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Abstract: Graphene nanoribbons (GNRs) have attracted broad attention for their potential application in nanoelectronics.
The electronic properties of the GNRs are closely related to their chemical structure like width, edge, terminating and
hetero atoms, etc., and widely applied synthetic methods for the scalable synthesis of specific GNRs with atom-scale
precision are urgently required. Here, we found that the stoichiometric and ordered positioning of N and sp3-CH in 8-
armchair-GNR ([8]-AGNR) effectively modifies their bandgap in a large range of 0–2.85 eV by theoretical calculations.
Employing our recent-developed high-pressure topochemical dehydro-Diels–Alder polymerization, three of these [8]-
AGNRs were synthesized successfully in their bulk phase starting from crystalline dipyridinyl/dipyrimidinyl butadiynes,
with the maximum nitrogen content of 27% in mass. The structures of these GNRs were demonstrated by spectroscopy,
diffraction, transmission electron microscope, pair distribution function, and solid-state nuclear magnetic resonance
methods. UV–vis-NIR diffuse reflectance spectra clearly evidenced the precise tuning of the electronic structures in these
N and CH substituted [8]-AGNRs. Our work shows great versatility of this high-pressure topochemical synthetic strategy
in synthesizing GNRs with site-specific N and sp3-CH substitutions. This strategy can also be applied to synthesizing more
structure-specific carbon nano-materials.

Introduction

Graphene nanoribbons (GNRs) open the bandgap of
graphene and possess the outstanding electronic and magnetic
properties, which can be applied in electronics, sensors,
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and spintronics.[1–8] According to theoretical and experi-
mental research, the electronic structures of GNRs can be
finely tuned by modifying the width, edge, and the specific
positioning of hetero-atoms with atom-scale accuracy.[9–13]

Obviously, preparing GNRs satisfying the above requirement
is a huge challenge, and only the bottom-up strategy, like
on-surface and in-solution synthesis, can keep the atom-
scale precision.[3,9–24] The on-surface synthesis, as widely
known from 2010, typically proceeds via dehalogenation,
C─C coupling of dihalo-polycyclic arenes and following cyclo-
dehydrogenation on the surface of the metal, like Au(111),
and produces GNRs of tens of nm in length.[14] Although
it produces very high-quality GNRs that can serve as ideal
models for fundamental studies based on scanning tunnelling
microscopy (STM), this approach has several important
practical limitations including length control, large-scale fab-
rication, and transfer.[25,26] The solution-phase synthesis pro-
vides a large-scale product via metal-catalyzed polymerization
reactions like Diels-Alder, Suzuki, Yamamoto coupling or
benzannulation reactions and subsequential Scholl oxidation
reaction, and the length of GNR was mainly limited by its
solubility.[24,25] With suitable alkyl groups to enhance the
solubility, the length of GNR could reach >200 nm, but
in most cases, exceeding 10 nm is still challenging, because
increasing the aromatic core of GNRs results in decreasing
solubility, which in practice leads to the termination of
the reaction.[27] Furthermore, compared to the heteroatoms-
doping along the edges of the GNRs, intercalation of the
heteroatoms into the backbone will bring subversive change
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to the electronic structure of the GNRs. However, in both on-
surface and solution synthesis, the synthetic strategies are still
scarce and only very limited nitrogen core-doped GNRs were
synthesized, via the imine-like condensation or formation of
C─N/N─N bonds on Au(111) surface.[28–30]

Recently, solid-state topochemical polymerization of the
diyne monomers was used to produce GNR with bulk
quantity, which also avoids the insolubility problem, improves
atomic economy, and can produce much longer GNR within
the crystal scale.[31–34] It contains the solid-state conver-
sion of diyne monomers to polydiacetylene stimulated by
UV/ambient light, and the following exhaustive backbone
Hopf cyclization and cyclodehydrogenation, as well as the
removal of the edge groups under heating.[31,32] However,
such a method was only applicable to very few precursors due
to the required crystal packing geometry of the diynes.[31–33,35]

