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ABSTRACT: Structurally defined graphene nanoribbons (GNRs) have emerged as promising candidates for nanoelectronic devices. Low

bandgap (< 1 eV) GNRs are particularly important when considering the Schottky barrier in device performance. Here, we demonstrate the

first solution synthesis of 8-AGNRs through a carefully designed arylated polynaphthalene precursor. The efficiency of the oxidative cyclode-

hydrogenation of the tailor-made polymer precursor into 8-AGNRs was validated by FT-IR, Raman, and UV-vis-near-infrared (NIR) absorp-
tion spectroscopy, and further supported by the synthesis of naphtho[1,2,3,4-ghi]perylene derivatives (1 and 2) as subunits of 8-AGNR, with
a width of 0.86 nm as suggested by the X-ray single crystal analysis. The resulting 8-AGNR exhibited a remarkable NIR absorption extending

up to ~2400 nm, corresponding to an optical bandgap as low as ~0.52 eV. Moreover, optical-pump TeraHertz-probe spectroscopy revealed a
charge-carrier mobility in the dc limit of ~270 cm* V™' s for the 8-AGNR.

Graphene nanoribbons (GNRs) have appeared as promising can-
didates for next-generation nanoelectronics with their high charge-
carrier mobilities and non-zero bandgaps.! Bottom-up synthesis,
typically through on-surface or solution-mediated protocols, has
provided atomically precise GNRs with diverse edge structures,”” re-
vealing not only their structure-dependent electronic and optical
properties, but also the emergence of exotic topological phases®’
and magnetic edge states.'® "' While GNRs with zigzag edges can be
oxidized under air,"> armchair GNRs (AGNR) are promising for
electronic device applications considering their high stability and
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sizable bandgaps that are tunable by tailoring their width.

AGNRs can be divided into three subfamilies of N=3p, N=3p+
1, and N=3p + 2, where pis an integer and /V denotes the rows of
carbon atoms across the ribbon width."” In recent years, AGNRs of
the first two subfamilies have been extensively investigated, confirm-
ing the predicted semiconducting properties with large bandgaps for
N=17,9,and 13."7% On the other hand, AGNRs that fall into the N/
= 3p + 2 subfamily are expected to possess excellent electrical prop-
erties, arising from their predicted low carrier effective masses,
which lead to higher charge-carrier mobilities.”*** However, this sub-
family of AGNRs has been relatively underexplored.

On-surface synthesis has successfully delivered S-AGNRs,* the
narrowest GNR of N=3p + 2 subfamily, and a wider 17-AGNRs”
with a small bandgap of 0.19 eV using tailor-made precursors. In ad-
dition, the lateral fusion of 3- and S-AGNRs provided 8-AGNR frag-
ments, and 14-AGNRs were concomitantly formed during the

growth of 7-AGNRs,”® * but their selective on-surface synthesis re-
mains elusive.*” Notably, Rubin et al. described the synthesis of 8-
AGNRs through the solid-state Hopf pericyclic reaction of polydi-
acetylenes,” but the optical bandgap of the obtained sample was not
reported presumably due to the insolubility. In comparison to the
on-surface and solid-state synthesis methods that are constrained by
limited processability of the resulting GNRs, solution-mediated syn-
thesis can be an attractive alternative to enable the liquid-phase pro-
cessing.*”** A solution synthesis of 5-AGNRs was reported by alkyne
benzannulation,* and also attempted by cyclodehydrogenation of
poly(perylene),” but the wavelengths of their optical absorption
edges were much shorter than expected from the theoretically pre-
dicted bandgap of 5-AGNRs."* Moreover, the solution synthesis of
wider AGNRs belonging to the V= 3p + 2 subfamily has remained
challenging

