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ABSTRACT: Edge functionalization of bottom-up syn-
thesized graphene nanoribbons (GNRs) with anthra-
quinone and naphthalene/perylene monoimide units has
been achieved through a Suzuki coupling of polyphenylene
precursors bearing bromo groups, prior to the intra-
molecular oxidative cyclo-dehydrogenation. High effi-
ciency of the substitution has been validated by MALDI-
TOF MS analysis of the functionalized precursors and FT-
IR, Raman, and XPS analyses of the resulting GNRs.
Moreover, AFM measurements demonstrated the modu-
lation of the self-assembling behavior of the edge-
functionalized GNRs, revealing that GNR-PMI formed
an intriguing rectangular network. This result suggests the
possibility of programming the supramolecular architec-
ture of GNRs by tuning the functional units.

Bottom-up molecular synthesis of graphene nanoribbons
(GNRs), namely nanometer-wide graphene strips, has been

attracting growing attention for its high capability of fabricating
atomically precise GNR structures with promising electronic,
optical, and magnetic properties.1−10 In particular, GNRs have
non-zero bandgap, which can be tuned by changing their
structures, in stark contrast to zero-bandgap graphene.1,11 While
the top-down methods such as “cutting” of graphene12 and
“unzipping” of carbon nanotubes13 can only provide rather
undefined and randomly shaped GNRs, uniform and highly
defined GNRs can be obtained through the oxidative cyclo-
dehydrogenation of tailor-made polyarylene precursors, either in
solution by the Scholl reaction4,5,14,15 or thermally on metal
surfaces.2,3,7−9 In particular, a solution synthesis based on the
AB-type Diels−Alder polymerization has enabled the prepara-
tion of exceptionally long (up to >600 nm) GNRs with tunable
width (ca. 1−2 nm) and optical bandgaps (ca. 1.2−1.9 eV).14−18
Such GNRs are dispersible in organic solvents, and thus can be
characterized in and processed from a liquid phase.
Peripheral functionalization of organic compounds is tremen-

dously important in the field of organic materials for largely
altering as well as fine-tuning their electronic, optical, and
mechanical properties for various applications.19 Moreover,

appropriate pendant groups incorporated in supramolecular
networks or polymers can pre-program their assembly into
desired architectures.20 Due to their 1D character, bottom-up
GNRs can be viewed as a special class of organic polymers, where
edge substitution allows further modulation of the properties,
partly through changes in the supramolecular organization.
Except for the conventional alkyl substitution, however, there are
thus far only a few examples for such edge functionalization of
GNRs, namely peripheral chlorination21 and introduction of
carboxylic acid or nitronyl nitroxide (NN) radicals.22−24

Here we report a versatile protocol to functionalize the GNR
edges with different groups, through Suzuki coupling prior to the
cyclo-dehydrogenation. We demonstrate successful introduction
of anthraquinone (AQ), naphthalene monoimide (NMI), and
perylene monoimide (PMI) units at the peripheral positions,
which reveals an unprecedented effect on the self-assembly
behavior of the GNRs.
For the synthesis of GNRs appended with NN radicals, we

have recently developed a polyphenylene precursor bearing one
bromo group and one dodecyl chain per repeating unit (PP-Br),
through the AB-type Diels−Alder polymerization of tetraphenyl-
cyclopentadienone-based monomer CP-Br (Scheme 1).24

Nevertheless, the method used for introducing the NN radical,
mediated by an Au complex, is not immediately applicable to
other functional groups, which motivated us to consider the use
of more versatile Suzuki coupling. To this end, we have
previously carried out a model study on the peripheral
functionalization of hexa-peri-hexabenzocoronene (HBC)
through the Suzuki coupling both before and after the cyclo-
dehydrogenation, with boronic esters of AQ, NMI, and PMI.25

Such electron-deficient groups were selected in the hope that it
would yield less-explored n-type GNR materials, as actually
supported by density functional theory (DFT) calculations. For
example, substitution with the NMI or PMI unit is predicted to
lower the energy levels of the GNR by 0.4−0.5 eV (see
Supporting Information (SI) for the theoretical results).
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Based on the successful results with HBC, PP-Br was thus
subjected to the Suzuki coupling with three boronic esters, 2-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)anthracene-9,10-
dione (AQ-BPin), N-(2-ethylhexyl)-4-(4,4,5,5-tetramethyl-
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),
using tetrakis(triphenylphosphine)palladium as catalyst and 2-
dicyclohexylphosphino-2′,6′-dimethoxybiphenyl (SPhos) as li-
gand, in a mixture of toluene, ethanol, and 1 M aqueous solution
of K2CO3 (Scheme 1). After extensive purification and removal
of small-molecular-weight fractions by reprecipitation, and also
with recycling preparative size exclusion chromatography (SEC)
when possible (see SI), functionalized polyphenylenes PP-A (A
= AQ, NMI, and PMI) were obtained (Table S1).
Matrix-assisted laser desorption/ionization time-of-flight

