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ABSTRACT: Graphene nanoribbons (GNRs) have garnered significant interest due to their highly customizable physicochem-
ical properties and potential utility in nanoelectronics. Besides controlling widths and edge structures, the inclusion of chi-
rality in GNRs brings another dimension for fine-tuning their opto-electronic properties, but related studies remain elusive 
owing to the absence of feasible synthetic strategies. Here, we demonstrate a novel class of cove-edged chiral GNRs (CcGNRs) 
with a tunable chiral vector (n,m). Notably, the bandgap and effective mass of (n,2)-CcGNR show a distinct positive correla-
tion with the increasing value of n, as indicated by theory. Within this GNR family, two representative members, namely (4,2)-
CcGNR and (6,2)-CcGNR, are successfully synthesized. Both CcGNRs exhibit prominently curved geometries arising from the 
incorporated [4]helicene motifs along their peripheries, as also evidenced by the single-crystal structures of two respective 
model compounds (1 and 2). The chemical identities and opto-electronic properties of (4,2)- and (6,2)-CcGNRs are compre-
hensively investigated via a combination of IR, Raman, solid-state NMR, UV-vis, and THz spectroscopies as well as theoretical 
calculations. In line with theoretical expectation, the obtained (6,2)-CcGNR possesses a low optical bandgap of 1.37 eV along 
with charge carrier mobility of ~8 cm2 V-1 s-1, whereas the (4,2)-CcGNR exhibits a narrower bandgap of 1.26 eV with increased 
mobility of ~14 cm2 V-1 s-1. This work opens up a new avenue to precisely engineer the bandgap and carrier mobility of GNRs 
by manipulating their chiral vector. 

INTRODUCTION 
Graphene nanoribbons (GNRs) possess enormous po-

tential for next-generation semiconductor materials on 
account of their tunable bandgaps and attractive elec-
tronic properties.1–5 In general, the widths and edge to-
pologies of GNRs exert significant influence over their 
electronic and magnetic properties.6,7 Among various 
methods used to prepare GNRs, bottom-up organic syn-
thesis, utilizing surface-assisted or solution-based chem-
istry, offers a powerful protocol for fabricating GNRs 
with structural precision and tailored characteristics.8–12 
Taking advantage of precision organic synthesis, arm-
chair-edged GNRs (AGNRs) have been widely studied in 

the past decade, demonstrating a wide range of 
bandgaps inversely proportional to the ribbon widths. 
Moreover, zigzag-edged GNRs (ZGNRs) with localized 
edge states have also been successfully realized via on-
surface synthesis under ultrahigh vacuum conditions.13 
Besides, chiral GNRs (cGNRs) with combined zigzag and 
armchair edge orientations represent another important 
class of GNRs (Figure 1a), which are predicted to possess 
distinctive properties, such as spin-polarized edge 
states, chirality-dependent bandgaps, tunable magnetic 
properties, etc.14–17 However, experimental access to 
cGNRs remains relatively rare, and there are only a few 
cases prepared using on-surface synthesis,18,19 due to the 
inherent instability associated with the zigzag edges. 



 

 
Figure 1. (a) Illustration of the pristine (n,m)-cGNRs and the corresponding cove-edged chiral GNRs ((n,m)-CcGNRs) achieved via 
periodic carbon elimination. The chirality is described either by the translation vector Ch defined as Ch = na1 + ma2, where n and m 

are lattice translational indices, a1 and a2 are the basis vectors, or by the chiral angle θ = arcsin�3
4

( 𝑚𝑚2

𝑛𝑛2+𝑛𝑛𝑛𝑛+𝑚𝑚2);14 (b) Comparison of 

the calculated bandgap and effective mass between (n,m)-CcGNRs and (n,m)-cGNRs (Table S6 and S7); (c) The chemical structures 
of four family members in (n,m)-CcGNRs, including the (4,2)-, (6,2)-, (8,2)-, and (10,2)-CcGNR, of which (4,2)- and (6,2)-CcGNR 
are synthesized in this work. The substituents are omitted for clarity. 