Herein we report the solution-synthesis of 8-AGNRs through the
Scholl reaction of an arylated polynaphthalene precursor. The suc-
cessful formation of 8-AGNRs was corroborated by Fourier-trans-
form infrared (FT-IR) and Raman spectroscopy, as well as sup-
ported by the highly efficient synthesis of naphtho[1,2,3,4-
ghilperylene derivatives(1 and 2) as model compounds. Remarka-
bly, the resulting 8-AGNRs revealed a near-infrared (NIR) absorp-
tion extending up to 2400 nm, corresponding to an optical bandgap
of as low as 0.52 €V in line with the theoretical prediction.* Besides,
time-resolved TeraHertz (THz) spectroscopy demonstrated a high



Scheme 1. Synthetic Routes to Compounds 1 and 2.
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short-range charge-carrier mobility up to ~270 and ~170 cm* V' s~
'in dispersion and the thin-film of 8-AGNR, respectively, suggesting
its great potential for applications in electronic devices.

The synthesis of naphtho[ 1,2,3,4-ghi]perylene derivatives (1 and
2) as model compound is depicted in Scheme 1. 2-[4-(tert-Bu-
tyl)phenyl]-1,1'-binaphthyl (§) was first synthesized through bro-
mination of 2-[4-(tertbutyl)phenyl]naphthalene (3) to give 1-
bromo-2-[4-( tert-butyl) phenylJnaphthalene (4), followed by a Su-
zuki coupling with 1-naphthylboronic acid. The Scholl reaction of §
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) /trifluo-
romethanesulfonic acid (TfOH) at 0 °C afforded 1 as a yellow solid
in 33% yield. The low yield of 1 could be ascribed to a competing
dimerization of 1 during the Scholl reaction, as indicated by mass
spectroscopy results (see Figure S1). A similar dimerization of tri-
phenylene was reported under the Scholl reaction of unsubstituted
o-terphenyl.”” To circumvent this issue, we re-designed the model
structure to compound 2, introducing bulky substituents, i.e., me-
sityl groups, on the naphtho[1,2,3,4-ghi]perylene core. Toward the
synthesis of 2-[4-(tert-butyl)phenyl]-4,4"-dimesityl-1,1'-binaphtha-
lene (11) as the precursor of 2, 1-bromo-3-iodonaphthalene (6) was
initially prepared (see synthetic details in supporting information
(SI)). Two aryl groups were then installed sequentially at the naph-
thalene core of 6 via selective Suzuki coupling, followed by bromin-
ation to give 1-bromo-2-[4-(tert-butyl)phenyl]-4-mesitylnaphtha-
lene (9). Subsequently, Suzuki coupling of 9 with (4-mesitylnaph-
thalen-1-yl)boronic acid (10) provided 11 in 69% yield. Cyclodehy-
drogenation of 11 with DDQ/TfOH furnished compound 2 in an
excellent yield of 95% and no dimerized product was detected by
mass spectrometry (Figure S2).

Compounds 1 and 2 were initially characterized by matrix-as-
sisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS), which displayed the expected molecular mass,
and NMR spectroscopy showed well-resolved proton signals that
could be fully assigned (see MALDI-TOF MS and NMR spectra in
SI). Moreover, single crystals suitable for the X-ray diffraction anal-
ysis could be obtained by slow evaporation of their solutions in di-
chloromethane, unambiguously revealing their structures (Figure
1). Compound 1 has a planar geometry while the aromatic core of 2
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is slightly bent due to the mesityl groups. Both 1 and 2 adopt lamellar

packing motifs, although the latter has a larger packing distance. Ad-
ditionally, a width of 0.86 nm can be estimated for 8-AGNRs from
the structure of 1 (Figure 1a).

Figure 1. Crystal structures of compounds 1 and 2. (a, b) ORTEP draw-
ing of 1 and 2, with thermal ellipsoids shown at 50% probability, respec-
tively. (c, d) Crystal packings of 1 and 2, respectively.