Furthermore, when this method was applied to the synthesis
of the site-specific nitrogen GNRs, the Fjord-edge N-GNRs
was obtained instead of AGNRs (A for armchair-edge) due
to the inhibition of the further graphitization.[33]

Our recent work succeeded in synthesizing [8]-AGNR
from diphenylbutadiyne (DPB) via a high-pressure
topochemical dehydro-Diels-Alder (DDA) reaction. Part of
sp2-C(-H) atoms transform to sp3-C(-H) in the AGNR, which
can effectively modify the bandgap.[34] The sp3-C(-H) could
be saved because the reaction proceeded spontaneously at
room temperature, which is difficult to be realized in the high-
temperature or on-surface synthesis.[36] This paved a new
way to precisely doping hetero-atoms to GNRs and control
the electronic properties. Here, in theoretical design, we
introduced sp3-C(-H) to enhance the bandgap of [8]-AGNR
from 0.54 to 2.85 eV, and positioned N to different sites of the
GNR to finely decrease the bandgap, which realizes a quasi-
continuous bandgap modification. Then we demonstrated
the design by experimental synthesis of three ordered N and
sp3-C(-H) co-substituted [8]-AGNRs, via pressure-induced
polymerization of dipyridinyl/dipyrimidinyl butadiynes
(Scheme 1). The structures of the GNRs were evidenced
as expected by multiple spectroscopic and crystallographic
methods, and their bandgaps were tuned accordingly. Our
work demonstrates that the strategy from diphenyl butadiyne
to GNR can be widely used in a variety of precursors
with the incorporation of heteroatoms, which provides an
operationally simple and versatile route for the precise
synthesis of GNRs with designed properties. Furthermore,
in contrast to the multiple steps in the published synthetic
method,[9,14–24,31,32] it only needs one step to obtain the GNRs
without using external chemical reagents or solvents, which is
suitable for electronic-device fabrication.

Results and Discussion

Theoretical Prediction of 2,7,2′,7′-CH-[8]-AGNR and
N-CH-[8]-AGNRs

To estimate the effects of precise N and sp3-C(-H) sub-
stitution on the bandgaps of [8]-AGNR, we proposed a
series of N─CH-substituted [8]-AGNRs and calculated their

energy band structures with PBE and HSE06 (Figure 1,
nomenclatures refer to Scheme 1). The PBE and HSE06
calculations yield consistent trends in band gap variation,
though with different values. [8]-AGNR has a bandgap of
0.54 eV (HSE06), which is similar to previous literature.[37,38]

When bonding hydrogen to the carbon at 2, 7, 2′, and 7′ sites
of [8]-AGNRs, the obtained 2,7,2′,7′-CH-[8]-AGNR, with 4
columns of sp2-C at the center like [4]-AGNR, has the largest
bandgap of 2.85 eV among these AGNRs, similar to that of
[4]-AGNR (2.5 eV).[39] It is likely that the internal graphite
carbon regulates the bandgap, and the sp3-C(-H) fences out
the sp2-C at the edge. When one or two N atoms occupy 1
or 1,8 sites (1-N-2,7,2′,7′-CH-[8]-AGNR and 1,8-N-2,7,2′,7′-
CH-[8]-AGNR), the bandgaps decrease a little bit to 2.84 and
2.82 eV (HSE06), respectively.

In contrast, the bandgaps decrease significantly when N
substitutes the sp3-CH or all the sp2-CH on the edge. For 2-N-
7,2′,7′-CH-[8]-AGNR, 1,8,2′,7′-N-2,7-CH-[8]-AGNR, 2,7-N-
2′,7′-CH-[8]-AGNR and 1,8,1′,8′-N-2,7,2′,7′-CH-[8]-AGNR,
the bandgaps are 2.50, 2.26, 2.19 and 2.35 eV (HSE06),
respectively. More surprisingly, when N occupies the 3,4,5,6
sites, the bandgaps shrink even dramatically, to 1.22 eV
(HSE06) for 3,6-N-2,7,2′,7′-CH-[8]-AGNR, and 0 eV for 3-
N-2,7,7′-CH-[8]-AGNR, 4-N-7,2′,7′-CH-[8]-AGNR, and 4,5-
N-2,7,2′,7′-CH-[8]AGNR.

