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ABSTRACT Structurally defined, long (>100 nm), and low-band-gap
(~1.2 eV) graphene nanoribbons (GNRs) were synthesized through a bottom-up
approach, enabling GNRs with a broad absorption spanning into the near-infrared
(NIR) region. The chemical identity of GNRs was validated by IR, Raman, solid-state
NMR, and UV—vis—NIR absorption spectroscopy. Atomic force microscopy

revealed well-ordered self-assembled monolayers of uniform GNRs on a graphite

CioHps  CioHps  CroHas

surface upon deposition from the liquid phase. The broad absorption of the low-band-gap GNRs enables their detailed characterization by Raman and time-

resolved terahertz photoconductivity spectroscopy with excitation at multiple wavelengths, including the NIR region, which provides further insights into

the fundamental physical properties of such graphene nanostructures.
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raphene nanoribbons (GNRs), nano-
Gstrips of graphene, are emerging

materials of great promise, which
possess nonzero band gaps, in stark contrast
to semimetallic graphene.'? The electronic
properties such as the band gaps of the GNRs
critically depend on their width and edge
structures,®~® which makes it crucial to pre-
cisely control the GNR structures for funda-
mental studies as well as for future nano-
electronic applications. GNRs are typically
prepared through “top-down” approaches
such as lithographic patterning of graphene
sheets’™® and unzipping of carbon nano-
tubes,'®" "2 revealing promising electronic
properties of the GNRs. However, these meth-
ods cannot avoid high structural disorder,
especially at the edges of the resulting GNRs,
and often lack uniformity in the width. On the
other hand, “bottom-up” chemical synthesis
can provide a variety of structurally well-
defined GNRs based on solution-mediated'*~®
or surface-assisted®®~>* cyclodehydrogena-
tion of tailor-made polyphenylene precursors.
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Whereas the GNRs previously prepared
through the bottom-up methods were
limited by the short length (<50 nm)'3-15
and/or the necessity of metal surfaces,?® 22
we have very recently reported a solution
synthesis of structurally well-defined GNR 1
with high longitudinal extension over 200 nm
(Figure 1).'® We have employed an efficient
AB-type Diels—Alder polymerization for the
preparation of corresponding polyphenylene
precursors with exceptionally large molecular
weights, followed by intramolecular oxida-
tive cyclodehydrogenation. Notably, GNR 1
shows a defined band gap, in stark contrast
to carbon nanotubes (CNTs), which are un-
avoidably obtained as a mixture of different
diameters and chiralities with a correspond-
ing wide distribution of band gaps.>**
Nevertheless, the width of GNR 1 is limited
to ~1 nm, corresponding to a band gap of
~1.9 eV, with an optical absorption only up
to ~650 nm.'®

For the future development of GNR-
based electronics and optoelectronics, it is
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highly important to tune the GNR width and thus the
band gaps, while maintaining the large longitudinal
extension.>?® Specifically, a smaller band gap leads to
absorption over a wider range of wavelengths, possibly
including the near-infrared (NIR) region, which opens
up possibilities for various applications, including
photovoltaics.>*” Moreover, GNRs with NIR absorption
are desirable to spectroscopically obtain an in-depth
understanding of the basic physical properties of the
GNRs. For instance, Raman measurements at multiple
wavelengths provide information on the phononic
and electronic dispersions of the GNRs, based on the re-
sonant nature of the Raman scattering process in GNRs.?®

GNR 1
R = dodecyl, 2-decyltetradecyl, tBu
GNR 2
R = dodecyl

Figure 1. Structures of GNRs 1 and 2. Geometric dimensions
were derived from Merck Molecular Force Field 94
(MMFF94) calculations.

In this article, we describe the synthesis and character-
ization of GNR 2, with an extended width of ~2 nm and
lengths exceeding 100 nm (Figure 1). GNR 2 demon-
strates a low and well-defined band gap of ~1.2 eV with
broad optical absorption, extending into the NIR region,
in contrast to the relatively large band gap of GNR 1.
Such GNRs with NIR absorption allow for in-depth
investigations using multiwavelength Raman spectros-
copy and ultrafast terahertz (THz) photoconductivity
measurements.

