Open Access Article. Published on 17 February 2022. Downloaded on 12/4/2025 9:39:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry C

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2022,
10, 4173

Received 26th November 2021,
Accepted 16th February 2022

DOI: 10.1039/d1tc05695f

Band structure modulation by methoxy-
functionalization of graphene nanoribbons+
¢ Wenhao Zheng,®

@ Juan Li,° Carlos-Andres Palma,®
*@ Deborah Prezzi, (2 *f

Alicia Gotz, £7°° Xiao-Ye Wang, (2 +°9 Alice Ruini,
Paniz Soltani,® Robert Graf, 2 Alexander Tries,
Elisa Molinari, © " Michael Ryan Hansen, 2" Hai I. Wang,
Klaus Mullen @ *2° and Akimitsu Narita () *¢

Graphene nanoribbons (GNRs) are considered as potential candidates for next-generation electronic
materials, and chemical functionalization can be an efficient method to modulate their electronic
properties. This work presents a solution synthesis of methoxy-substituted GNRs through the Diels—
Alder polymerization of a tetraphenylcyclopentadienone-based monomer bearing four methoxy groups,
followed by oxidative cyclodehydrogenation. The methoxy-functionalization of the GNRs was
unambiguously validated by FTIR and solid-state NMR analyses. Moreover, theoretical studies by ab initio
calculations predicted both charge redistribution and structural distortion induced by the methoxy
substitution, revealing reduction of both the bandgap and of the effective mass of charge carriers.
Employing THz spectroscopy, we found that methoxy-substitution at the edges enhanced the

rsc.li/materials-c

Graphene nanoribbons (GNRs) are quasi one-dimensional cut-
outs of graphene with the width typically between ~1 and
100 nm and the length at least an order of magnitude larger
than the width."? In contrast to graphene, GNRs have non-zero
bandgaps due to the quantum confinement effect, which
makes them highly promising as carbon-based semiconductors
for nanoelectronics and optoelectronics.>® The synthetic stra-
tegies to fabricate GNRs can be divided into “top-down” and
“bottom-up”’ approaches.’'> While “top-down” methods such
as cutting of graphene and unzipping of carbon nanotubes
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photoconductivity of GNRs by a factor of ~25%, primarily due to the reduced charge effective mass.

cannot avoid high structural disorder, the ‘bottom-up”
chemical synthesis can afford GNRs with controllable widths
and edge structures in atomic precision.>>%'1"% To obtain
GNRs with defined chemical structures, carefully chosen mono-
mer precursors are polymerized and then subjected to cycliza-
tion in solution or on a metal surface.”'’ The optical and
electronic properties of GNRs, including bandgap and charge-
carrier mobility, strongly depend on their structures. Thus,
considerable efforts have been dedicated to the synthesis of
various types of GNRs and elucidation of their structure-
property relationships.>*®

GNRs with different edge structures, including armchair, zigzag,
cove, and fjord edges, have thus far been synthesized. The role of
the GNR width on bandgaps of armchair GNRs and localized edge
states of zigzag GNRs have been demonstrated.”'*'> While arm-
chair and zigzag GNRs possess planar structures, cove and fjord
edges induce non-planarity, which is advantageous to improve the
solubility of the GNRs by suppressing the n—r interactions.*** In
addition, non-planarity is also predicted to affect the electronic
properties of GNRs,>?° but its precise effects still remain
unexplored,2?"2772

For the investigation of non-planar GNRs, the solution
synthesis protocols can be more advantageous than the on-
surface methods.?’ The latter approach is optimal for studying
planar GNRs under ultrahigh vacuum and elucidating the
electronic properties of individual GNRs.'*?°*® In general,
the solution synthesis of GNRs can be categorized according
to the methods of polymerization, e.g. Suzuki and Yamamoto
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polycondensation, and/or to the final cyclization steps, e.g.
Scholl reaction and acid-catalyzed cycloaromatization.'*'>*
We have explored the sequence of the AB-type Diels-Alder
polymerization followed by the Scholl reaction to obtain long
(>100 nm in average) GNRs with different widths (~1-2 nm),
which is very often difficult to achieve through transition-
metal-catalyzed coupling reactions that are terminated due to
loss of functional groups.**