The above results indicate that the GNR contains three
parts: edge, center, and the wall of sp3-CH between them.
The sp3-CH wall separated the π -electron of the edge from
the center, and therefore increased the bandgap. Partial
substitution of sp2-CH on the edge by N has little effect on
the bandgap, while the substitution of sp3-CH (breaking the
wall) tends to decrease the bandgap obviously. When the
central sp2-C is substituted by N, more electrons are added
to reconstruct the band structure and sharply reduce or even
close the bandgap. This shows that the ordered-positioning
of N and sp3-C(-H) in AGNR is an effective strategy for
modification of bandgap: sp3-C(-H) tends to increase the
bandgap by controlling the scale of conjugation, while N
atoms can provide additional π electrons, and therefore
decrease or even close the bandgaps.

Stacking and Reaction of N-DPBs Molecules Under Applied
Pressure

The above theoretical investigation provided a promising
blueprint. To synthesize the site-specific N-CH-[8]-AGNRs,
three N-substituted DPBs (N-DPBs), 1,4-bis(2-pyridyl)-
1,3-butadiyne (DPB-N2(2)), 1,4-bis(3-pyridyl)-1,3-butadiyne
(DPB-N2(3)) and 1,4-bis(5-pyrimidinyl)-1,3-butadiyne (DPB-
N4(3,5)) were chosen as precursors (Schemes 1 and S1;
Figures S1 and S2). All of them crystallize in monoclinic
phases (space group P21/n, No. 14) (Figure S3),[40–42] with the
crystal structure of DPB-N4(3,5) determined by single crystal
X-ray diffraction (XRD) for the first time (Table S1). All
these N-DPBs accumulate in herringbone stacking in crystals,
and the spatial relationships between adjacent molecules are
described by dc, the distance between ring centroids; dp,
the distance between the phenyl ring plane and φ, the slip
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Scheme 1. a) Numbering of the atoms in [8]-AGNR. Synthetic routes via pressure-induced topochemical polymerization: from b)
1,4-bis(2-pyridyl)-1,3-butadiyne (DPB-N2(2)) to 2,7-N-2′,7′-CH-[8]-AGNR (P-N2(2)), c) 1,4-bis(3-pyridyl)-1,3-butadiyne (DPB-N2(3)) to
1,8-N-2,7,2′,7′-CH-[8]-AGNR (P-N2(3)), and d) 1,4-bis(5-pyrimidinyl)-1,3-butadiyne (DPB-N4(3,5)) to 1,8,2′,7′-N-2,7-CH-[8]-AGNR (P-N4(3,5)). The
nomenclature is based on [8]-AGNR (systematic nomenclature) and the reaction precursors (experimental nomenclature), respectively.

Figure 1. Structures and theoretically predicted band structures of the [8]-AGNRs with the comparison results from PBE (red words and red line) and
HSE06 (blue words and blue line). The orange and blue circles represent sp3-C(-H) and N, respectively. Four structures are marked with experimental
names [poly-DPB, P-N2(2), P-N2(3), P-N4(3,5)], which are the relevant synthetic products in this work.
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Figure 2. Stacking of N-DPB molecules in crystal. a) The diagram of herringbone stacking in molecular crystals. The arrangement of adjacent
molecules in b) DPB, c) DPB-N2(2), d) DPB-N2(3), e) DPB-N4(3,5) crystals at ambient pressure. The dashed line represents the projection of
molecules in the above layer. D1 and D2 represent the intermolecular distances associated with (hetero-)DDA reactions.