(MALDI-TOF) mass spectrometry (MS) analysis (in reflectron
mode) of a low-molecular-weight fraction of PP-AQ has
demonstrated a series of peaks from oligomers with up to 14
repeating units (Figure 1). Them/z and intervals were consistent
with the expected values. The isotopic distributions were also
generally in agreement with the simulated patterns, as displayed
for the pentamers in the insets of Figure 1, validating the
successful functionalization of the polyphenylene precursors
with the AQ units. Notably, the MS spectrum showed no peak
corresponding to PP-Br or partially substituted or debrominated
oligomers, pointing to the high efficiency of the functionalization.
Although the MALDI-TOF MS analysis of PP-NMI and -PMI
was more difficult presumably due to stronger aggregation,

expected patterns of mass could be observed for an oligomeric
mixture of PP-NMI in the linear mode (Figure S4). NMR of the
three PP-A could not be properly measured even at 120 °C in
C2D2Cl4, probably also due to the aggregation, but theMS results
combined with the observation of characteristic IR peaks
(Figures S6−S8) indicated successful introduction of the
functional groups.
The three PP-A were subsequently “graphitized” into GNR-A

(A = AQ, NMI, and PMI), through the oxidative cyclo-
dehydrogenation using FeCl3 in dichloromethane and nitro-
methane, following the literature protocol.14,25 It must be noted
that PP-Br, and thus also PP-A were obtained as mixtures of
regioisomers because of two possible orientations of the
unsymmetrical CP-Br on each Diels−Alder cycloaddition step.
However, all the regioisomers of PP-A could lead toGNR-Awith
the uniform GNR core structure,14 although having a statistical
distribution for the orientation of the dodecyl and the other
pendant groups (Scheme S1). According to the previous model
study with HBC, the AQ, NMI, and PMI units used here are
chemically stable under the oxidative cyclo-dehydrogenation
condition with FeCl3 and form no extra C−C bond with the
aromatic core, which would potentially make a five-membered
ring.25 To explore the possibility of the post-functionalization of
the GNRs, we also attempted a synthesis of GNR-PMI through
the prior cyclo-dehydrogenation of PP-Br to GNR-Br (Figure
S1), followed by the Suzuki coupling with PMI-BPin (named as
GNR-PMI*, Scheme S4). All the three functionalized GNRs,
GNR-AQ, -NMI and -PMI could be dispersed in organic
solvents such as tetrahydrofuran (THF), chlorobenzene, 1,2,4-
trichlorobenzene (TCB), and 1,4-dioxane (see SI).
These GNRs were initially characterized by Fourier transform

infrared (FT-IR) and Raman spectroscopy (Figures 2c and S5−
S10). FT-IR analysis revealed the successful cyclo-dehydrogen-
ation of the polyphenylene backbones to GNR core structures,
displaying a clear disappearance/attenuation of out-of-plane
(opla) C−H deformation bands at around 698 and 795 cm−1

(Figures S5−S8).14 Evidences for the functionalization of the
GNRs could be obtained by the observation of CO stretching
bands, which are absent in the GNR core, at 1672 cm−1 forGNR-
AQ, at 1660 and 1703 cm−1 for GNR-NMI, and at 1653 and
1691 cm−1 for GNR-PMI (Figure S5).26 On the other hand,
GNR-PMI* displayed a spectrum overall resembling that of
GNR-Br, rather than that ofGNR-PMI, with additional bands of

Scheme 1. Synthetic Protocol for the Edge-Functionalization
of GNRs with AQ, NMI, and PMI Units

Figure 1.MALDI-TOF spectra of PP-Br and PP-AQ. Peaks with added
sodium ion are also visible.14 Inset: calculated (dashed line) and
observed (solid line) isotopic distribution of the pentamers.
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PMI units (Figure S9). This result most probably indicates that
the post-functionalization after the cyclo-dehydrogenation is not
as efficient as the pre-functionalization.
Raman spectra of GNR-AQ, -NMI, and -PMI show the first-

order D and G as well as the second-order 2D, D+D′, and 2D′
peaks, which are generally in agreement with the spectra ofGNR-
Br and previous solution-synthesized GNRs,14,15,27 without
significant changes upon the functionalization with different
groups (Figure S10). In contrast, characteristic peaks in the low-
energy regions, as represented by the radial-like breathing mode
(RLBM) dependent on the GNR width,28,29 change significantly
(Figure 2c). GNR-Br displayed a prominent RLBM peak at
about 240 cm−1, in close agreement with that of the same GNR
substituted only with dodecyl chains (GNR-C12) observed at
about 230 cm−1.27 A RLBM peak at ∼236 cm−1 was still visible
for GNR-AQ, but no clear peak could be unambiguously
assigned to the RLBM for GNR-PMI and -NMI, which could be
related to the size of the pendant units: relatively large functional
groups, such as PMI, seem to affect the RLBM,27 either by
decreasing its vibrational frequency below the cut of the edge
filter or by quenching the vibrational mode by inducing structural
deformation of the GNR core. Additionally, a prominent RLBM
peak was observed for GNR-PMI*, like that of GNR-Br (Figure
S11). This result suggests the low efficiency of the post-
functionalization in agreement with FT-IR results, and
simultaneously verifies that the RLBM peak was “quenched”
by the covalently bonded PMI units.
Further evidence of functionalization could be obtained by X-

