Bottom-Up Synthesis of Necklace-Like Graphene Nanoribbons
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Graphene nanoribbons (GNRs) are ribbon-shaped segments of
graphene, which are attracting an increasing attention for their
promising electronic properties."” With non-zero bandgaps in-
duced by the lateral quantum confinement, GNRs are promis-
ing for future nano- and opto-electronic applications, in stark
contrast to zero-bandgap graphene itself.”’ Whereas GNRs fab-
ricated by top-down methods such as lithographic patterning
of graphene® and unzipping of carbon nanotubes™ lack the
structural precision and reproducibility, bottom-up chemical
synthesis based on solution-mediated®™ or surface-assisted®
cyclodehydrogenation has enabled reproducible fabrication of
GNRs with chemically defined and uniform structures.” Espe-
cially, the solution synthesis allows bulk-scale preparation of
the GNRs, which can be processed from a liquid phase for fab-
rication of nanoelectronic devices.”

The width and the edge configuration of the GNRs have
a critical effect on their optoelectronic properties, such as
bandgaps, as theoretically® and experimentally®®” demon-
strated. However, studies on the structure—property relation-
ships of the GNRs have been mostly limited to those with spe-
cific edge structures, such as armchair, zigzag, and their hy-
brids, namely chiral, leaving the effect of the edge configura-
tions still underexplored. Here, we report the synthesis of GNR
1 with an unprecedented “necklace-like” structure,™® which
features an armchair-type edge configuration (Figure 1). We
further demonstrate the synthesis of a polycyclic aromatic hy-
drocarbon (PAH) C84, bearing 84 sp” carbon atoms in the aro-
matic core, as a model compound.

The electronic structures of C84 and necklace-like GNR 1 has
been investigated at the DFT level, with the HSE functional™"
and 6-31G* Pople basis set.'”? €84 is thus predicted to have
the highest occupied molecular orbital (HOMO) at —4.58 eV
and the lowest unoccupied molecular orbital (LUMO) at
—2.41 eV with an energy gap of 2.17 eV. Periodic boundary
conditions applied to assess GNR 1 yield a band structure with
the top of the valence band and the bottom of the conducting
band located at —4.38 and —2.98 eV, respectively (see the Sup-
porting Information). The corresponding bandgap of 1.40 eV is
relatively larger as compared to other GNRs of similar width.”*?
Importantly, there has hitherto been no report on a synthesis
of GNRs exhibiting a bandgap of around 1.4 eV.*™”

Next, in order to investigate the feasibility of the fabrication
of necklace-like GNR 1 through the oxidative cyclodehydroge-
nation of polyphenylene precursor 10, the synthesis of model
compound C84 was carried out as displayed in Scheme 1. 4,4'-
Dibromo-2,2"-diiodo-1,1"-biphenyl (2)™ was subjected to Sono-
gashira coupling with trimethylsilyl (TMS) acetylene at room
temperature to selectively yield TMS-protected diethynylbi-
phenyl 3, which was subsequently deprotected with potassium
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Figure 1. Structures of PAH €84 and necklace-like GNR 1. R: dodecyl.

Scheme 1. Synthesis of C84 and necklace-like GNR 1. Reagents and conditions: (i) trimethylsilyl acetylene,
[Pd(PPh;),CL,], Cul, NEts, rt, 62%; (ii) K,CO5;, THF/MeOH, rt, 75 %; (iii) ortho-xylene, 160°C, uW, 300 W, 79 %;
(iv) [P(PPh;),], K,COs, toluene, Aliquat 336, reflux: 76 %; (v) FeCl;, CH,Cl,/CH;NO,, rt, C84: 91 %. R: dodecyl.

carbonate to form 4,4'-dibromo-2,2"-diethynyl-1,1-biphenyl (4).
Two-fold Diels-Alder cycloaddition of 4 with tetraphenylcyclo-
pentadienone 5" afforded oligophenylene 6, which also
serves as a monomer in the preparation of polyphenylene pre-
cursor 10 for necklace-like GNR 1 (Scheme 1).