Another advantage of the solution synthesis is the capability
of edge functionalization in a facile manner.'"'***% Such
modifications can be realized either by introducing functional
groups on the appropriate positions of the monomer precur-
sors or through the “post-functionalization” after the for-
mation of the GNR structure, for example by the edge
chlorination®® or transition-metal-catalyzed coupling reactions
using pre-installed halogen substituents.’®*! Functionalization
of GNRs with cyano, fluoro, and amino groups has been
reported through the on-surface method, but pre-installed
functional groups are often removed during the cyclodehydro-
genation on metal substrates, prohibiting efficient synthesis of
edge-functionalized GNRs.*>™*

Through edge functionalization with electron-donating or
-withdrawing groups, it becomes possible to modulate the
electronic properties of GNRs, including the position of energy
levels and bandgap.*>***®™*° Moreover, the planarity of GNRs
can also be altered by inducing steric repulsion. To this end, we
have recently synthesized planar and non-planar GNRs with the
identical aromatic core structure by installing alkyl chains at
different peripheral positions, causing steric congestion with
neighboring aromatic protons.>' Theoretical studies revealed
that the structural distortion also changes the band structure of
these GNRs and a reduced bandgap was experimentally con-
firmed by UV-vis absorption. Nevertheless, there are thus far
only a few experimental studies varying the planarity of one and
the same GNR structure. Moreover, the combination of non-
planarity effects with those of electron-donating or
-withdrawing functional groups has rarely been considered.

To this end, we have targeted a GNR with four electron-
donating methoxy groups per repeating unit (GNR-OMe,
Fig. 1a). Theoretical calculations based on Density-Functional
Theory (DFT) and Many-Body Perturbation Theory (MBPT)
elucidated that this methoxy-functionalization decreased the
ionization potential and the bandgap, accompanied by a
reduction of the effective mass of charge carriers, disentangling
the effect of structural distortions and charge redistribution.
The synthesis of GNR-OMe 9 (see Scheme 1 for the structure)
was carried out through the AB-type Diels-Alder polymeriza-
tion, followed by the oxidative cyclodehydrogenation, and the
successful introduction of the methoxy groups was clearly
evidenced by solid-state NMR analyses. UV-vis-NIR absorption
spectroscopy revealed a more structured absorption profile for
GNR-OMe 9 compared with GNR-H 10 without methoxy
groups.’® An additional feature appeared at longer wavelength,
in agreement with the theoretically predicted enhancement of
the transition-dipole moment of the first excitonic state
induced by distortions. Moreover, THz spectroscopy
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Fig.1 (a) Chemical structure of GNR-OMe (right) and GNR-H (left)
(b) DFT band structures of GNR-OMe (R = Me; blue, center) and GNR-H
(R = H; orange, left), as compared to the distorted GNR-H (R = Me; purple,
right) with the same nonplanar geometry as GNR-OMe. The three band
structures are aligned to the vacuum level, which is set to zero. (c) Plot of
the frontier bands vl and cl (top view) at the I point and (d) optimized
geometries (lateral view) of GNR-H, GNR-OMe and the distorted GNR-H.

demonstrated the enhanced charge-carrier mobility of GNR-
OMe 9 as compared with GNR-H 10. This is primarily due to the
reduced effective mass of charge carriers, in line with the
theoretical results.

Results and discussion

Theoretical studies of geometrical and electronic properties of
GNR-OMe

We have initially carried out the DFT-based theoretical studies
(see Methods for the details) on the structural and electronic
properties of GNR-OMe in comparison with GNR-H (see
Fig. 1a), i.e. a GNR with the same aromatic core structure, but
without methoxy groups on the edges."**° Fig. 1b compares the
calculated band structure of GNR-OMe (blue) and GNR-H

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Synthetic route towards GNR-OMe 9.