RESULTS AND DISCUSSION

Bottom-Up Solution Synthesis of GNR 2. In order to
synthesize GNR 2 through an efficient AB-type Diels—
Alder polymerization, a laterally extended monomer
11 was designed, with a cyclopentadienone moiety
and an ethynyl group as the conjugated diene and
the dienophile, respectively (Scheme 1). 2-Bromo-5-
methylbiphenyl (4) was prepared by selective Suzuki
coupling of 4-bromo-3-iodotoluene (3) with phenyl-
boronic acid at 60 °C, and then brominated with
an excess amount of N-bromosuccinimide (NBS) to
give a mixture of 2-bromo-5-bromomethylbiphenyl
(5) and 2-bromo-5-dibromomethylbiphenyl. The crude
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Scheme 1. Synthetic route toward GNR 2.
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mixture was subsequently treated with HPO(OEt), and
i-PryNEt for selective debromination at the benzylic
position®® to afford 5 in 67% yield in two steps. Phase-
transfer carbonylation of 5 with Fe(CO)s provided bis-
(bromobiphenyl)acetone 6 in 39% yield, which was
reacted with dodecylphenylboronic acid (7) via Suzuki
coupling to obtain bis(o-terphenyl)acetone 8 in 76%
yield. Finally, Knoevenagel condensation of 8 with
benzil 9'7 and subsequent removal of the triisopropyl-
silyl protecting group afforded the laterally extended
monomer 11 in 47% yield in two steps.

AB-type Diels—Alder polymerization of monomer
11 was performed by either refluxing in diphenyl
ether or heating at 260—270 °C in a melt to provide
polyphenylene precursor 12. Precursor 12 contained
small oligomers upon preparation, according to size
exclusion chromatography (SEC) analysis, but such
oligomers could be removed by fractionation with
recycling preparative SEC (see Supporting Information
for details). When monomer 11 was refluxed in di-
phenyl ether at a concentration of 221 mM, precursor
12-1, with weight-average molecular weight (M,,) of
42000—78 000 g-mol ™" and polydispersity index (PDI)
of 1.4—1.5, was obtained after the removal of the
smaller oligomers, based on SEC analysis against poly-
(para-phenylene) (PPP) and polystyrene (PS) standards
(Table S1, entry 1'). Although the M,, values obtained
by SEC analysis are only estimations based on the PPP
and PS standard calibrations, they are useful for effec-
tively comparing the molecular weights of different
polyphenylene precursors.'®

Notably, the polymerization of monomer 11 in a melt
led to precursor 12-1l with a significantly higher M,, of
230000—550000 g-mol™" with a PDI of 2.8—3.8 after
removing the smaller oligomers by preparative SEC
(Table S1, entry 3'). This result is consistent with previous
reports that polymers with larger molecular weight
can be obtained when the Diels—Alder polymerization
is carried out at higher monomer concentrations or in
a melt."®3%3 This M,, is comparable to the largest value
obtained for the precursor of GNR 1'® and demonstrates
the extremely high efficiency of AB-type Diels—Alder
polymerization, also for the laterally extended system.

Subsequently, polyphenylene precursors 12-1 and
12-1l were “graphitized” into GNRs 2-1 and 2-I, respec-
tively, through oxidative cyclodehydrogenation with
iron(lll) chloride (Scheme 1). Precursor 12 contained
numerous regioisomers, considering the two possible
molecular orientations of unsymmetrical monomer 11
upon each cycloaddition step (Figure S4). Neverthe-
less, all the isomers lead to the identical GNR structure
upon planarization (Figure S4). Based on the M,, of
precursors 12-1 and 12-l1, the average lengths of GNRs
2-l and 2-1l could be estimated to be ca. 30—56 and
160—390 nm, respectively. Although these values are
only estimations, they indicated that GNR 2-ll is at least
around 3 times longer than GNR 2-1.

NARITA ET AL.
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Figure 2. Representative FTIR spectral regions of polyphe-
nylene precursor 12 (red) and GNR 2 (blue).

