical conductivity,"* high thermal conductivity,**
mechanical strength and quantum Hall effect.>® However, its semi-
metallic nature (zero-band gap) restricts its application as an
active semiconducting component in most traditional electronic
devices.”® One approach to overcome this issue is to confine the
electron delocalization in one dimension by forming graphene
nanoribbons (GNRs), which opens a bandgap whose value is
correlated with the width and edge configuration of the
GNRs.”™ Over the past decade, several examples of soluble GNRs
have been reported using a bottom-up approach to prepare well-
defined GNRs with controlled edge structures.””>° In most cases,
these GNRs are synthesized from polymeric precursors containing
small aromatic units such as benzene, naphthalene,21 and hetero-
cycles (for doped GNRs)" bonded together to form the GNR
backbone. Consequently, when wider GNRs are desired, monomers
containing several aromatic units must be prepared. This process
often involves multiple synthetic steps, making the overall synth-
esis labor-intensive and time-consuming. A potential solution to
this challenge is the use of larger aromatic units with multiple
fused rings as building blocks for the monomers. In this context,
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1.34 x 1072 cm? V=1 57 were measured in a bottom-gate top-contact device architecture.

polycyclic aromatic hydrocarbons (PAHs) such as pyrene,®
coronene,” and perylene** have been explored, leading to larger
structures in fewer synthetic steps. However, examples of GNRs
derived from large PAHs through solution-phase synthesis remain
limited, highlighting the need for further investigation in this area.

Herein, we report the synthesis, characterization and device
performances of new contorted GNRs, namely 2,9-dibromodi-
benzo[b,def|chrysene-7,14-dione (vat orange 1) and 4,10-dibro-
modibenzo[def;mno]chrysene-6,12-dione (vat orange 3, Fig. 1).
We have shown in a previous report that annulation of these
acenoacene scaffolds lead to contorted polycyclic aromatic hydro-
carbons (PAHs), due the presence of two bulky substituents in the
bay region.>®> Nonetheless, a significant decrease of the bandgap
value was observed upon annulation, while maintaining excellent
stability under ambient conditions. GNR1 and GNR2, which can
be regarded as polymeric version of these contorted PAHs, were
prepared using the Brgnsted acid-catalyzed alkyne benzannula-
tion reaction developed by Swager and optimized by Chalifoux
and coworkers for polycyclic aromatic hydrocarbons (PAHs) and
GNRs.”* 28 The structural integrity of the GNRs was verified using
various techniques including UV-visible absorption and nuclear
magnetic resonance (NMR). The GNRs were also tested in field-
effect transistors.

Results and discussion

Recently, we reported the highly regioselective alkyne benzan-
nulation on vat orange 1 and 3 derivatives bearing alkoxy
chains at the 7, 14 and 6, 12 positions, respectively (Fig. 2).>°
The methanesulfonic acid (MSA) catalyzed cyclization occurs
under kinetic control at the more crowded positions, close to
the alkoxy chains, causing the PAH scaffold to bend significantly.
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Fig. 1 Structures of GNR1 and GNR2 from vat orange 3 and vat orange 1.
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Fig. 2 Bronsted acid-catalyzed alkyne benzannulation on vat dye derivatives showing high regioselectivity towards the most sterically hindered
positions. Adapted from ref. 25.

The cyclization was completed in less than 10 minutes and all ~ Synthesis of the GNRs

the starting material was consumed. No trace of other isomers The synthesis of GNR1 and GNR2 is shown in Scheme 1.
from cyclization at other possible positions was detected. This Starting from vat orange 3, a reduction-alkylation sequence
high regioselectivity on both vat orange 1 and vat orange 3 was performed using a procedure previously optimized for
derivatives upon alkyne benzannulation indicates that these vat orange 3.>° A branched alkyl chain was used to ensure
could be used as building blocks to prepare regioregular GNRs. optimal solubility of the polymeric precursors and GNRs.
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Scheme 1 Synthesis of GNR1 and GNR2.