Figure 3. In situ high-pressure IR spectra of a) DPB-N2(2), b) DPB-N2(3), c) DPB-N4(3,5).

angle, which are mainly affected by the intermolecular π–
π interaction and C─H�N hydrogen bond (Figure 2). As
shown in Figure 2, all these N-DPBs have similar stacking and
intermolecular distances D1 (3.60-3.72Å) and D2 (3.32-3.82Å)
with DPB, which governs the topochemical (hetero-)DDA
reactions under high pressure.[43–56] Therefore, positioning
N atoms in N-CH-[8]-AGNRs is anticipated to be achieved
through topochemical polymerization of N-DPBs.

The in Situ High-pressure IR Spectra of these Three N-
DPBs Were Collected to Investigate Their High-pressure
Reactions (Figures 3 and S4). Below 10 GPa, the spectra keep
their profile, and the peaks smoothly blue-shift, presenting
no phase transitions or reactions. Above 10 GPa, broad
peaks appear in the range from 1100 to 1700 cm−1 (the
regions indicated by the white dashed line in Figure 3),
which are attributed to new ν(C-C)/ν(C-N) modes of sp3/sp2-
C, and indicate the formation of the polymer skeletons.
Under similar or higher pressure, a new broad peak was
observed in the range of 2900–3000 cm−1 in all samples
(the regions indicated by the white dashed line in Figure 3).
These are unambiguously attributed to the ν(C-H) mode of
sp3-CH, which demonstrates the addition reaction of pyridyls

and pyrimidyls. The IR spectra preliminarily confirmed that
the dipyridinyl/dipyrimidinyl took part in the high-pressure
reaction. Considering the disappearance of the diynes in all
the recovered products described in the following Raman
results, we conclude that a (hetero-)DDA reaction is likely
involved.[34]

As the stacking geometry of the monomers at the reaction
condition is critical for the topochemical reaction,[43–48] we
investigated the structural evolutions of the N-DPBs under
high pressure using in situ high-pressure synchrotron XRD
(Figures 4 and S5). When compressing N-DPBs from ambient
pressure to the critical pressure (DPB-N2(2) and DPB-N2(3):
∼10 GPa, DPB-N4(3,5): ∼8 GPa), their diffraction (e.g., peaks
at around 6, 8 and 10°, marked with white arrows) exhibit
similar shift, which suggests their unit cells contract in unison.
Above the threshold pressure, the peaks of the precursors
disappeared while new diffraction peaks (e.g., peaks at 6° and
8°, marked with red arrows) appeared at similar positions in
all the samples, suggesting the crystal structure of N-DPBs
undergoes similar evolution throughout the polymerization
(Figure 4). Their lattice parameters were obtained by Le
Bail fitting, all of which continuously change with pressure
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Figure 4. In situ XRD patterns of a) DPB-N2(2), b) DPB-N2(3), and c) DPB-N4(3,5). White dashed lines represent the displacement of XRD peaks of
the reactant, and red dashed lines represent the displacement of XRD peaks of the products.

Figure 5. The distances D1 (sp2-C to sp-C) and D2 (sp2-C to sp2-C/N) in
the crystals of DPB and N-DPBs under ambient pressure and threshold
reaction pressure.[34]

before reaction, and indicates their structural evolutions
are mainly intermolecular distances contraction instead of
reconstruction (Figures S6 and S7). The atomic coordinates of
N-DPBs at the threshold reaction pressure were obtained by
density functional theory (DFT) calculations with the lattice
parameters fixed at the Le Bail fitting result (Figure S8;
Tables S2 and S3).