FTIR and NMR Spectroscopic Characterization of Precursor 12
and GNR 2. The efficiency of the cyclodehydrogenation
was first examined by Fourier transform infrared (FTIR)
spectroscopic analysis (Figures 2 and S5). A compar-
ison of the FTIR spectra of precursor 12 and GNR 2
revealed the strong attenuation of the signal triad from
aromatic C—H stretching vibrations at 3025, 3058, and
3082 cm™, as well as the disappearance of out-of-
plane (opla) C—H deformation bands at 698, 773, and
893 c¢cm~', which are characteristic for mono- and
disubstituted benzene rings (Figure 2).'>'® Moreover,
the band appearing at 863 cm ™' could be assigned to
the opla band from the aromatic C—H moiety at the
cove position (see Figure 4d), supporting the success-
ful conversion of precursor 12 into GNR 2,632

Solid-state 'H and '*C magic-angle-spinning (MAS)
NMR spectroscopy>>3* was employed to further char-
acterize precursor 12 and GNR 2 (Figures 3 and 4).
The overall 'H line width from the aromatic protons
of precursor 12, centered at ~6.8 ppm, was similar in
solution and in the solid state, which indicated its
relatively flexible structure (Figure 3a and b). In con-
trast, the '"H MAS NMR spectrum of GNR 2 showed
significantly broadened and shifted aromatic and
aliphatic "H resonances, corroborating the rigid and
planar feature of GNR 2 with extended 7-conjugation
(Figure 3¢).3~%

2D "H—"H double-quantum—single-quantum (DQ-5Q)
MAS NMR correlation experiments were also performed
to probe the spatial proximity between different protons
via dipole—dipole interactions (Figure 4a and b).3%3°
In agreement with the relatively flexible structure, the
2D 'H—"H DQ-SQ MAS NMR spectrum of precursor 12
showed only narrow 'H—"H correlation signals between
the aromatic protons as well as between the aromatic
and aliphatic protons (Figure 4a). On the other hand,
GNR 2 displayed a broad, stretched, and split ridge of
"H—"H correlation signals close to the spectrum diagonal
(SQiso & 7—15 ppm), in addition to a broad range of
"H—"H correlation signals between aromatic and alipha-
tic protons (SQis, & 4—12 ppm) (Figure 4b). On the basis
of the correlations to the aliphatic protons, the lower and
higher frequency parts of the aromatic signals could
be assigned to the outer (red circle) and the inner (blue
circle) proton, respectively (Figure 4b and d). Interest-
ingly, the spectral features observed for GNR 2 are
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broader than those of narrower GNR 1,'® most likely
due to larger aromatic currents induced by the extended
aromatic cores.

14 12 10 8 6 4 2 0 -2 -4
"H Chemical Shift (ppm)

Figure 3. Liquid- and solid-state '"H NMR spectra of (a)
precursor 12 dissolved in CD,Cl; and (b, c) solid samples of
precursor 12 and GNR 2, respectively. The liquid-state NMR
spectrum in (a) was acquired at 7.05 T (300.13 MHz for H),
while the solid-state NMR experiments in (b) and (c) were
recorded at 20.0 T (850.26 MHz for 'H) using a MAS
frequency of 59 524 Hz. The asterisks in (a) mark the residual
proton signal of CD,Cl,. The dashed arrows illustrate the
large spread of "H chemical shifts in GNR 2 compared to 12in
solution.
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Additionally, a 1D "*C{"H} recoupled polarization-
transfer heteronuclear single-quantum correlation (REPT-
HSQC) spectrum of GNR 2 was measured (Figure 4c).*
By using a short recoupling time, only *C signals from
the carbons situated at and near the edges were
observed. The spectrum showed three relatively broad
13C signals, which could be assigned to aliphatic side
chains (~30 ppm) as well as aromatic CH (~124 ppm)
and quaternary aromatic carbons (~139 ppm) at or
close to the edges, based on their chemical shifts and
intensities.