CioHa1

Then, a palladium-catalyzed debromination followed by an
iridium-catalyzed borylation at the 2 and 8 positions were
achieved to yield compound 7. This compound was thus
engaged in a Suzuki-Miyaura polymerization reaction with
compound 4 (prepared following a reported protocol for a very
similar molecule).”® to provide P1 in 85% yield. It is worth
noticing that the presence of methyl groups in ortho position
relative to the alkyne are not necessary for the alkyne benzan-
nulation to proceed, but it prevents side reactions during the
ring closure due to steric effect, ensuring high structural
fidelity of the resulting GNR.*® The polymer was thoroughly
purified by precipitation in methanol, followed by washing
with methanol and hexanes in a Soxhlet apparatus to
removed catalyst residue and the low molecular weight frac-
tion. Finally, P1 was treated with methanesulfonic acid (MSA)

This journal is © The Royal Society of Chemistry 2025
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in dichloromethane using the same conditions previously
optimized for vat dyes.>® Upon addition of MSA, the solution
rapidly changed color, suggesting a very fast conversion of P1 to
GNR1. The color of the solution remained unchanged even
after the addition of an excess amount of the acid. Interestingly,
no precipitation was observed upon the formation of GNR1 in
dichloromethane at 0 °C. The good solubility of GNR1 can be
attributed not solely to the presence of long, branched alkyl
chains, but also to the inherent twisted conformation of
the GNR structure that makes n-stacking less effective. After
20 minutes, the mixture was neutralized and GNR1 was recov-
ered in 93% yield. The same synthetic sequence was used for
the synthesis of GNR2 by starting with compound 8 that has
been previously reported by our group.”’ As GNR1, GNR2
exhibit excellent solubility in common organic solvents.
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Structural analysis and properties

"H NMR spectra of both GNR1 and GNR2 and their polymeric
precursors are shown in Fig. 3. The 'H NMR analysis reveals the
same patterns observed for pre- and post-cyclized model com-
pounds (see Fig. 2). For P1, the two aromatic protons of the
symmetrical pendant 2,6-dimethyl-4-methoxybenzene appear as
one singlet at J = 6.43 ppm (red dots, Fig. 3a), suggesting a freely
rotating phenyl ring. Upon cyclization (Fig. 3b), this singlet splits
into two distinct signals at 6 = 7.11 and 6.20 ppm due to the
constrained rotation of the phenyl facing a long, branched alkoxy
chain in the bay region of GNR1. The complete disappearance of
the peaks in the aromatic region between ¢ = 9.20 and 8.60 ppm
along with the appearance of a new peak downfield at é = 9.65
ppm suggest a complete benzannulation reaction. Similar obser-
vations can be made for going from P2 to GNR2 (Fig. 3c and d).

Infrared spectroscopy was performed on both GNRs polymers
and their polymeric precursors to evaluate the disappearance of
the band associated with the C=C bond stretching after ben-
zannulation. The findings are presented in Fig. S17 (ESIT). As
expected, the FTIR spectrum of both polymers P1 and P2 displays
a peak at 2199 cm ', whereas this peak almost completely
disappears for GNR1 and GNR2, indicating an almost complete

b)

Fig. 3 'H NMR spectra of (a) P1, (b) GNRL, (c) P2 and (d) GNR2 in CDCls.
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benzannulation reaction. However, our attempt to perform
Raman spectroscopy was unsuccessful as we were unable to
observe the spectra of the polymers and GNRs due to significant
fluorescence from both GNRs.

The molecular weight values (M,, and M,,) of P1, P2, GNR1 and
GNR2 were determined using size exclusion chromatography (SEC),
employing polystyrene standards and 1,2,4-trichlorochlorobenzene
as the eluent at 110 °C. The results are presented in Table 1.

The degree of polymerization (X,) for both P1 and P2 are
similar at 13 and 15, respectively. Interestingly, upon cycliza-
tion, the M, values of both GNRs remain relatively the same,
meaning that the rigidification of the structures did not result
in a significant change in their hydrodynamic volume.

The photophysical properties of the GNRs and their poly-
meric precursors P1 and P2 have been determined by UV-visible
and fluorescence spectroscopy and the results are summarized
in Table 2 and Fig. 4. Upon benzannulation on P1 to yield
GNR1, an important red-shift of 160 nm (from 470 to 630 nm)
was observed, indicative of a significant extension of the
effective conjugation length. Interestingly, the benzannulation
on P2, which has a similar A, value (470 and 456 nm for P1
and P2 in chloroform, respectively) did not produce such a
significant red shift (44 nm). This can be explained in part by
the increased lateral conjugation (larger GNR width) for GNR1
compared to GNR2. For both GNR1 and GNR2, the absorption
band features a vibronic structure similar to that of their
precursor, indicating a well-defined structure. Moreover, the
solid-state spectrum of GNR1 and GNR2 are slightly red shift
(2 nm for both) compared to the solution state, suggesting that
the GNRs structure are rigid and that no significant n-n
stacking is taking place in the solid state. Finally, GNR2
exhibits a featureless emission band in the visible region with
a Aemi value of 585 nm, while GNR1 exhibit an intense peak
centered at A.,; 643 nm with a shoulder at ca. 700 nm, which
can be assigned as a vibronic band. The small Stokes shift value
(13 and 34 nm for GNR1 and GNR2, respectively) is another
indication of the rigid nature of the conjugated backbone.
The photophysical properties of GNR1 and GNR2 were also
compared to their model compounds (Fig. 2).>> GNR1 and
GNR2 are red shifted by 85 and 45 nm compared to MC1 and
MC2, respectively.