At the critical pressure, the intermolecular distances D1

and D2 both are compressed to 3.10∼3.34Å. These distances
are similar to the threshold distances of the DDA reaction
of DPB (about 3.2Å, Figure 5).[34] Such empirical thresh-
olds are universal in high-pressure and room-temperature
topochemical polymerization, and can be used to predict
the bonding under external pressure.[49–56] For DPB-N2(2),
it is between the molecules along the a-axis; for DPB-N2(3)
and DPB-N4(3,5), it is along the b and c-axis, respectively,
which clearly suggests that the (hetero-)DDA reactions
between pyridinyl/pyrimidinyl (dienophile) and pyridinyl-
ethynyl/pyrimidinyl-ethynyl (diene) are favorable, along a,
b and c-axis for DPB-N2(2), DPB-N2(3) and DPB-N4(3,5),
respectively.

Figure 6. Selected TEM images of poly-N-DPBs.

Structure of the Polymerized Products of N-DPBs

To characterize the structure of the polymerized products
(poly-N-DPBs), poly-DPB-N2(2) (P-N2(2)), poly-DPB-N2(3)
(P-N2(3)), and poly-DPB-N4(3,5) (P-N4(3,5)) were synthe-
sized by Paris-Edinburgh (PE) Press at 17 GPa and washed
with CH2Cl2 to remove any unreacted precursors. According
to the element analysis results, all of them have the same C/N
ratio as monomers, proving that the N atoms are maintained
during the compression-decompression process (Table S4).
It should be noted that doping of N up to ∼27% in GNRs
(P-N4(3,5)) is still very challenging by using other methods.[33]

The transmission electron microscope (TEM) image
clearly identified the long length and flexibility of the stacked
GNRs (the image in the top left of Figure 6). As shown
in high-resolution TEM images, all the obtained GNRs
are aligned parallelly (Figure 6), in consistence with the
morphologies observed in the reported GNRs synthesized
in solution or solid-state topochemistry. [31,32,57] The periodic
repeating distances of 12.0-12.8Å approximately equal to the
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Figure 7. Structure characterization of poly-N-DPBs. a) Lab-XRD patterns,[34] and b) experimental and simulated X-ray PDF data of poly-DPB, and
poly-N-DPBs. c) The structure model of P-N2(2) viewed along the direction of the nanoribbon (top) and perpendicular to the direction of the
nanoribbon (bottom).

width of the GNRs, which are also identified in the XRD
patterns and in good agreement with that of poly-DPB.[34]

The XRD of these products show sharp peaks similar
to that of poly-DPB (Figure 7a).[34] As the ordering along
the direction of polymerization is usually destroyed during
the reaction, the observed peaks are indexed using oblique
lattices. The first peaks, in the range of d = 12–13Å, are
assigned to the d-spacing mainly contributed by the width
of GNR. The second peaks are the second order diffraction
of the first peak, with d = 6.0-6.5Å. The local structures of
poly-N-DPBs were investigated by X-ray pair distribution
function (PDF), and the experimental results agree with
our proposed structure models (Figure 7b). All products
have obvious featured peaks of a graphitic structure at 1.45,
2.50, and 2.85Å in the G(r) plot, which are the distances
corresponding to the o-, m-, and p-carbon/nitrogen pairs in
a hexagonal ring. Here, taking the structure model of P-
N2(2) as example, these distances are displayed in Figure 7c.
As indicated by the similar PDF spectra in Figure 7b, the
polymerized products are expected to share similar local
structures with predominantly six-membered carbon/nitrogen
rings. The same skeleton structure is the basis for subsequent
studies on nitrogen substitution at different sites.

The sites of nitrogen in poly-N-DPBs were then exam-
ined by Raman, X-ray photoelectron (XPS), and solid-state
nuclear magnetic resonance (ssNMR) experiments. As shown
in Figures 8a and S9, the Raman analysis confirms there
is no alkyne in the products and only the D and G bands
were observed, which are spectroscopic signatures of the
GNRs.[32,58] Furthermore, both experimental and computa-
tional results (Figure 8a,b) show a clear blueshift of the G
bands compared to pristine poly-DPB. This observation is
consistent with previous reports on the effect of nitrogen atom
incorporation into carbon frameworks.[59,60]