UV—Vis—NIR Absorption and Raman Spectroscopic Analysis
of GNR 2. Thanks to the long alkyl chains densely
installed on the peripheral positions, GNR 2 could be
dispersed in organic solvents such as tetrahydrofuran
(THF), chlorobenzene, and ortho-dichlorobenzene
(ODCB) under mild sonication. Some of the GNR
powders remained undispersed even after extended
sonication, which was similar to the observation during
the debundling of CNTs*' as well as the exfoliation
of graphene.*? This was presumably due to decreasing
dispersibility of longer GNRs and/or stronger packing
in some of the GNR aggregates, which could not be
overcome by the mild sonication. Nevertheless, larger
aggregates could be removed by sedimentation or
filtration through a syringe filter (pore size: 5 um),
leaving pale blue dispersions with typical concentra-
tions of approximately 0.06 mg/mL without visible
particles (Figure 5a, inset). The relatively higher con-
centration of GNR 2 than the reported value for GNR 1,
ie, ~0.01 mg/mL,'® is most probably due to inclusion
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Figure 4. Solid-state NMR characterization of precursor 12 and GNR 2. The 2D 'H—"H DQ-SQ correlation spectra of (a)
precursor 12 and (b) GNR 2 were recorded using a MAS frequency of 59 524 Hz and two rotor periods of DQ recoupling. (c) 1D
3¢{"H} REPT-HSQC spectrum recorded with a short REDOR recoupling period*° of two rotor periods. (d) Assignment scheme.
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Figure 5. (a) Normalized UV—vis—NIR absorption spectra of
GNRs 1 and 2 in THF. Inset: Photographs of dispersions of
GNRs 1 and 2 in THF. (b) Raman spectra of GNR 2 measured
from 488 nm (2.54 eV) to 800 nm (1.55 eV) on a powder
sample with a laser power below 0.1 mW. (c) Acoustic region
of the Raman spectra of GNRs 1 and 2, measured at 515 nm
(2.41 eV) and 633 nm (1.96 eV), respectively, showing the
radial breathing-like mode (RBLM) peaks.

of larger aggregates in dispersions of GNR 2. GNR 2
showed apparently lower dispersibility compared to
that of GNR 1 due to a stronger m— interaction
between the extended aromatic cores. Nevertheless,
it was still possible to spectroscopically characterize
GNR 2 in a dispersion as well as to process it from a
liquid phase for microscopic analyses (see below).

UV—vis—NIR absorption spectroscopic analysis of
GNR 2 was thus performed on a dispersion in THF
(Figure 5a). GNRs 2-1 and 2-ll showed comparable
spectra, indicating that the longitudinal extension of
both 2-1 and 2-1l was sufficient to reach the band
gap of the infinite GNR (Figure S6a).'® Compared to
the absorption spectrum of GNR 1, that of GNR 2
displayed a significantly broader absorption extending
into the NIR region, with an absorption maximum at
660 nm. Whereas the absorption spectrum in 1,2,4-
trichlorobenzene (TCB) was identical to the one in THF,
the spectrum measured in ODCB displayed a shifted
absorption maximum at 645 nm (Figure S6b). This
observation suggests a different degree of GNR aggre-
gation in these solvents, affecting the absorption
profile?® The absorption edge was determined as
the X-intercept by extrapolation to be 1000 &+ 20 nm,
considering the variation in the absorption spectra in
TCB, THF, and ODCB. Although the effect of the ag-
gregation cannot completely be excluded, the optical
band gap of GNR 2 could be estimated from this
absorption edge to be 1.24 + 0.03 eV, which was
in good agreement with the theoretical band gap of
1.18 eV obtained using density functional theory (DFT)
calculations.” This optical band gap is considerably
smaller than the ~1.88 eV'® reported for GNR 1, clearly
demonstrating the lowering of the band gap upon
increasing the lateral extension.

NARITA ET AL.

The Raman spectrum of GNR 2 displayed first-order
D and G peaks (Figure 5b), which was qualitatively
similar to the Raman spectra of previously reported
bottom-up synthesized GNRs.'>'®'872° GNR 2, with a
width of ~2 nm, demonstrated a distinct peak in the
low-frequency region (at ~170 cm™") that was as-
signed to the so-called radial breathing-like mode
(RBLM) (Figure 5¢)."®%° The observation of this peak
at a lower position, compared to that of the narrower
GNR 1 with a width of ~1 nm (at ~235 cm™"),"® further
verified the uniform and laterally extended structure
of GNR 2, since the RBLM peak is expected to shift to
lower wavenumbers for increasing width, in analogy
to the radial breathing mode of carbon nanotubes.*?
Note however that the exact RBLM peak position may
also be affected by the specific edge geometry and
functional groups at the edges.