From a structural perspective, by periodically elimi-
nating carbon atoms along the zigzag edges of ZGNR, the 
[4]helicene subunits (namely cove edges) are formed on 
the ZGNR peripheries (Figure 1a), giving rise to a family 
of cove-edged GNRs (CGNRs) with nonplanar confor-
mation, good liquid-phase processability, and in some 
cases, low bandgaps and high charge transport proper-
ties.20–22 Moreover, this “carbon elimination” strategy 
also has the potential to conquer the stability issue asso-
ciated with the spin-polarized zigzag edges in GNRs. In-
spired by this approach, we envisioned whether it could 
be applied to the cGNRs with the incorporation of cove 
edges and subsequently control the stability, geometry, 
and electronic structures of cGNRs by varying the chiral 
vector (Figure 1a).14,17 To the best of our knowledge, 
cove-edged chiral GNRs (CcGNRs) have yet to be ex-
plored both theoretically and experimentally, represent-
ing a novel and untapped area of research. 

In this work, we report a novel category of chiral GNRs 
bearing fully cove edges that are realized through the de-
sign strategy of “carbon elimination” applied to the back-
bone of pristine cGNRs by manipulating the chiral vector 

(n,m) or chiral angle (θ) of cGNRs. Interestingly, theo-
retical predictions reveal a distinct trend in the bandgap 
and effective mass of the resulting (n,2)-CcGNRs as n 
evolves, while pristine (n,2)-cGNRs display an opposite 
trend in bandgap evolution and a randomly changing ef-
fective mass (Figure 1b). Within this new GNR family, 
two representative members with the lowest bandgap 
and effective mass, namely (4,2)-CcGNR and (6,2)-
CcGNR, are successfully synthesized through the Yama-
moto polymerization and the subsequent Scholl reaction 
in solution (Figure 1c). To validate the efficiency of the 
Scholl reaction, two model compounds 1 and 2 are syn-
thesized as representative fragments of the (4,2)-CcGNR 
and (6,2)-CcGNR, respectively (Scheme 1). Crystallo-
graphic analysis of 1 and 2 elucidates their characteristic 
nonplanar alternative up-down topologies attributed to 
the steric congestion along the cove peripheries. The suc-
cessful formation of CcGNRs is confirmed through a 
combination of infrared (IR), Raman, and solid-state 
NMR analysis. Increasing the chiral angle θ of (n,2)-
CcGNRs is theoretically predicted to reduce the bandgap 
(Eg), which is also validated by experimental comparison 
of the obtained (4,2)-CcGNR (θ = 19.1°, Eg = 1.26 eV) and 



 

(6,2)-CcGNR (θ = 13.9°, Eg = 1.37 eV) through UV-vis ab-
sorption spectroscopy. Furthermore, time-resolved te-
rahertz (THz) spectroscopy unveils a charge carrier mo-
bility of ~8.0 cm2 V-1 s-1 for (6,2)-CcGNR in dispersion, 
which notably increased to ~14 cm2 V-1 s-1 for (4,2)-
CcGNR, primarily driven by the enhanced mobility of 
charge carriers, surpassing that of most solution-synthe-
sized GNRs reported so far.23–26 Our study offers new in-
sights into the precise customization of GNR’s bandgap 
and carrier mobility via tailoring their chirality. 

RESULTS AND DISCUSSION 
Design Principle Guided by Theoretical Calcula-

tion. As depicted in Figure 1a, the chirality of cGNR is de-
scribed either by the chiral angle θ or by a chiral vector 
(n,m), where n and m are the translational indices of the 
basis vectors of the graphene lattice. Utilizing the same 
definition, the corresponding CcGNRs can be derived 
through the strategy of periodic carbon elimination 
along the zigzag edges of cGNRs, where the chiral angle 
θ gets decreased with increasing n while keeping m un-
changed. Following this principle, a family of CcGNRs 
with the same unit width is conceived by varying n and 
m, in which fully cove-edged (n,2)-CcGNR is selected as 
a model to explore the effects of different chirality on 
their electronic structures. Periodic density functional 
theory (DFT) calculations are employed to investigate 
the evolution of bandgaps and effective masses of (n,2)-
CcGNRs by gradually increasing the value of n, in com-
parison to that of the corresponding (n,2)-cGNRs (Fig-