In the XPS experiments (Figure 8c), poly-N-DPBs show
peaks at 398.85 eV (P-N2(2)), 398.75 eV (P-N2(3)), and
398.79 eV (P-N4(3,5)) in the N 1s region. The binding energy
sequence, P-N2(3) < P-N4(3,5) < P-N2(2) < graphite-N
(401 eV),[61] is related to the number of sp2-C neighbors. More
sp2-C neighibors increase the electron delocalization within
the structure. This delocalization reduces electron density
around the nitrogen atoms, causing the core electrons to

experience a stronger nuclear attraction, which leads to higher
binding energies.[62,63]

High-resolution 13C cross-polarization (CP, 1H-13C)
ssNMR were employed to demonstrate the nanoribbon
structures and identify the positioning of N atoms (Figure 9).
All the 13C CP spectra show signals in both the sp2 region
(100-160 ppm) and sp3 region (20-80 ppm), in consistence
with the proposed models. The broad peaks observed in the
ssNMR agree with the complex chemical environment in the
poly-N-DPBs. To distinguish the carbon atoms, we performed
non-quaternary carbon suppression (NQS) ssNMR, in which
the signal of C(-H) was suppressed.[65]

For P-N2(2), five peaks were needed to fit the experimen-
tal spectrum in the 100–160 ppm range, which represents the
expected number of sp2 13C with distigushed chemical shifts.
The CP signals at 148 (red arrow) and 122 ppm (pink arrow)
were attenuated in the NQS spectrum, which indicates these
carbons are bonded to H and therefore assigned to the two
edge sp2-C. Considering the deshielding by the N atoms, the
former is assigned to the 1-C (N─CH═, red circles in the
model) and the latter to 1′-C (C═CH-, pink circles). The sp3-C
peaks almost disappeared in NQS, suggesting that all of them
were bonded to hydrogen. In contrast, the peaks at 155, 116
and 135 ppm were still present, corresponding to the graphitic
sp2-C atoms boned to N (3-C, dark green circles) and C(-H)
(3′-C, light green circles) atoms, and the central C atoms in
the GNR skeleton (4, 5, 4′, 5′-C, blue circles), respectively.
These observed chemical shifts agree with the reported data
of the nitrogen-doped GNRs[33] and the calculated as well
as the experimental data of the graphene-like system,[32,66]

respectively.
For P-N2(3), three peaks (148, 135, and 124 ppm) were

distinguished in the CP ssNMR, respectively. In the NQS, the
peak at 148 ppm (red arrow) decreased like the peak observed
at 148 ppm in P-N2(2), and is therefore assigned to N-bond
edged carbon (N═CH-, 1′-C, red circles in the model). The
peak at 124 ppm is ascribed to the sp2-C next to the sp3-
C-H (CH-C(C)═C, 3, 3′-C, light green circles in the model),
which was promoted a little in the CP spectrum. The peak
at 135 ppm corresponds to the graphitic carbon (4, 5, 4′, 5′-
C, blue circles), similar to that in P-N2(2). For sp3-C, two
peaks centered at 66 and 50 ppm were observed in CP but
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Figure 8. a) Experimental and b) theoretical simulation of Raman spectra of bulk poly-DPB, [34] P-N2(2), P-N2(3) and P-N4(3,5). Band shapes were
modelled using a Lorentzian function with a full width at half-maximum (fwhm) of 50 cm−1.[64] c) N 1s XPS spectra of poly-N-DPBs.

Figure 9. 13C CP and NQS ssNMR spectra of P-N2(2), P-N2(3) and
P-N4(3,5). The arrows with different colors represent the corresponding
atoms in structural models, respectively. Dark/light gray corresponds to
sp3 carbon atoms.

suppressed in NQS, and therefore can be assigned to the sp3-
C in HC─N═C and N═C─CH, respectively (dark/light gray
circles in the model).