Table1l Molecular weight values and dispersity index of P1, P2, GNR1 and
GNR2

Polymer M, (kgmol™") M, (kgmol™")  P?(M./M,) X,
P1 23 59 2.5 13
P2 27 86 3.1 15
GNR1 24 48 2.0 13
GNR2 27 81 3.0 15

M, represents the number average molecular weight, M, indicate
the weight average molecular weight, and P denotes the dispersity
index. “ The molecular weight and P values for P1 and P2 were
determined by size exclusion chromatography (SEC) at 135 °C. This
involved utilizing 1,2,4-trichlorobenzene as the eluent and employing
polystyrene as the standard for measurement.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Photophysical and electrochemical properties of polymers and their counterpart GNRs

;Lir?alixa [nm] ~§)l;r}1(a [nm] ;Lg?llsetb [nm] EopticalE [eV] ;LEnIisd [nm] ¢Fe [0/0] EHOMOf [eV]
P1 470 N/A 490 2.53 N/A — N/A
GNR1 630 632 655 1.89 643 10 —4.67
P2 456 N/A 504 2.46 N/A — N/A
GNR2 551 553 576 2.15 585 33 —4.74

“ Absorption wavelengths of the lowest energies. b Estimated from the onset of the UV-vis spectra. ¢ Calculated at the Zopget. 9 The Apax Of the

emission spectra. ¢ Calculated according to Emomo = —[(Eoxvs. Ag/ag”)

= (Bterrocenevs. agiagr>) + 4.8] from the electrochemical measurements

performed in the thin fil state. All optical measurements in solution have been performed in chloroform.” The quantum yield have been
measured in CH,Cl, using cresyl violet perchlorate (560 nm) (¢ = 54 in MeOH) for GNR1 and rhodamine B (510 nm) (¢ = 70 in EtOH) for GNR2 as

the standards.

To get insights on the electronic properties of both GNRs,
DFT calculations were performed on oligomers (two repeated
units) using B3LYP/6-31+G(d,p) using Gaussian®' to determine
the frontiers orbitals distribution and energy (Fig. S29, ESIT).
The calculated bandgap of GNR1 (2.10 eV) is smaller than that
of GNR2 one (2.34 eV), which agrees with the experimental
results suggesting a higher bandgap for GNR2 than for GNR1.

Differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA) were utilized to measure the thermal
properties, and the corresponding results can be found in
Fig. S18 and S19 (ESIt), respectively. The DSC analysis did
not indicate a distinct glass transition temperature (T,) nor a
fusion transition. Consequently, it can be inferred that the

1.0 1.0
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Fig. 4 UV-visible absorption and emission (in chloroform for solution
measurements) spectra of (a) P1 and GNR1, (b) P2 and GNR2.
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GNRs are amorphous. TGA analyses were conducted under a
nitrogen atmosphere at a heating rate of 10 °C per minute. The
decomposition temperature (T,;) values, determined at 5%
weight loss, are 310 °C and 270 °C for GNR1 and GNR2,
respectively.

GNRs for OFET application

GNR1 and GNR2 were used as active layers in organic field-effect
transistors (OFETs) to evaluate their electronic properties. Bottom-
gate top-contact devices were fabricated using solution deposition
via spin-coating of GNR1 and GNR2 in toluene and 2-methyl
tetrahydrofuran (2-MeTHF), with the experimental procedure
detailed in the OFET device section in the ESL{ Both solvents
are explored for specific reasons - toluene is a commonly used
high-boiling point solvent for OFET fabrication, while 2-MeTHF
offers a greener alternative with lower toxicity and environmental
impact. Briefly, the polymers were dissolved in the selected solvent
at a concentration of 5 mg mL ™" and stirred at 70 °C for 1 hour
before spin-coating at 1000 rpm onto OTS-modified doped Si/SiO,
substrates.>” The coated substrates were then annealed at 150 °C
for 30 minutes in an N, glovebox. Gold electrodes were deposited
through physical vapor deposition. Transfer and output curves
were measured in a N, glovebox for all devices, with representative
curves shown in Fig. S25 and S26 (ESIf). The charge carrier
mobility was extracted from the transfer curves through linear
fitting of Ins"? vs. Vs in the saturation regime using Inssag) = (WC/
2L)usad(Ve — Vin)* Since some of the transfer curves exhibited
slight non-linearity, a slope of Ins“* vs. Vgs from approximately
Vas = —15 V to —55 V was used to avoid over- or underestimation
of mobilities (shown as dotted lines in Fig. S25, ESIT). The results
obtained from the fabricated OFETs are summarized in Table 3.
The devices fabricated from GNR1 exhibited good hole mobi-
lities, with a maximum average of 1.34 x 10" %> cm® V™' s ! when
processed in toluene. The polymer also demonstrated high Ion/orr
(10°) values and low threshold voltages. Although the average
mobilities for GNR2 were slightly lower (1.22 x 10 > em?*V ' s *
in toluene) and the devices showed slightly higher threshold
voltages, the performance was still comparable to that of GNR1.
Interestingly, both nanoribbons showed improved performance
when processed from toluene compared to 2-MeTHF, which can
be attributed to the combination of a slightly lower solubility in
this solvent and increased surface roughness in thin films. None-
theless, GNR1 and GNR2 both demonstrated good solubility
and film formation when processed from toluene and 2-MeTHF.