ure 1b). It is found that varying the value of n could sig-
nificantly modulate the electronic structure, affecting 
both the bandgap and band dispersion of (n,2)-CcGNRs 
(Table S6). All of these CcGNRs display semiconducting 
behaviour with narrow bandgaps that increase from 
1.08 to 1.21 eV when n is varied from 4 to 10 (Figure 1c).  
The most significant impact becomes apparent in their 
band dispersion as the value of n varies. Notably, the 
band dispersion near the valence band maximum (VBM) 
and the conduction band minimum (CBM) exhibits a 
near-flat profile for (8,2)-CcGNR and (10,2)-CcGNR, 
while a more pronounced dispersion is observed in 
(4,2)-CcGNR, which is directly translated into lower val-
ues of reduced masses for both hole and electron carriers 
(m*h and m*e), thus giving small effective mass (m*) cal-
culated by 1

𝑚𝑚∗ = 1
𝑚𝑚𝑒𝑒
∗ + 1

𝑚𝑚ℎ
∗ . This characteristic indicates the 

presence of more extensively delocalized charge carriers 
in (4,2)-CcGNR. As a result, the bandgap and effective 
mass values exhibit positive correlations with the in-
crease in n within the (n,2)-CcGNR system, while that of 
the pristine cGNRs display the opposite trends with 
semi-metal features (0.06–0.23 eV) and relatively large 
effective mass (Figure 1b). Motivated by the aforemen-
tioned theoretical findings within this CcGNR family and 
taking into account the synthetic feasibility, two repre-
sentative cases, namely (4,2)-CcGNR and (6,2)-CcGNR, 
with narrow bandgaps and low effective masses, were 
chosen to experimentally investigate the dependency of 
electronic and opto-electronic properties on the GNR 
chirality (Figure 1c).
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Scheme 1. Synthetic route toward model compounds 1 and 2. Reagents and conditions: (a) (triisopropylsilyl)acetylene, CuI, 
PdCl2(PPh3)2, THF/TEA, r.t., 12 h, 95%; (b) n-BuLi, I2, THF, -78 °C, 16 h, 97%; (c) i. 6, Pd(PPh3)4, K2CO3, THF/EtOH/H2O, 60 °C, 
36 h; ii. TBAF, THF, r.t., 20 min, 79%; (d) NBS, AgNO3, acetone, r.t., 1 h, 66%; (e) InCl3, toluene, 95 °C, 24 h, 87%; (f) CuI, 
piperidine, toluene, air, r.t., 6 h, 83%; (g) PtCl2, toluene, 90 °C, 24 h, 93%; (h) Pd(PPh3)4, Na2CO3, nBu4NBr, THF/EtOH/H2O, 60 
°C, 10 h, 85%; (i) n-BuLi, triisopropyl borate, THF, -78 °C, 16 h, 61%; (j) 13, Pd(PPh3)4, K2CO3, toluene/EtOH/H2O, 95 °C, 48 h, 
55% for 14 and 60% for 15; (k) DDQ, TfOH, DCM, 0 °C, 45 min, 62% for 1 and 65% for 2. 



 

Synthesis and Characterization of Model Com-
pounds. As the defined segments of (4,2)-CcGNR and 
(6,2)-CcGNR, model compounds 1 and 2 containing 
chrysene and bischrysene units were synthesized, re-
spectively (Scheme 1). First, ((2-bromo-5-(tert-bu-
tyl)phenyl)ethynyl)triisopropylsilane (4) was prepared 
in 95% yield by the selective Sonogashira coupling of 1-
bromo-4-(tert-butyl)-2-iodobenzene (3) with the com-
mercially available (triisopropylsilyl)acetylene. Then 
compound 4 was transformed into ((5-(tert-butyl)-2-
iodophenyl)ethynyl)triisopropylsilane (5) by treatment 
with n-BuLi/iodine in 97% yield. Afterward, a Suzuki 
coupling of 5 with (3-bromonaphthalen-2-yl)boronic 
acid (6) followed by treatment with tetrabutylammo-
nium fluoride (TBAF) provided 2-bromo-3-(4-(tert-bu-
tyl)-2-ethynylphenyl)naphthalene (7) with a yield of 
79% over two steps. The bromination of the acetylene 
group in 7 afforded 2-bromo-3-(2-(bromoethynyl)-4-
(tert-butyl)phenyl)naphthalene (8) in 66% yield. Subse-
quently, 5,11-dibromo-2-(tert-butyl)chrysene (9) was 
obtained from 8 in 87% yield via InCl3-catalyzed alkyne 
benzannulation. Meanwhile, the Glaser coupling of 7 cat-
alyzed by copper iodine (CuI) under air condition gave 
1,4-bis(2-(3-bromonaphthalen-2-yl)-5-(tert-butyl)phe-
nyl)buta-1,3-diyne (10) in 83% yield and the subsequent 
PtCl2-catalyzed annulation gave the 11,11′-dibromo-
5,5′-bischrysene (11) in 93% yield. Furthermore, a Su-
zuki coupling of the commercially available 2-chloroio-
dobenzene and compound 6 followed by lithia-
tion/borylation gave (3-(2-chlorophenyl)naphthalen-2-
yl)boronic acid (13) in 52% yield over two steps. After 
that, the chrysene-based oligomer precursor 14 was syn-
thesized via twofold Suzuki coupling of 9 and 13 in 55% 
yield. Finally, the Scholl reaction of 14 was carried out by 
using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 
(DDQ)/trifluoromethanesulfonic acid (TfOH), affording 
the desired model compound 1 in 62% yield. Following 
the similar synthetic strategy for 1, model compound 2 
was also obtained with a yield of 65% from the bischrys-
ene-based precursor 15 via the same Scholl reaction con-
dition. 