Suzuki coupling of oligophenylene 6 with 4-dodecylphenyl-
boronic acid pinacol ester (7) provided the corresponding oli-
gophenylene precursor 8. The cyclodehydrogenation of precur-
sor 8 was successful with 7.5 equivalents of iron(lll) chloride
per hydrogen to be removed, providing C84 in 91% isolated
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sorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry
(MS) analysis clearly demonstrat-
. ed the elimination of 32 protons
- upon the cyclodehydrogenation
and displayed the isotopic pat-
tern of C84 in perfect agreement
with the simulation (Figure 2),
proving the formation of C84
without any partially fused spe-
cies.”>" Signals from chlorinat-
ed products were also observed,
but such peaks could be overes-
timated."”™ 'H NMR analysis of
C84 was attempted in 1,1,2,2-
[D,]tetrachloroethane, but peaks
from aromatic protons could not
be observed even at 140°C,
which was attributable to the
strong aggregation in solution,
similar to other large PAHs (Fig-
ure S4, Supporting Informatio-
n).>>' Nevertheless, the Fourier
transform infrared (FTIR) spec-
trum of C84 showed fingerprint
peaks in agreement with DFT-
based simulation, which provid-
ed further structural proof (Fig-
ure S16, Supporting Informa-
tion). Among the great variety of
PAHs thus far synthesized,"” C84
reported here is the first PAH
with 84 sp? carbons in the aro-
matic core.

C84 with six dodecyl chains
shows in the differential scan-
ning calorimetry (DSC) scan one
phase transition at 74°C, which
is related to the reorganization
of alkyl side chains (Figure S5,
Supporting Information), slightly
affecting the supramolecular
order. Two-dimensional wide-
angle X-ray scattering (2D-WAXS)
patterns of C84 recorded at 30
and 90°C indicate liquid crystal-
linity and the formation of columnar superstructures at both
temperatures (Figure 3). Similar thermotropic properties have
been observed for other core extended PAHs."® Equatorial
small-angle reflections are assigned to a hexagonal unit cell of
Ohex=3.25nm for the intercolumnar arrangement. In the
stacks, the molecules are packed on top of each other due to
mi-stacking interactions with an intermolecular distance of
0.35 nm as derived from the wide-angle meridional reflections.
The broad isotropic amorphous halo is attributed to side
chains disordered in the columnar periphery, which is charac-
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Figure 2. MALDI-TOF spectra of oligophenylene precursor 8 (top) and C84
(bottom); the inset shows a comparison between the experimental (black)
and simulated (gray) isotopic pattern of C84.

Figure 3. 2D-WAXS of €84 at a) 30°C and b) 90°C.

teristic for a liquid crystalline phase. The LC organization re-
mained unchanged for C84 after cooling down the sample to
30°C below the phase transition (Figure 3a). However, broad-
ening of the meridional reflections suggests a slightly de-
creased intracolumnar order. This minor change can be ex-
plained in terms of increased steric demand of the alkyl sub-
stituents.

Next, the synthesis of necklace-like GNR 1 was carried out
starting from polyphenylene precursor 10 (Scheme 1). The re-
peating units of precursor 10 has the same arrangement of
the aromatic rings as precursor 8, which was demonstrated to
undergo highly efficient cyclodehydrogenation, leading to the
formation of C84. Hence, precursor 10 was prepared via
a A,B,-type Suzuki polycondensation®®'¥ of oligophenylene
monomer 6 and 1,4-benzenediboronic acid bis(pinacol) ester
(9). To circumvent the stoichiometry problem of the A,B,-type
polymerization”?” and achieve the highest possible polymeri-
zation efficiency, the monomers were thoroughly purified by
using a recycling preparative size-exclusion chromatography
(SEC) system before use and weighed with a great care (see
the Supporting Information). After three days of refluxing,

excess amounts of bromobenzene and then phenylboronic
acid were added for the end-capping of the polymer. MALDI-
TOF MS analysis of the resulting polymer precursor 10 showed
a pattern of peaks, corresponding to the expected m/z values
for 10, extending over 17000 (Figure S9, Supporting Informa-
tion). Precursor 10 with molecular weight of about 17000 has
ten repeating units and is expected to yield GNR 1 with
a length of approximately 13 nm.