(orange), which are aligned to the vacuum level. The compar-
ison highlights upshifted frontier bands of GNR-OMe, which
are ~0.5 eV higher than those of GNR-H, due to the charge
redistribution induced by the methoxy groups (see Fig. S1,
ESIt), in agreement with prediction in previous studies.'”'
We also find that the valence band top (v1) is more affected
than the conduction band bottom (c1). The former shows a
larger upshift, which leads to an overall reduction of the
bandgap by about 150 meV, ie. from 1.61 eV (GNR-H) down
to 1.46 eV (GNR-OMe). A similar behavior, but with stronger
effects on c1, has been reported for edge decoration with
electron-withdrawing groups.***>*¢

In addition to the modulation of the electronic properties,
the DFT simulations indicate that the aromatic structure of
GNR-OMe is slightly distorted by the introduction of multiple
methoxy groups at the edges, due to the steric repulsion
(Fig. 1d). DFT simulations of a non-planar GNR-H with the
same distortion as GNR-OMe, but without the methoxy groups
(Fig. 1b, violet) were then carried out to discern the effect of the
electron-donating methoxy groups from that induced by the
geometrical distortion. To this end, the methoxy groups were
replaced by hydrogen atoms after the geometric optimization of
GNR-OMe, while keeping the distorted aromatic core fixed. The
results indicate that the geometric distortions are responsible
for only one-half of the bandgap shrinkage, i.e. 75 meV, while
the other half can be ascribed to the larger effective width of the
n-conjugated system of GNR-OMe due to the delocalization of
the frontier states over the oxygen of the methoxy groups (see

This journal is © The Royal Society of Chemistry 2022
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Fig. 1c). Moreover, along with the bandgap shrinkage by the
methoxyl substitution, the effective mass of charge carriers also
decreases (see Table S1, ESIY), especially for the conduction
bands. The reduced effective mass m* of charge carriers can be
beneficial for charge transport through the GNRs, because the
charge carrier mobility u is proportional to the reciprocal of the
effective mass of charge carriers. These theoretical insights
encouraged us to experimentally study GNR-OMe, and investi-
gate its charge transport properties.

Bottom-up solution synthesis of GNR-OMe 9

The synthesis of GNR-OMe 9 was carried out through the AB-
type Diels-Alder polymerization in a similar manner to our
previous reports,'*>"%* using a new monomer precursor 7 with
four methoxy groups (Scheme 1). For the synthesis of monomer
7, 2-bromo-1,3-dimethoxybenzyl bromide (2) was initially pre-
pared by bromination of benzyl alcohol 1 with phosphorus
tribromide (PBr;). Subsequently, a phase-transfer carbonylative
dimerization of 2 with Iron pentacarbonyl (Fe(CO)s) provided
diarylacetone 3, which was alkylated by Suzuki coupling to yield
diarylacetone 4. The Knoevenagel condensation of 4 with benzil
5 afforded tetraphenylcyclopentadienone 6 and the subsequent
removal of triisopropylsilyl-protecting group gave monomer 7.
The Diels-Alder polymerization of 7 was performed by refluxing
in diphenyl ether at 260-270 °C. Size exclusion chromatography
(SEC) analysis of the resulting crude mixture indicated the
presence of small oligomers, which could be removed by
fractionation with recycling preparative SEC to afford
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methoxy-substituted polyphenylene precursor 8 with the
weight-average molecular weight (M,,) of 31 000-54 000 g mol "
and polydispersity index (PDI) of 1.5-1.7 based on the SEC
analysis against poly(para-phenylene) (PPP) and polystyrene
(PS) standards (Fig. S2, ESIT). The combination of PPP and PS
standard calibrations is helpful for estimating the M, of
different polyphenylene samples as discussed in our previous
reports.”*>? Additionally, matrix-assisted laser desorption/ioni-
zation time-of-fight (MALDI-TOF) mass spectrometry (MS) ana-
lysis of the crude mixture of 8 displayed a pattern of peaks in
agreement with the molecular weight of trimer to octamer,
corroborating the successful installment of methoxy groups
(Fig. S3, ESIY). Finally, the oxidative cyclodehydrogenation of
8 with iron(u) chloride provided GNR-OMe 9.