The chemical identities of 1 and 2 were first confirmed 
by MALDI-TOF MS analysis, in which the observed spec-
tra were in good agreement with the simulated isotopic 
distribution patterns (Figure S2). The chemical structure 
of 1 was validated by 1H NMR spectroscopy and corre-
sponding 2D NMR measurements (Figures S43–S46). 
However, compound 2 exhibited poor solubility and a 
strong tendency for aggregation in the common alkyl 
chloride solvents, resulting in broad 1H NMR signals. To 
our delight, a measurement conducted at 90 °C in the ar-
omatic solvent toluene-d8 gave an evaluable 1H NMR 
spectrum. Single crystals of 1 and 2 were obtained re-
spectively by slow vapor diffusion of methanol into a so-
lution of compound 1 in dichloroethane and a solution of 
compound 2 in chlorobenzene, which are suitable for 
single-crystal X-ray diffraction measurements. Com-
pound 1 crystallized in the orthorhombic space group 

  
Figure 2. X-ray crystallographic structures of 1 and 2. (a, b) 
Top and side views of 1 (P, M, P, M) and 2 (P, M, P, P, M, P); (c, 
d) Side view of the crystal packing of 1 and 2. Hydrogen atoms 
and solvent molecules are omitted for clarity. 

Pna21, while 2 crystallized in the monoclinic space group 
C2/c (Table S1). As shown in Figures 2a,b, both 1 and 2 
possess alternating “up-down” geometries with the large 
torsion angels within the cove regions (43.23–47.68° for 
1 and 38.39–44.99° for 2) owing to the steric repulsion 
resulting from the [4]helicene segments at the peripher-
ies. Consequently, elongated C–C bonds (1.42–1.48 Å for 
1 and 1.40–1.51 Å for 2) at the cove edges are afforded, 
which are comparable with those of the reported cove-
edged nanographenes.27,28 In the solid packing, two en-
antiomers ((P, M, P, M) and (M, P, M, P) for 1 and (P, M, P, 
P, M, P) and (M, P, M, M, P, M) for 2) are present in a ratio 
of 1:1 in the unit cell (Figures 2c,d). Notably, the unsym-
metrically substituted compound 1 gives rise to racemic 
dimers via face-to-face π–π interactions with an inter-
layer distance of 3.7 Å, whereas such dimers further ex-
hibit the herringbone stacking by face-to-edge [C–H⋅⋅⋅π] 
interactions.29 In contrast, each enantiomer of 2 forms 
dimers by intermolecular π–π interactions with a similar 
distance of 3.7 Å, which undergo brick layer stacking 
along the b-axis by aligning with another pair of enanti-
omeric isomers via π–π interactions. 