In P-N4(3,5), four peaks were identified in the sp2 region.
The signal at 158 ppm is ascribed to the edge sp2-C-H between
the two nitrogen atoms (1′-C, red circles in the model), which
is suppressed in the NQS. The peaks at 152, 139 and 131 ppm
correspond to the sp2-C bonded to N (3′-C, dark green
circles), graphitic carbon (4, 5, 4′, 5′-C, blue circles), and sp2-
C bonded to sp3-CH (3-C light green circles) in the skeleton
center, respectively. The sp3-C signals are also suppressed in
the NQS, and attributed to sp3-C(-H). The chemical shift is
higher than that in P-N2(2) and P-N2(3), also because the C
atom is connected to two N atoms.

Figure 10. UV–vis-NIR diffuse reflectance spectra of poly-DPB, P-N2(2),
P-N2(3) and P-N4(3,5).

The above spectra show some common features. First,
all the samples show clear sp2-C(-H) peak on the edge,
observable in CP and attenuated in NQS. Those in P-
N2(2) and P-N2(3) have the same chemical shifts (148 ppm,
red arrows) due to the similar chemical environments (1N
neighbor and 1 C neighbor), while that in P-N4(3,5) is higher
because it bonds to two N atoms, in good agreement with our
proposed models. P-N2(2) has another edged sp2-CH peak at
122 ppm (pink arrow), which is not boned to N. Second, all of
them have an intense and broad peak at ∼135-139 ppm (blue
arrows) in both CP and NQS. They are the peaks from the
graphitic carbon. Third, both P-N2(2) and P-N4(3,5) have a
peak at 155–158 ppm (dark green arrows) in CP and NQS.
This is attributed to the graphitic carbon that bonded to one
N atom, which is not observed in P-N2(3). These features
provided several strong pieces of evidence for the proposed
models.

Based on the above comprehensive characterization,
we can conclude that the 2,7-N-2′,7′-CH-[8]-AGNR, 1,8-
N-2,7,2′,7′-CH-[8]-AGNR and 1,8,2′,7′-N-2,7-CH-[8]-AGNR
models well represent the structures of P-N2(2), P-N2(3), and
P-N4(3,5), respectively.

Band Structure and Carrier Mobility of Poly-N-DPBs

As mentioned above, the N atom, as a n-type doping, modifies
the bandgap of GNRs.[28,29,33,67–72] Crucially, the effect of
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Figure 11. a) CBM and VBM of [8]-AGNR and relevant synthetic products in this work. b) CBM and VBM energy of [8]-AGNR and relevant synthetic
products in this work. The vacuum level is used as a reference for the energy zero point.

doping is closely related to the site and content of N
atoms.[11,70] We measured the bandgaps of poly-DPB and
poly-N-DPBs by UV–vis-NIR diffuse reflectance spectra of
powder samples. The spectra of poly-DPB, P-N2(2), P-N2(3)
and P-N4(3,5) are shown in Figure 10 and analyzed using
Kubelka-Munk function F(R∞) (Figure S10). The direct
bandgap (Eg) is evaluated by finding the intercept of the
straight line in the low-energy rise of a plot of [F(R∞)hν]2

against hν (incident photon energy). The bandgaps are
2.61 eV for poly-DPB, 1.57 eV for P-N2(2), 1.65 eV for
P-N2(3), and 1.10 eV for P-N4(3,5). This trend is basically
consistent with the results of the theoretical calculation in
Section 1. Usually, the bandgap measured in bulk samples
essentially reflects the bandgap of individual GNR.[73] It was
also shown that the bandgap of bulk GNRs and [8]-AGNRs
is essentially determined by the individual GNR, instead of
the stacking.[74] Therefore, this result experimentally demon-
strates that the substitution of sp3-CH by N can effectively
decrease the bandgap, and site-specific substitution by N and
sp3-CH atoms in GNRs provides an achievable strategy to
regulate the bandgap on a large scale.