Structural characterizations of GNR-OMe 9

GNR-OMe 9 was initially characterized by FTIR, Raman, and
UV-vis-NIR absorption spectroscopy (Fig. S4, S5, ESIt and
Fig. 3a, respectively), which agreed well with the spectra
previously reported for GNRs with similar structures.'*>"
Moreover, scanning tunnelling microscopy (STM) analysis of
GNR-OMe 9 after deposition on Au(111) revealed multilayers of
GNRs with the width of around 3.0 nm (Fig. S6, ESIt). This
value is comparable to a width of ~3.8 nm theoretically
estimated for GNR-H 10 including the alkyl chains,"® which
should have approximately the same width as GNR-OMe 9.
Solid-state "H- and *C-NMR magic angle spinning (MAS)
spectra of GNR-OMe 9 were measured at 16.4 T corresponding
to 700 MHz 'H Larmor frequency (Fig. 2). The '"H MAS NMR
spectrum of GNR-OMe 9 displayed a broad signal between
11-14 ppm from the aromatic protons as well as a small
shoulder around 3.5 ppm that was assignable to the methoxy
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Fig. 2 Solid-state NMR characterization of GNR-OMe 9 measured at
700 MHz. (a) *H MAS NMR at 60.0 kHz MAS; (b) “*C/*H CP/MAS NMR at
25.0 kHz MAS, recorded with 3.0 ms CP contact time, and 100 kHz high-
power swept-frequency two-pulse phase modulation (swfTPPM) decou-
pling; (c) 2D *H-'H DQ-SQ NMR correlation spectrum, 60 kHz MAS, 2
rotor periods back-to-back (BABA); (d) 2D *C-'H CP-MAS HETCOR NMR
spectrum recorded at 25 kHz MAS, 3.0 ms CP contact time, and 100 kHz
high-power swfTPPM decoupling.
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groups, along with the strong signal from the aliphatic side
chains (Fig. 2a). Notably, the aromatic proton signal of GNR-
OMe 9 was down-field shifted compared with that of the same
proton in previously reported GNR-H 10 (see Scheme 1 for the
structure),'® most likely due to the additional deshielding effect
by the methoxy groups. Broad, featureless background signals
observed between 6 and 10 ppm might be due to removal of
some of the methoxy or dodecyl groups during the final
synthetic step and/or incompleteness of the cyclodehydrogena-
tion. In the 2D 'H-'H double-quantum single-quantum
(DQ-SQ) correlation spectrum (Fig. 2¢), these broad background
signals appear as two parallel signal ridges close to the spec-
trum diagonal, indicating that the aromatic protons corres-
ponding to these signals are heterogeneously distributed in the
sample, which might be partly due to disordered aggregation.
The aromatic signal at 12.5 ppm does not show any correlation
to the background signals, but only correlates with the neigh-
boring methoxy groups, fully consistent with its assignment to
the aromatic proton of GNR-OMe 9. On the other hand, a weak
correlation of the aromatic background signals to the methoxy
protons can be seen, suggesting partial removal of the dodecyl
chains.

In the "*C/'H cross polarization (CP)/MAS NMR spectrum
(Fig. 2b), the "*C signal from the methoxy groups could be
clearly observed at ~60 ppm, along with aromatic signals from
the edge of GNR-OMe 9 and the aliphatic signals from the
dodecyl groups, which agreed with the previous studies.”'*?
From the 2D "H-"*C CP/MAS heteronuclear correlation (HET-
COR) NMR spectrum (Fig. 2d), strong correlation with the
methoxy protons can be identified for the *C signal of the
methoxy and also for that of aromatic carbons at 158 ppm,
which can thus be assigned to the ones covalently bound to the
methoxy groups. The aromatic protons of GNR-OMe 9 observed
at 12.5 ppm show a clear correlation to the aromatic **C signals
at 127 ppm. All these results corroborate the successful intro-
duction of the methoxy groups on the GNR edges.