Profiting from the low band gap for GNR 2, for
the first time, we were able to investigate the Raman
spectra of structurally defined GNRs over the visible and
NIR energy ranges (Figure 5c), without any interference
from the strong photoluminescence signals. This is in
stark contrast to GNR 1, which could be measured only
up to 633 nm.* The D peak of GNR 2 shifted to lower
wavenumber with increasing excitation wavelength.
Notably, a small peak could clearly be observed at
the left side of the D peak with NIR excitation, whereas
it appeared as a shoulder of the D peak at smaller
wavelengths. A shift of the RBLM was also observed,
depending on the excitation wavelength. Careful inter-
pretations of these observations, involving extensive
theoretical studies, are expected to provide deeper
insight into the phonon and electronic dispersions of
the GNRs, which will be reported elsewhere.

Ultrafast THz Photoconductivity Analysis of GNR 2. The
ultrafast photoconductivity of GNR 2 dispersed in TCB
was investigated through noncontact, time-resolved
optical pump—THz probe spectroscopy.”® Whereas a
study of the intrinsic electronic properties using device
measurements is challenging, THz spectroscopy pro-
vides a straightforward and noninvasive approach to
evaluate the photoconductivity within individual GNRs
on ultrashort time scales.'®*® The lower band gap of
GNR 2 enabled photoconductivity studies over a wider
range of pump photon energies as compared to GNR 1.
Figure 6 shows the probe-frequency-resolved- (a) and
time-dependent (b and c¢) complex conductivity of
GNR 2 excited with a wavelength of 400 nm (3.10 V)
and 800 nm (1.55 eV); both the frequency-dependent
conductivity and the conductivity dynamics are similar
to those previously reported for GNR 1 at 400 nm
excitation.'®*® Remarkably, the time-dependent photo-
conductivity of GNR 2 measured at 400 and 800 nm
excitation are very similar. For both excitation energies,
the dynamics show a quick rise upon excitation fol-
lowed by a fast decay in both the real and imaginary
parts (Figure 6b and c).
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Figure 6. (a) Frequency-resolved, photoinduced complex conductivity of GNR 2 dispersed in TCB, scaled to the initial
excitation density N, measured 0.5 ps after excitation by a 400 or 800 nm pulse. (b) Real and (c) imaginary components of the
photoconductivity of GNR 2 as a function of time after excitation. Absorbed pump fluence was 3.9 x 10'® photons/m? at

800 nm and 4.2 x 10'® photons/m? at 400 nm.

The lower optical absorption of GNR 2 due to the
limited dispersibility made the measurements more
sensitive to losses of pump photons from scattering.
The values for the conductivity normalized to excita-
tion density in Figure 6a should therefore be taken
as conservative estimates. Nevertheless, the observed
magnitude of the real conductivity just after excitation
indicated a high photoconductivity of GNR 2. Uncor-
rected for scattering of the pump light, the inferred
photoconductivity at both 400 and 800 nm excitation is
comparable to that of GNR 1,'%*¢ implying that the true
photoconductivity of the broader GNR 2 is somewhat
larger than that of the narrower GNR 1, as expected,’
given the smaller band gap of GNR 2. Further, the
frequency-resolved photoconductivity of GNR 2 at
400 and 800 nm excitation yielded a very similar shape,
but with a slightly higher value for the scaled conduc-
tivity at 400 nm, suggesting a higher excitation quan-
tum yield at 400 nm than at 800 nm.

Clearly, the THz spectroscopy measurements on GNR
2 demonstrate the generation of conductive charge-
carriers with excitation at both 800 and 400 nm, whereas
GNR 1 showed a response only at 400 nm. These results
show that GNR 2 can be studied by pump—probe
spectroscopy techniques at a broader range of excitation
wavelengths, allowing more detailed investigations, for
example, on the process of carrier multiplication*” ~*® in
the GNRs.