Encouraged by the successful synthesis of model compound 2,
the synthetic route to 8-AGNRs was designed as illustrated in
Scheme 2. First, dibromoarene 13 was synthesized by silver-medi-
ated direct arylation of 1,4-dibromonaphthalene with 1-(4-
decylhexadecyl)-4-iodobenzene (12).*® Subsequently, selective
monolithiation/borylation of 13 furnished arylated naphthalene iso-
mers 14 and 14’ functionalized with bromo and boronic ester
groups, which could be easily separated by silica gel column chroma-
tography (see SI for details). Palladium-catalyzed AB-type Suzuki
polymerization of 14 provided arylated polynaphthalene precursor
P1 with pendent branched alkyl chains. After the removal of short
oligomers via recycling gel permeation chromatography (GPC),
analysis of P1 by size exclusion chromatography (SEC) against lin-
ear polystyrene standard indicated a number-average molecular
weight (M) of about 3.3 x 10* g mol™ and a polydispersity index



Scheme 2. Schematic Illustration of the Synthesis of 8-AGNR.
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(PDI) of 2.0 (Figure S3). MALDI-TOF MS characterization re-
vealed a regular pattern with peak-to-peak distance of ~567, corre-
sponding to the molecular mass of the repeating unit (Figure S4).
Finally, the Scholl reaction of P1 with DDQ/TfOH in dichloro-
methane afforded 8-AGNR. The estimated average length of 8-
AGNR is ~20 nm based on the SEC analysis of P1.
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Figure 2. (a) FT-IR spectra of P1 and 8-AGNR measured on powder
samples and DFT-simulated spectrum. (b) Raman spectrum of 8-
AGNR recorded with a 532 nm excitation laser on a powder sample. In-
set: vibrational modes associated with simulated bands. (c) UV-vis and
photoluminescence spectraof 1 and 2 (10° M) in THF. (d) UV-vis-NIR
spectrum of 8-AGNR and 8-AGNR-R (after treatment with hydrazine)
in 1,2,4-trichlorobenzene (0.1 mg/mL).

The successful transformation of P1 into 8-AGNR via the Scholl
reaction was initially corroborated by FT-IR spectroscopic analyses
combined with density functional theory (DFT) simulations (Fig-
ure 2a). Distinct C—H out-of-plane (op/a) vibrational modes, de-
fined as SOLO, DUOQ, and QUATRO which are strongly associated
with the number of adjacent C—H bonds (highlighted with different
colors in Figure 2a),” provide a precise fingerprinting of the molec-
ular structures. P1 is characterized by the QUATRO mode at 761
cm” (olive-colored), which is significantly attenuated in the spec-
trum of 8-AGNR, indicating the efficient cyclization of the pol-
ynaphthalene backbone in P1. Compared with the spectrum of P1,
the oplaband centered at 831 cm™ (purple-colored) is absent in that
of 8-AGNR, in line with the annulation of the pendent phenyl
rings.””** Based on the DFT simulation, two bands observed at 891
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cm (orange-colored) and 801 cm™ (cyan-colored) in the spectrum
of 8-AGNR are assignable to the SOLO and DUO modes, respec-
tively, corroborating the armchair-edged structure of 8-AGNR.

The experimental Raman spectrum of 8-AGNR revealed a good
agreement with the DFT-calculated one (Figure 2b), which further
supports the successful formation of 8-AGNRs. In general, three
peaks of 8-AGNR centered at 1578, 1345, and 1281 cm can be as-
signed to G, D, and edge C—H peaks, respectively, by comparing
with the simulated spectrum. The G peak shows a splitting with a
shoulder peak at 1598 cm™, which can be ascribed to the frequency
splitting of the longitudinal and transverse optical modes in
AGNRs.*" An absorption peak at the low-energy spectral region is
observed at 336 cm™ for 8-AGNR. This peak is assignable to the ra-
dial breathing-like mode (RBLM) according to DFT simulation.
Following a zone-folding model,”” the frequency of RBLM
(wRrBLM) is linked to the width of GNR (Wgngr) Via Wrgim =
3222 A cm™! / wgng. The width of 8-AGNR is thus estimated to
be 0.96 nm, which is fully consistent with crystallographic results of
model compound 1.