J. Mater. Chem. C, 2025, 13, 5241-5247 | 5245
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Table 3 Average and maximum hole mobilities (u"¢/un®), threshold

voltages (Vin), and Ion/log current ratios for OFETs fabricated from GNR1
and GNR2 processed in toluene and 2-methyl tetrahydrofuran. Results are
averaged from a minimum of 7 devices, and acquired after thermal
annealing at 150 °C

GNR Solvent PR [em® Vs Iond IS Ve [v]
GNR1 Toluene 0.013 £+ 0.001/0.015 10° —-3.9
GNR1 2-MeTHF 0.007 £ 0.001/0.008 10° —2.6
GNR2 Toluene 0.012 £ 0.003/0.015 10° —5.7
GNR2 2-MeTHF 0.008 £ 0.001/0.010 10* —7.2

This is particularly noteworthy given that graphene nanoribbons
are often insoluble due to strong m-r interactions and typically
require additional chemical functionalization to access solution
deposition methods which can disrupt their charge transport
properties.®® Given that GNRs can often only be processed in
devices from chemical vapor deposition or on-surface synthesis
(both costly and not easily scalable methods), this feature is
particularly promising for printed electronics. It is also important
to note that the favorable device characteristics obtained from
thin film formation in a non-halogenated solvent like 2-MeTHF
(more eco-friendly alternatives to common halogenated solvents)
open new avenues toward a scalable and sustainable fabrication
manufacturing of GNR-based OFETs.****

To gain deeper insights into the properties of GNR1 and
GNR2 in thin film, atomic force microscopy (AFM) was used
to evaluate the nanoscale morphology in the solid state. This
technique was used not only to examine the influence of
chemical design on thin film nanostructure, but also to assess
the impact of the processing solvent (toluene or 2-MeTHF)
on thin film properties and OFET performance. As shown in
Fig. S27 and S28 (ESIY), films of both GNRs processed from
toluene exhibited smooth surfaces, without large aggregates.
An RMS roughness of 1.73 and 1.16 nm was measured for
GNR1 and GNR2, respectively, when processed from toluene.
In contrast, thin film of GNR1 prepared using 2-MeTHF dis-
played significantly higher roughness (RMS = 14.9 nm) and the
presence of large aggregated was observed by AFM. This result
can be attributed to the higher polarity and lower boiling point
of 2-MeTHF, which can promote aggregation upon solution
deposition. Similar observations have been reported in previous
studies utilizing polar solvents for semiconducting polymers
thin film formation.*®*” For GNR2, the impact of processing in
2-MeTHF on aggregation is significantly less pronounced com-
pared to GNR1, with only a minimal increase in surface rough-
ness. This difference can be attributed to the superior solubility
of GNR2 in 2-MeTHF relative to GNR1. Overall, the increased
surface roughness provides a partial explanation for the reduced
OFET performance observed for both GNRs when processed
from 2-MeTHF.

Conclusion

In conclusion, two twisted graphene nanoribbons (GNRs)
were synthesized in a few synthetic steps from readily available,
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low-cost vat orange 1 and vat orange 3, utilizing a Bregnsted
acid-catalyzed alkyne benzannulation reaction. These highly
soluble GNRs, with bandgap values around 2.0 eV, were incor-
porated as active layers in organic field-effect transistors
(OFETs) to assess their electronic properties. Achieving hole
mobilities of up to 1.34 x 107> ecm® V' s, these GNRs
demonstrate promising potential for printed electronics. Notably,
they can be processed from eco-friendly 2-MeTHF and exhibit
favorable charge transport properties, highlighting their suitabil-
ity for sustainable electronic device fabrication.
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