AFM Visualization of GNR 2. Atomic force microscopy
(AFM) analysis demonstrated the formation of well-
ordered self-assembled monolayers on highly oriented
pyrolytic graphite (HOPG), upon deposition of GNR 2-1
from a dispersion in hot TCB (120—130 °C) (Figures 7
and S7). The periodicity of the striped features was
5.0 & 0.2 nm (Figure 7c¢), which was consistent with
the ~4.8 nm expected lateral dimension of GNR 2
including the alkyl chains (Figure 7d). This observation
indicated the adsorption of the GNRs next to each other
without stacking or interdigitation of the alkyl chains.

NARITA ET AL.

et

Figure 7. (a, b) AFM phase images of self-assembled mono-
layers of GNR 2-1 on HOPG (dry film), showing (a) a large
domain and (b) a small isolated domain. (c) Representative
line profile, which was measured along the white line in the
phase image shown in panel b. (d) Molecular model of GNR
2 displaying the packing of the GNRs in the self-assembled
monolayer.

Whereas GNR 1 with the dodecyl chains showed partial
stacking upon the formation of self-assembled mono-
layers,'® the absence of such stacking for GNR 2 could
be explained by the enhanced interaction of the
extended aromatic cores with the HOPG surface. This
result further attested to the defined structure of GNR 2
with high uniformity and displayed its liquid-phase
processability.

Highly covered areas extending several hundred
nanometers in both lateral and longitudinal directions
were observed (Figure S8), suggesting end-to-end
packing of the GNRs, given that the average length of
GNR 2-lis ca. 30—56 nm. Indeed, the length of the GNRs
in isolated small domains was typically ca. 20—70 nm,
which is in agreement with the estimated length
(Figures 7b and S9). Although monolayers of GNR 2-1I
could not be visualized using AFM, presumably due to
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its lower processability, this sample should contain
long GNRs extending over 100 nm, considering
that GNR 2-ll was at least around 3 times longer than
GNR 2-I.

CONCLUSIONS

A bottom-up synthesis of laterally (~2 nm) as well as
longitudinally (>100 nm) extended GNRs was achieved
based on the AB-type Diels—Alder polymerization,
displaying a low optical band gap of approximately
1.24 eV. The efficient planarization (“graphitization”) of
the polyphenylene precursor into the GNRs was corro-
borated by FTIR, NMR, UV—vis—NIR, and Raman spec-
troscopy. THz spectroscopy analysis revealed the high
photoconductivity of the laterally extended GNRs. AFM
analysis demonstrated the liquid-phase processability

METHODS

Sample Preparation. Full details regarding the synthesis and
characterization of all the materials are provided in the Support-
ing Information.

Solid-State NMR. All solid-state MAS NMR experiments were
recorded on a Bruker AVANCE-IIl 850 spectrometer operating at
a Larmor frequency of 850.26 MHz (20.0 T). The experiments
employed a 1.3 mm H-X probe (Bruker) using a MAS frequency
of 59524 Hz and a recycle delay of 2 s. The 2D 'H—"H DQ-5Q
correlation spectra were acquired using the back-to-back
(BaBa) NMR dipolar recoupling sequence for both excitation
and reconversion of DQ coherences followed by a z-filter, set to
one rotor period, prior to a final 7/2 pulse for creating transverse
observable magnetization.?® These experiments used two rotor
periods (33.6 us) of BaBa recoupling blocks to excite/reconvert
DQ coherences with 16 scans (full phase cycle) for each of the
256 (precursor 12) and 96 (GNR 2) t; increments. A 7z/2-pulse
length of 1.5 us corresponding to an rf-field strength (v,) of
167 kHz was used. The 1D "3C{"H} REPT-HSQC spectrum of GNR
3 was recorded using two rotor periods of rotational-echo
double resonance (REDOR) recoupling for 10240 scans.*®
For the REDOR recoupling, 77/2-pulses of 1.8 us were used for
both "H and '3C, while low-power 'H SW-f-TPPM decoupling
was applied during acquisition (v~ 12 kHz, 0.2 W).>%1 Prior to
all experiments the magic angle was checked using KBr.>?
"H and "3C chemical shifts are reported relative to TMS using
solid adamantane ('>C, 38.484 ppm; H,1.85 ppm) as an external
reference.®>*