UV-vis-NIR absorption and photoluminescence spectroscopy of
GNR-OMe 9

UV-vis-NIR absorption spectrum of GNR-OMe 9, recorded in
tetrahydrofuran (THF), displays two maxima at 507 and
544 nm, which coincide with the absorption maxima of
GNR-H 10 (Fig. 3a).”> GNR-OMe 9 shows a more structured
absorption profile, which could be due to the suppression of
aggregation by the geometrical distortion revealed by the
theoretical studies (Fig. 1d). Moreover, an additional absorp-
tion peak is observed at 614 nm for GNR-OMe 9, which is
absent in the spectrum of GNR-H 10.

In order to understand the origin of this additional peak, we
computed the first-principles optical spectra for the optimized
DFT geometries of GNR-OMe and GNR-H (Fig. 1), according to
the GW-BS approach that includes both quasi-particle correc-
tions to the band structure and excitonic effects, as detailed in
the Method section. The simulated absorption spectra (Fig. 3b)
show a main peak at about ~ 2 eV, which is mainly due to linear
combination of transitions between the second valence band (v2)

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Spectroscopic characterization: (a) UV-vis-NIR absorption spec-
trum of GNR-OMe 9 in THF (blue). UV-vis-NIR absorption spectrum of
GNR-H 10 in N-methyl-2-pyrrolidone (orange) is plotted together for
comparison.® (b) GW-BS simulated absorption spectra (bottom) for ideal,
gas-phase GNR-OMe (blue) and GNR-H (orange) in vacuum (see Fig. 1a for
the structures). Vertical bars indicate the excitonic transitions with the
same color code.

to the first conduction band (c1). This peak exhibits a
~60 meV redshift for GNR-OMe 9, which is a fingerprint of
the bandgap shrinkage discussed above, even though consider-
ably reduced when compared to the absolute variation of the
fundamental gap. GNR-OMe 9 also displays an additional peak
about 130 meV lower than the main peak that can be attributed
to a brightening of the first excitonic peak (linear combination
of v1 — c2 transitions), which has negligible oscillator strength
in the system without methoxy group, in agreement with the
experimental observations. We note that the absorption spectra
in THF (Fig. 3a) appear blue-shifted by ~0.20 eV with respect to the
GW-BS calculated optical spectra of ideal GNRs in vacuum (Fig. 3b),
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which is similar to previous reports for other GNRs.*">*** such
a difference in the experimental and theoretical lowest energy
excitations can be partly traced back to the 0.1-0.2 eV accuracy
of our method,* and partly to other structural and environ-
mental effects that are not taken into account in our gas-phase
simulations. For example, aggregation, conformational disor-
der, or interaction with long side chains and with solvent
molecules might be causing the blue-shift of the absorption
peak. Nonetheless, the theoretical results successfully elucidate
the appearance of a low-energy peak in the optical spectra of
GNR-OMe 9, attributed to the influence of the methoxy group,
in clear agreement with the experimental observations.