Synthesis and Characterization of (4,2)-CcGNR and 
(6,2)-CcGNR. After confirming the efficient synthesis of 
model compounds, the synthesis of (4,2)-CcGNR and 
(6,2)-CcGNR are further investigated. With the building 
blocks 14 and 15 in hand, the nickel-mediated Yama-
moto polymerization provided the desired polyphe-
nylene precursors P1 and P2 in 85% and 89% yields, re-
spectively (Scheme 2). Linear mode MALDI-TOF MS anal-
ysis of the crude polymers P1 and P2 reveals a family of 
signals up to m/z ∼ 9.600 and 10.700, spaced by the rep-
etition unit of 686 and 968 g mol-1, respectively (Figure 
3a). The obtained crude polymers were then fraction-
ated into three fractions by recycling gel permeation 
chromatography (GPC), followed by the analysis of ana-
lytical size exclusion chromatography (SEC) calibrated 
by polystyrene (PS) standards. The analysis revealed a 
close number average molar mass of Mn ∼ 10.200 Da 
with a low polydispersity index (Đ) for the first fraction 



 

 
Scheme 2. Synthesis of (4,2)-CcGNR and (6,2)-CcGNR as well as their geometries optimized by DFT simulations. Reagents 
and conditions: (a) Ni(COD)2, COD, 2,2’-bipyridine, toluene/DMF, 80 °C, 3 days, 85% for P1 and 89% for P2; (b) DDQ, TfOH, 
DCM, 0 °C to r.t., 2 days, 86% for (4,2)-CcGNR and 89% for (6,2)-CcGNR. Note that the repeating unit for (4,2)- and (6,2)-
CcGNR is outlined with yellow colors, respectively. 

of both polymers with the highest molecular weight 
(Đ=1.06 for P1, Đ=1.05 for P2) (Figures S3 and S4). Fi-
nally, oxidative cyclodehydrogenation of the obtained 
fractions of P1 and P2 through the Scholl reaction in 
DCM with DDQ/TfOH at 0 °C for two days yield the tar-
geted (4,2)-CcGNR and (6,2)-CcGNR with yields of 86 
and 89%, respectively. The average length of the high 
molecular weight fraction of the resulting (4,2)- and 
(6,2)-CcGNR is estimated to be 21 nm, based on the Mn 
of the corresponding P1 and P2 precursors and on the 
length of the repeat unit estimated from the crystal 
structures of 1 and 2 (Figures 2a,b). Thanks to their 
curved geometries and the tert-butyl substituents in-
stalled on the ribbon edges, both GNRs exhibited good 
dispersibility in common organic solvents, such as N-me-
thyl-2-pyrrolidone (NMP), tetrahydrofuran and 1,2,4-
trichlorobenzene. 
The successful conversion of polymer precursors P1 and 
P2 into (4,2)-CcGNR and (6,2)-CcGNR was verified 
through a comprehensive analysis involving IR, Raman, 
and solid-state NMR spectroscopies. A comparison of the 
IR spectra of P1 and (4,2)-CcGNR revealed that the C–H 
stretching vibrations at 3025 and 3053 cm-1 in P1 were 
diminished after cyclodehydrogenation, whereas a very 
broad maximum was present close to 3024 cm-1 (Figure 
3b).9,30,31 Furthermore, the out-of-plane (opla) C–H de-
formation bands triad at 698 and 744 cm-1 (pink and 
green) originating from disubstituted aromatic rings 
were attenuated after graphitization, while a strong 
band associated with TRIO and QUATRO modes (wag-
ging of triply or quadruply adjacent C–H groups,  identi-
fied by comparison to the HSEH1PBE/6-31G(d) predic-
tion (Table S2–S4)) can be found at 755 cm-1 (blue) in 
(4,2)-CcGNR.31,32 These observations were in line with 