Raman Spectroscopy. Raman spectroscopy was performed in
backscattering geometry with various spectrometers: a micro-
Raman Witec single spectrometer was equipped with a 532 nm
SSDP laser; multiwavelength Raman spectra in the visible range
were obtained with a Dilor (Horiba-Jobin Yvon) triple spectro-
meter, equipped with an Ar Kr laser, which possessed several
laser lines in the range from 488 to 568 nm, while for the red and
near-IR range we used a T64000 triple Raman spectrometer
(Horiba-Jobin Yvon), equipped with a He—Ne laser (633 nm) and
atunable Ti:sapphire laser (Coherent MBR-110) that covered the
range from 705 to 915 nm. The laser power was kept well below
0.1 mW to avoid heating or damaging the sample. The laser spot
was focused on the grain powder sample with a 100x long-
distance objective.

THz Spectroscopy. Sample solutions were placed in a quartz
cuvette with an inner thickness of 1 mm. Optical pump—THz
probe measurements were performed using the output from
a titanium sapphire laser that generated pulses with a central
wavelength of 800 nm and a duration of ~40 fs with a 1 kHz
repetition rate. Excitation pulses od 400 nm were generated by
frequency doubling the 800 nm pulses in a beta barium borate
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of such GNRs albeit with limited dispersibility. Remark-
ably, the broad absorption of the low-band-gap
GNRs enabled their spectroscopic characterizations
over the visible to NIR wavelengths, as represented
by Raman and pump—probe THz spectroscopy studies.
Further detailed spectroscopic investigations, includ-
ing theoretical studies, are expected to elucidate
some of the fundamental physical properties of such
graphene nanostructures. Moreover, the synthetic
method described potentially allows tuning of the
width and band gap for liquid-phase-processable
GNRs by modifying the monomer architecture. This
may not only enable the width-dependent studies on
the single-GNR transistors but also contribute to the
development of GNR-based optoelectronics, such as
photodetectors and photovoltaics.

(BBO) crystal. Single-cycle probe pulses comprising frequencies
in the 0—2 THz range were generated from the 800 nm pulses in
a 0.5 mm thick (110) ZnTe crystal by a process called optical
rectification.”® Beyond the sample, the transmitted THz field
was detected with a third 800 nm pulse in a second (110) ZnTe
crystal using the electro-optic effect.** By mechanically delay-
ing the detection pulse, the whole waveform of the THz pulse
could be measured, and the frequency-resolved conductivity
could be obtained as described in refs 16 and 46.

AFM Analysis. A Multimode AFM with a Nanoscope IV con-
troller (Veeco/Digital Instruments) was employed in intermit-
tent contact mode. Prior to AFM measurements, GNR powder
was dispersed in TCB by ultrasonication for 2 h followed by
heating at 120—130 °C for 15 min. A drop of this hot dispersion
was applied to a hot HOPG surface, which was also held at
120 °C. After the hot deposition, the HOPG sample was heated
for another 15 min. The surface was then washed with 2 mL
of TCB and heated again to ensure complete evaporation of
the solvent. THF could alternatively be used as a solvent for
washing. AFM images were recorded at room temperature and
processed using SPIP (Image Metrology) software. The width of
the GNRs was obtained from analysis of AFM images using two
different methods, namely, manual and automated power
spectrum density (PSD) analysis. In the first method, the width
of the GNRs was measured manually by drawing line profiles
across the GNR domains in an AFM image and averaging over
many such domains. In the second method, an automated
power spectral density analysis was performed on AFM images,
which essentially furnished peaks corresponding to the periodic
features present in the AFM images (Figure S10). While the
periodicity obtained from manual analysis was 5.0 + 0.2 nm,
the automated analysis furnished a periodicity of 5.2 + 0.2 nm.
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