Accessing charge transport properties of GNR-OMe 9 by THz
spectroscopy

We further investigated the effect of methoxy side-group on the
electrical properties of GNRs, employing ultrafast optical-pump
THz-probe (OPTP) spectroscopy. As a purely optical technique,
OPTP measurements have been demonstrated as a powerful
method to investigate the photoconductivity dynamics of
charge carriers in nanomaterials, in a contact-free and non-
invasive manner.?***°%® Fig, 4a and b compare the photo-
conductivity dynamics for GNR-H 10 and GNR-OMe 9, which
were dispersed in 1,2,4-trichlorobenzene for measurements. In
both cases, we observe a transient rise of the real photocon-
ductivity due to the injection of free carriers into GNRs follow-
ing beyond-bandgap optical excitations (by 2.25 eV laser
pulses). Subsequently, a rapid decay is detected, which can be
attributed to localization of charge carriers (by trapping and/or
the formation of excitons).”’>>*®' Note that the photoconduc-
tivity Ao is proportional to the number of charge carriers n and
charge-carrier mobility p, following: Ao = enp = e(Naps)u, where
e, Nabs and ¢ are elementary charge, absorbed photon density,
and photon-to-charge conversion efficiency, respectively. Nota-
bly, for a given absorbed photon density N,ps, the photocon-

A
ductivity Ac of GNR-OMe 9 (i.e. N—" o @) is ~25% higher
abs

than that of GNR-H 10. We expect that ¢ is not changed
substantially by the edge functionalization. Our results
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Fig. 4 Time-resolved terahertz photoconductivity dynamics (proportional to the relative changes in the transmitted field, —AE/E), normalized by
absorbed photon density Naps, Of (@) GNR-H 10 and (b) GNR-OMe 9. The samples are dispersed in 1,2,4-trichlorobenzene, and photoexcited by a
2.25 eV-energy laser pulse. (c) Frequency-resolved complex photoconductivity at the peak of 1D THz photoconductivity (following 3.1 eV excitations).
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therefore indicate a higher charge-carrier mobility in GNR-OMe
9 than that in GNR-H 10.

To provide further insight into the origin of the enhanced
photoconductivity and charge-carrier mobility, we conducted
frequency-resolved photoconductivity at the peak of the OPTP
dynamics following 3.1 eV excitations, as shown in Fig. 4c (for
GNR-OMe 9). The complex photoconductivity can be well-fitted
by a phenomenological model, so called Drude-Smith (DS)

model®*®* following:
_ opar (1+:—-)
1 —iwt 1 —iwt

where 1, w;, and ¢, are the DS charge scattering time, the plasma
frequency, and vacuum permittivity, respectively. In the DS
model, free carriers are assumed to subject to preferential
backscattering effect which is parameterized by the parameter
c. The value of ¢ ranges from 0 (for Drude-like isotropic
momentum scattering process) and —1 (for the preferential
100% backscattering process). Note that the same measure-
ments and fitting model have been applied previously to GNR-
H 10, which gave nearly the same conductivity dispersion and
the transport parameters (tps = 30 = 3 fs, and ¢ = —0.92 +
0.01).*> Based on the DS fitting for GNR-OMe 9, we infer the DS
scattering time and the ¢ parameter to be 27 £ 7 fs and —0.92,
respectively. At the dc limit, the charge-carrier mobility u can be

a(w)

et . . .
expressed as: u = —D*S(l + ¢). As the scattering time remains
m

nearly unchanged within the error bar, our results indicate that
the enhancement of charge carrier mobility (and thus the
photoconductivity) seems to originate from the decreased
effectives mass due to the methoxy-functionalization. Indeed,
by comparing the ratio of the reciprocals of the theoretically
estimated effective mass (Table S1, ESIt), we expect a mobility
enhancement by a factor of ~11% following OMe functionali-
zation, which is roughly in line with our experimental results
here. Therefore, our result directly correlates the intrinsic
electronic structure (tunable by the side group) to charge
transport properties in GNRs.

Conclusion

A bottom-up synthesis of GNR-OMe 9 was achieved based on
the AB-type Diels-Alder polymerization and the oxidative cyclo-
dehydrogenation. The combination of FTIR, Raman, solid-state
NMR, and UV-vis-NIR absorption spectroscopy analyses and
STM visualization, complemented by ab initio simulations of
structural, electronic and optical properties, corroborated the
successful formation of GNR-OMe 9. THz spectroscopy revealed
that the methoxy-substitution enhanced the photoconductivity
of GNRs by a factor of ~25%, primarily due to reduced charge
effective mass following the edge functionalization, in agree-
ment with DFT results. These results indicate the significant
influence of edge functionalization on the electronic band
structures of GNRs. Our results indicate that finer tuning of
the optical and electronic properties of GNRs can be achieved
by combining the charge redistribution effects of the
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substituents together with the steric effects to induce non-
planarity. Moreover, the non-planarity can simultaneously sup-
press the aggregation of the GNRs while enhancing the con-
ductivity, which can be advantageous for the fabrication of
high-performance, single-GNR devices.