ray photoelectron spectroscopy (XPS) analysis (Figure 2a,b). C
1s high resolution spectra displayed slight shift of the sp2 binding
energy from GNR-Br (284.5 eV) to GNR-NMI (284.3 eV), and
then toGNR-PMI (284.1 eV), which is most probably the effect
of the varying functional groups attached to the aromatic GNR
core. Moreover, C 1s peaks assignable to the imide carbon
(marked with light green in Scheme 1) could be observed

together with N 1s peaks for GNR-NMI and -PMI, and not for
GNR-Br and -AQ. Based on the N/C ratios, the degree of
functionalization could be estimated forGNR-NMI and -PMI to
be 90 ± 16 and 91 ± 24%, respectively (see SI for more details).
UV−vis−near-infrared (NIR) absorption spectra of GNR-

PMI in NMP displayed absorption maximum at 530 nm with a
shoulder peak at ∼560 nm, which coincide with the absorption
maxima ofGNR-Br and -C12 and presumably correspond to the
optical transition of the GNR core (Figure 2d). GNR-PMI*
from the attempted post-functionalization also showed a
maximum at 530 nm, indicating that this was not derived from
partially fused GNRs, but rather from the PMI units (Figure
S14). Although with broadening, the absorption spectra ofGNR-
Br, -AQ, and -PMI are weakly affected by the edge substitution,
in line with the theoretical calculations (see SI for details).GNR-
NMI exhibited rather broadened absorption, but with a shoulder
peak at ∼560 nm, consistent with other GNRs studied here. The
absorption at around 400−500 nmmight be from the NMI units,
red-shifted due to aggregation and/or interaction with
neighboring GNR, although the possibility of “defects” cannot
be excluded.
In order to study the self-assembly behavior of the function-

alized GNRs, their dispersions in TCB were drop-cast over
freshly peeled graphite surfaces. AFM imaging revealed that
GNR-AQ and -NMI can form closely packed assembly (Figures
3a,c and S19) similar to our previous observations with GNR-

C12.14 In contrast, the deposition of the GNR-PMI in the same
way reproducibly provided self-assembled rectangular networks,
where single strands or bundles of GNRs crossed perpendicularly
to each other (Figures 3e, S19, and S20). The widths observed
for the ribbons are GNR-PMI (6.1 nm) > GNR-NMI (5.1 nm),
in agreement with the simulated values (Figures S21 and S22).
GNR-PMI showed a length of up to 1 μm, although it could be

Figure 2. (a) C 1s and (b) N 1s XPS (circles, raw data; black, fitted curve
for C 1s spectra: dark yellow, sp2; navy blue, sp3; red, sp2 at C−Br for
GNR-Br; see the color code in Scheme 1 for other GNRs). (c)
Magnified Raman spectra in the low-energy region (at 2.33 eV). (d)
Normalized UV−vis−NIR absorption spectra in NMP of the function-
alized GNRs.

Figure 3. AFM height image of functionalized GNRs drop-casted on
graphite in TCB solvent and annealed at 100 °C demonstrates highly
organized self-assembled monolayers of straight and uniform nanorib-
bons.
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due to an end-to-end overlap of individual GNRs, or alignment of
a few GNRs to form such supramolecular wires. The intriguing
rectangular assembly of GNR-PMI might be due to the
additional π−π interactions between the GNR cores and the
PMI units, which are perpendicularly connected to the GNRs
(Figure S23). The absence of such assembly with the NMI units
indicates that extending the aromatic core of the pendant units
can modulate the supramolecular architecture of the GNRs in
such a drastic manner. Furthermore, isolated individual strand of
GNR-PMI could be facilely found under AFM analysis, which is
an important step forward toward the application of the GNRs in
the future nanoelectronics.
In summary, we have demonstrated successful edge

functionalization of GNRs, based on the Suzuki coupling prior
to the cyclo-dehydrogenation, which could be evidenced by a
combination ofMS and different spectroscopic characterizations.
Notably, GNR-PMI revealed unprecedented self-assembly
behavior, leading to rectangular network of GNRs. These results
indicate the possibility of arbitrarily programming the self-
assembled architectures of GNRs by the edge functionalization
with proper pendent groups.
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