SEC analysis of precursor 10 indicated its weight-average
molecular weight (M,) of 6900 gmol™" and polydispersity
index (PDI) of 1.7 against polystyrene (PS) standards. When
poly(p-phenylene) (PPP) standards were applied M, and PDI
values were estimated to be 5100 gmol™' and 1.5, respectively.
Although these values based on the SEC analysis are only
rough estimations according to the hydrodynamic volume of
the solubilized polymer, they are useful for the comparison of
different polyphenylene precursors of similar structures. The
M,, of precursor 10 was smaller than that of a related poly-
phenylene prepared by AA-type Yamamoto polymerization,®®
which is presumably because of the intrinsic stoichiometry
problem of the A,B,-type Suzuki polymerization (see the Sup-
porting Information)”?” as well as the higher steric demand in
this system.®®

The cyclodehydrogenation of precursor 10 was performed
using the condition optimized for precursor 8 to afford neck-
lace-like GNR 1 (Scheme 1). MALDI-TOF MS analysis of GNR
1 revealed a pattern of broadened peaks for up to octamers
with intervals approximately corresponding to the molecular
weight of one repeating unit (Figure S9, Supporting Informa-
tion). However, precise analysis was hindered by the limitation
of the MALDI-TOF MS analysis for large aromatic molecules
with broad molecular-weight distribution.*®22"

Whereas elemental analysis is not reliable for such carbon-
rich materials due to possible soot formation,™™ FTIR analysis
provided more information about the efficiency of the cyclode-
hydrogenation (Figure 4a). Precursor 10 reveals a peak at
4050 cm™, a non-fundamental IR absorption associated to the
presence of free-rotating benzene rings, as well as a group of
signals at 3026, 3053, and 3084 cm™' characteristic for C—H
stretching vibrations of aromatic rings.**4¢® These peaks are
all starkly attenuated in the spectrum of GNR 1. Moreover, out-
of-plane (opla) C—H deformation bands at 699 and 764 cm™'
from mono-substituted benzene rings are strongly diminished
and those at 815, 838, and 894 cm™' from di-substituted ben-
zene rings all disappeared after the cyclodehydrogenation.®
desel Considering the short length of GNR 1, the remaining
peaks at 693 and 758 cm™' are probably from the phenyl
groups introduced by the endcapping. Additionally, the peak
at 719 cm™' originates from the alkyl chains. Moreover, Raman
spectrum of GNR 1 reveals characteristic D and G peaks as well
as second-order peaks (Figure 4b), which are typical of other
structurally well-defined GNRs in the literature.**4¢¢ These
observations underline the successful transformation of precur-
sor 10 into GNR 1.

Thanks to the long alkyl chains placed at the peripheral posi-
tions, GNR 1 could be dispersed in N-methylpyrrolidone (NMP)
by mild sonication.®*® The UV/Vis absorption spectrum of GNR
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Figure 4. (a) Representative regions of the FTIR spectra of GNR 1 (red) and polyphenylene precursor 10 (blue).
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(b) Raman spectrum of GNR 1 at measured with excitation at 514.5 nm. (c) Normalized UV/Vis absorption spectra

of C84 in THF and GNR 1 in NMP.

1 was thus measured in NMP and compared with that of C84
in tetrahydrofuran (THF) (Figures 4c, S6, and S12). C84 was
measured in THF because its solubility in NMP was limited.
C84 showed a prominent B-band at 473 nm with a molar ex-
tinction coefficient of 6864 m*mol~", with smaller peaks at 564
and 620 nm, corresponding to the p- and a-bands, respective-
ly. The HOMO-LUMO gaps of PAHs are related to the p-bands,
and this experimental observation is in good accordance with
the theoretical gap of 2.17 eV (571 nm). On the other hand,
GNR 1 displayed broadened peaks with an absorption maxi-
mum at around 465 nm and shoulders approximately at 510,
680, and 780 nm. The broadening of the spectrum is most
likely caused by the presence of shorter GNRs, possessing dif-
ferent bandgaps that are dependent on the length.***5¢ Based
on the absorption edge of 860 nm, the optical bandgap of
longer GNRs contained in the obtained sample is estimated to
be 1.44 eV, which again is well in line with the theoretically es-
timated bandgap of 1.40eV. This result further validates the
successful formation of GNR 1 and indicates that longer GNRs
in the obtained sample are sufficiently elongated to possess
the electronic band structure of the infinite GNR 1.

In summary, we have synthesized an unprecedented PAH
C84 with 84 sp? carbons in the aromatic core and extended its
synthesis to necklace-like GNR 1 applying A,B,-type Suzuki
polymerization. Characterization by MALDI-TOF MS and FTIR,
Raman, and UV/Vis absorption spectroscopy validated the suc-
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