the variation in the IR spectra of polymer P2 and (6,2)-
CcGNR as well, where the C–H stretching region at 3052 
cm-1, the fingerprint bands at 697 and 744 cm-1 were di-
minished instead of the presence of a joint TRIO and 
QUATRO mode at 759 cm-1. Moreover, Raman spectra of 
(4,2)-CcGNR and (6,2)-CcGNR show vibrational modes 
in the ranges of 150–500 cm-1 (inset Figure 3c), 1000–
2000 cm-1, and 2250–3500 cm-1 (Figure 3c), which are 
confirmed by DFT calculations of the vibrational modes. 
As the symmetry of the GNR structure is broken by the 
staircase formation along the nanoribbon axis, there is 
no symmetry-defined direction of motion of the atoms. 
Indeed, the calculated vibrations are mixed displace-
ments of different parts of the nanoribbon. In agreement 
with our experimental results, a characteristic vibra-
tional mode which distinguishes the two nanoribbon 
structures is not observed in the calculated response. 
This is probably due to the similarity in the atomic struc-
ture of (4,2)-CcGNR and (6,2)-CcGNR. The DFT simula-
tions revealed that the typical vibrational patterns 
around 1600 cm-1 resemble that of the G mode in gra-
phene/graphite33,34 (Figure S11a). The lattice vibrations 
around 1350 cm-1 are similar to the vibration leading to 
the D mode in graphene/graphite33,34 but include also vi-
brational contributions of the CH3 groups at the edges 
(Figure S11b and S11c). Moreover, the solid-state magic-
angle spinning (MAS) NMR measurements (Figures S12–
14) confirm the successful graphitization of both poly-
mer P1 and P2 toward corresponding (4,2)-CcGNR and 
(6,2)-CcGNR, in which 1H and 13C{1H} MAS NMR display 
the broadened signals as a consequence of higher dipolar 
couplings due to the reduced mobility as well as a 
broader distribution of isotropic chemical shifts as 
shown by 2D correlation spectroscopy (Figures S14). 



 

 
Figure 3. Spectroscopic characterizations of (4,2)-CcGNR and (6,2)-CcGNR and their precursors P1 and P2. (a) MALDI-TOF MS 
analysis of polymer P1 and P2 (matrix: DCTB, linear mode); (b) IR spectra of P1, P2, (4,2)-CcGNR and (6,2)-CcGNR with assign-
ments based on DFT simulations. The corresponding vibrational positions are denoted by distinct colored dots in their structures 
presented in Scheme 2; (c) Raman spectra of (4,2)-CcGNR and (6,2)-CcGNR recorded with a 532 nm excitation wavelength on a 
powder sample. The inset shows a zoom into the low-frequency range; (d) UV-vis absorption spectra of model compounds 1 and 2 
in CH2Cl2 (10-5 M), as well as (4,2)-CcGNR and (6,2)-CcGNR in NMP (0.1 mg mL-1). The inset shows the corresponding Taut plot of 
both CcGNRs.

Optical Properties of 1, 2, (4,2)-CcGNR, and (6,2)-
CcGNR. Furthermore, the UV-vis absorption spectra of 
model compounds 1 and 2 in DCM, as well as the (4,2)-
CcGNR and (6,2)-CcGNR dispersed in NMP, were rec-
orded in Figure 3d. For compound 1, a distinct absorp-
tion peak with the longest wavelength was observed at 
533 nm, corresponding to an optical bandgap of 2.25 eV. 
Compared to that of 1, compound 2 exhibited an obvious 
red-shifted absorption peak at 597 nm with an optical 
gap of 1.98 eV due to its extended π-conjugation. In stark 
contrast, (4,2)-CcGNR displayed considerable batho-
chromic shift in the absorption toward the NIR region 
with an absorption maximum at 725 nm and a shoulder 
peak at 802 nm, while the extended (6,2)-CcGNR exhib-
ited an absorption maximum at 781 nm. Based on the 
Tauc plot method for a direct transition (inset in Figure 
3d), the optical bandgap of (4,2)-CcGNR was determined 
to be 1.26 eV, which is approximately 0.11 eV smaller 
than the optical bandgap (1.37 eV) of (6,2)-CcGNR. This 
result aligns with the trend observed in the DFT-
calculated bandgaps (Figure 1b), which also showed a 
difference of 0.07 eV between (4,2)-CcGNR (1.08 eV) 
and (6,2)-CcGNR (1.15 eV) (Table S6). 