The UV-vis absorption spectra of 1 and 2 (Figure 2c) present the
longest absorption band at 416 and 427 nm, respectively, along with
the optical energy gap of 2.91 and 2.82 eV according to the absorp-
tion onset, displaying the lowering of the energy gap by the mesityl
groups. The fluorescence spectra of 1 and 2 depict a symmetrical
pattern with their absorption spectrum and a small Stokes shift of 5
(286 cm™) and 9 nm (484 cm™), respectively, indicating their rigid
framework. Compared to 1 and 2, the absorption of 8-AGNR dis-
persed in 1,2,4-trichlorobenzene highlights an extensive red-shift
into the NIR region with a broad absorption peak at 1700 nm (Fig-
ure 2d). To exclude the contribution of possible oxidized cationic
species,® * like radical cations or dications that could be formed un-
der the Scholl reaction, 8-AGNR was further treated with hydrazine,
furnishing a nearly identical spectrum (Figure 2d). Based on the ab-
sorption onset, we deduce a record narrow optical bandgap of 0.52
eV for 8-AGNR, in line with the theoretically predicted optical
bandgap of 0.42 eV.* This finding further corroborates the success-
ful formation of 8-AGNRs.

Optical-pump THz-probe (OPTP) spectroscopy was applied to
study the electrical properties of 8-AGNR. Figure 3a displays the ul-
trafast complex photoconductivity dynamics of 8-AGNR dispersed
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Figure 3. (a) THz photoconductivity dynamics of 8-AGNR following
photoexcitation, normalized to the absorbed photon density. (b) Fre-
quency-resolved THz photoconductivity measured at 2 ps (marked by
the dashed vertical line in (a)) after photoexcitation. The solid lines are
fits to the Drude-Smith model.

in 1,2,4-trichlorobenzene. A rapid, picosecond rise of photoconduc-
tivity (Ao) is assigned to free carrier generation in GNRs upon pho-
toexcitation (by 3.10 eV laser pulses). Furthermore, the frequency-
resolved THz conductivity recorded near the peak photoconductiv-
ity (Figure 3b) is well-described by the Drude-Smith (DS) mode
(see SI). The DS mode describes the transport of free charges expe-
riencing backscattering processes, arising from, e.g,, grain bounda-
ries and structural distortions.*** A parameter ¢ ranging from 0 (no
backscattering, giving the Drude model response) to —1 (complete
backscattering), characterizes the backscattering probability. From
the fitting, a charge scattering time 7= 35 £ 6 fs and ¢=-0.93 £ 0.03
can be derived. A short-range charge mobility in the dc limit of ~270
+ 4 cm® V' s7' can be inferred following: yg, = % (1+4+c¢), m*=
0.0163 m, (see SI). This value represents a record-high value
among the reported GNRs (vs ~20 —30 cm® V™' s7* for the previous
record in GNRs by the same technique®) which largely originates
from the intrinsically small charge carrier effective masses in 8-
AGNRs. Finally, the transport properties of 8-AGNR in a thin film
formed by drop-casting were tested (see SI). A larger 7= 46 + 6 fs
and c=-0.97 * 0.03 are obtained. We thus infer a g of ~170 + 2
cm’ V™' s™ in the film geometry, highlighting the great potential of 8-
AGNR for applications in organic filed-effect transistors and photo-
voltaics, where high mobility is essential for efficient charge
transport.

In summary, we demonstrate the first synthesis of 8-AGNRs in
solution via an arylated polynaphthalene precursor. Remarkably, the
prepared 8-AGNR exhibit a significant NIR absorption up to 2400
nm and a narrow optical bandgap of 0.52 eV. A photoconductivity
investigation of 8-AGNR viaTHz spectroscopy indicated a high lo-
cal charge-carrier mobility of ~270 and ~170 cm® V' s™" in disper-
sion and thin-film of 8-AGNR, respectively, highlighting this 8-
AGNR as a promising candidate for electronic devices. Further-
more, the novel polymer design strategy developed in this work can
facilitate the synthesis of wider AGNRs falling within N'=3p+ 2 sub-
group, like 11-AGNRs, 14-AGNRs, 17-AGNRs, etc, by simply
changing the aryl substituent. Therefore, our study will also open a
door for the long-pursued metallic GNRs in solution and further ex-
plore their physiochemical properties.
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