Methods

First-principles simulations

The structural, electronic and optical properties of GNR-OMe
and GNR-H were simulated within an ab initio scheme based on
density functional theory (DFT) and many-body perturbation
theory (MBPT) approaches.’® The ground state optimized geo-
metries and electronic properties were computed by using a
total-energy-and-forces DFT approach based on pseudopoten-
tials and plane-waves, as implemented in the Quantum
ESPRESSO package.®®® Norm-conserving pseudopotentials
were employed, with a plane-wave cutoff energy of 80 Ry
defining the basis set. A vacuum region of 15 A in the non-
periodic directions was introduced to prevent interaction
between periodic images. The atomic positions were fully
optimized until forces within the cell were less than
0.01 eV A™!, using a 16 x 1 x 1 k-point grid for the sampling
of the Brillouin zone. Note that, in order to simplify the
modelling, the alkyl chains have been pruned and substituted
with -H or -Me, having shown that this approximation does not
affect significantly the characterization of the properties of
interest.”’ Quasiparticle energy corrections were computed
within the GoW, approximation to the electron self-energy in
order to overcome the well-known underestimation of DFT
bandgaps and dispersions. The optical absorption spectrum
was then computed as the imaginary part of the macroscopic
dielectric function by solving the Bethe-Salpeter (BS) equation
for the GW-corrected quasi-electrons and quasi-holes, within
the Tamm-Dancoff approximation. Both GW and BS calcula-
tions were performed with the Yambo code,’® and further
details can be found elsewhere.*!

Solid-state NMR

'H MAS NMR and "C CP/MAS NMR measurements were
performed with a Bruker Avance III console operating at
700.25 MHz 'H Larmor frequency, using a double-resonance
MAS probe supporting zirconia MAS rotors with 2.5 mm outer
diameter spinning at 25 kHz MAS frequency. The rf nutation
frequency was adjusted to 100 kHz corresponding to a 2.5 ps
90° pulse length for signal excitation as well as for hetero-
nuclear dipolar decoupling during acquisition, using the
swfTPPM scheme®” for efficient "H decoupling. 1024 transients
with a repetition delay of 10 s were recorded for the CP/MAS
NMR spectra, using 1 ms CP contact pulse and a 90-100%
amplitude ramp on the 'H channel at ambient conditions. "H
MAS NMR measurements at 60 kHz MAS have been performed
using a commercial MAS probe supporting zirconia rotors of
1.3 mm outer diameter with a rf-nutation frequency of 140 kHz
on the 'H channel, corresponding to a 1.8 s 90° pulse length.
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The xy16-Back-to-Back®® sequence has been used to record the
DQ-SQ correlation spectrum at 60 kHz MAS.

THz spectroscopy

We operate the optical pump-THz probe (OPTP) by the an
amplified, mode-locked Ti:sapphire femtosecond laser system.
The output laser pulse possesses a central wavelength of
800 nm, a pulse length of ~50 fs, and a repeating frequency
of 1 kHz. The THz pulse with ~ a bandwidth of ~2 THz is
generated via optical rectification in ZnTe crystal, and probed
via electro-optic sampling by a second ZnTe crystal. By control-
ling the pump-probe time delay, the photoinduced THz field
attenuation (proportional to the real photoconductivity) and
phase shift (related to the imaginary photoconductivity) can be
tracked. The detailed working principle of OPTP spectroscopy
and its applicability for studying the charge transporting prop-
erties in nanomaterials are widely reported previously.?>%%
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