Charge Carrier Transport Properties of (4,2)-CcGNR 
and (6,2)-CcGNR. We then examined the charge carrier 
transport characteristics of the obtained GNRs employ-

ing ultrafast optical pump-terahertz probe (OPTP) spec-
troscopy.35–38 In Figure 4a, we present the time-resolved 
complex photoconductivity dynamics for both (4,2)-
CcGNR and (6,2)-CcGNR dispersed in 1,2,4-trichloro-
benzene, upon optical excitations by ~100 fs laser pulses 
(with photon energy of 3.10 eV).39 Note that, compared 
with (6,2)-CcGNR, the elevated real photoconductivity 
observed in (4,2)-CcGNR implies the presence of more 
mobile charge carriers, in line with the predictions of 
DFT calculations. To quantify the transport properties of 
free charge carriers directly after photo-generation, we 
conducted time-resolved photoconductivity measure-
ment to capture the conductivity response of both GNRs, 
approximately 1.5 ps after photoexcitation, as depicted 
in Figure 4b.35,36 The frequency-resolved complex con-
ductivity can be well-described using the Drude–Smith 
(DS) model.36,38,40 This model describes free carrier con-
ductions subject to backscattering effect, due to e.g. 
structural factors including torsional defects or grain 
boundaries within the materials. A parameter c is intro-
duced to quantify the backscattering probability, ranging 
from 0 (isotropic scattering following the Drude model) 
to -1 (100% backscattering). The fitting yields the charge 
scattering time 𝜏𝜏 of 43 ± 2 and 30 ± 2 fs for (4,2)-CcGNR 
and (6,2)-CcGNR, respectively, and a backscattering rate 
c of ~0.96 for both GNRs. 



 

 
Figure 4. (a) Time-resolved complex terahertz photoconduc-
tivity of both (4,2)-CcGNR and (6,2)-CcGNR; (b) Frequency- 
resolved terahertz conductivity measured at ∼1.5 ps after 
photo-excitation. The black solid lines fit the Drude–Smith 
model. 

Given the ribbon’s length of ~20 nm, which is compara-
ble to the mean free propagation path of charge carriers 
in GNRs (10–20 nm), it is plausible that the backscatter-
ing phenomenon in CcGNRs primarily stems from scat-
tering events at the ribbon ends.38,41 Finally, employing 
the similar effective charge carrier mass m* obtained by 
DFT calculations (0.22 m0 and 0.23 m0 for (4,2)-CcGNR 
and (6,2)-CcGNR by taking contributions from both elec-
trons and holes (Figure 1b), we estimated the charge mo-
bility in the dc limit 𝜇𝜇𝑑𝑑𝑑𝑑  (= 𝑒𝑒𝑒𝑒

𝑚𝑚∗ (1 + 𝑐𝑐)) of 14.2 ± 0.7 and 
8.3 ± 0.5 cm2 V-1 s-1 for (4,2)-CcGNR and (6,2)-CcGNR, 
respectively. The relatively high inferred charge carrier 
mobility in (4,2)-CcGNR, compared with that in (6,2)-
CcGNR, indicates the substantial influence of chirality in 
dictating charge carrier transport within GNRs. 

CONCLUSION 
In summary, we have introduced a novel family of chi-

ral GNRs featured by the cove edge structures, wherein 
their bandgap and effective mass exhibit chirality-de-
pendent behaviour. Within this family, the successful 
synthesis of two key members, namely (4,2)-CcGNR and 
(6,2)-CcGNR was achieved in solution. Two model com-
pounds 1 and 2 were also synthesized to elucidate the 
structural features of the corresponding CcGNRs, reveal-
ing distinct curved geometries resulting from embedded 
[4]helicene motifs along the edges. The obtained CcGNRs 
were comprehensively characterized by IR, Raman, and 
solid-state NMR techniques. According to DFT calcula-
tions, in contrast to pristine cGNRs that have semi-me-
tallic characteristics and large effective masses, CcGNRs 
possess narrow bandgaps and relatively small effective 

masses that are positively correlated with increasing val-
ues of n. Experimentally, both resulting (4,2)-CcGNR 
and (6,2)-CcGNR exhibited narrow optical bandgaps of 
1.26 and 1.37 eV, respectively, contingent upon the chiral 
vector (n,m), in alignment with theoretical predictions. 
Moreover, the charge carrier mobility underwent a sub-
stantial enhancement, increasing from ~8 cm2 V-1 s-1 for 
(6,2)-CcGNR to ~14 cm2 V-1 s-1 for (4,2)-CcGNR. This 
study presents a promising avenue for manipulating 
GNR bandgaps and carrier mobility through chirality 
modification, thereby greatly expanding the range of po-
tential candidates within the GNR family for integration 
into nanoelectronics. 
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