To understand the above modulation of the electronic
structures of [8]-AGNR, we calculated the band edges
of relevant synthetic products in this work (Figure 11).
Compared with that of pristine [8]-AGNR, the band edges of
poly-DPB are dramatically altered, and sp3-C(─H) separates
marginal sp2-C(─H) from valence band maximum (VBM)
and conduction band minimum (CBM). As expected, P-
N2(3) has similar CBM and VBM with that of poly-DPB.
The substitution of sp2-C(─H) by N just causes a downshift
of both VBM and CBM energy, which agrees with the
results in the literature (Figure 11b).[67] P-N2(2) also has
a similar CBM but different VBM, and the substitution of
sp3-CH by N causes an upshift of VBM energy. For P-
N4(3,5), its molecular orbitals are affected by both types of
N substitution, which makes the VBM energy upshift and

CBM energy downshift. Overall, the replacement of sp2-
CH by pyridinic-N does not modify the shape of VBM or
CBM, but it does induce a downshift of both VBM and CBM
energy. In contrast, when the sp3-CH was substituted by N,
the shape and energy of VBM were changed obviously. Since
neither of these two types of N-substitution introduces more
electrons into the system, the CBM of the system seems
to be less susceptible. These calculations profoundly explain
how doping engineering adjusts the electronic structures
of [8]-AGNR, which will undoubtedly help the design and
application of GNRs.

Another vital factor for semiconductive GNRs is carrier
mobility. Previous studies disclosed the inverse connection
between the carrier mobility and bandgap in graphene mate-
rials, and the carrier mobility of most GNRs is significantly
lower than graphene.[75,76] On the other side, heteroatom
doping can improve the charge carrier mobilities of GNRs.[77]

We calculated the carrier mobility of the above GNRs with

μh/e = e�2C

(2πkBT )
1
2

∣∣∣m∗
h/e

∣∣∣
3
2
E2

1v/1c

(1)

where T = 298K, C is the stretching modulus, m∗
h/e is the

effective mass for holes/electrons and E1v/1c is the deformation
potential for the valence/conduction band computed at the
band’s edge. m∗

h/e was calculated at VBM, or CBM following
a procedure with:

m∗ = �
2

[
∂2Eband

∂k2

]
−1 (2)

The carrier mobility of [9]-, [10]-, and [11]-AGNR were
first calculated as reference (Table S5), which are in agree-
ment with previous literature.[78] Compared with pristine
[8]-AGNR, the carrier mobility (both µe and µh) of poly-DPB
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Table 1: Calculated charge carrier mobilities in [8]-AGNR and relevant synthetic products in this work.

C (eV Å−1) |m∗
h| (m0) |m∗

e | (m0) E1v (eV) E1c (eV) µh (cm2 Vs−1) µe (cm2 Vs−1)

[8]-AGNR 225 0.030 0.031 5.67 18.38 10824 1001
Poly-DPB 207 0.565 0.087 7.03 9.92 79 655
P-N2(2) 217 0.321 0.086 11.59 10.55 71 624
P-N2(3) 214 0.677 0.086 10.56 11.65 28 498
P-N4(3,5) 225 0.320 0.088 12.29 11.88 67 492

and poly-N-DPBs decreases obviously due to the increase
of m∗

e/h (Table 1). Interestingly, all the systems with sp3-C
exhibit significantly higher µe compared to µh. This disparity
primarily arises from a more substantial increase in m∗

h

than in m∗
e . As illustrated in Figure 1, the band dispersion

near the VBM is notably flatter than that near the CBM,
leading to a reduced mobility for holes. The much larger µe

indicates n-type semiconductors. In contrast to the pristine
[8]-AGNR structure, which is typically p-type, this indicates
a transition from p-type to n-type conductivity induced by
chemical modification—without altering the ribbon width.

Conclusion

In conclusion, by theoretical calculation, we found that
precise positioning of the sp3-C(─H) and N atoms in different
sites of [8]-AGNR can quasi-continuously tune the bandgap
from 0 to 2.85 eV. Experimentally, we synthesized three
sp3-C(─H) and N co-substituted [8]-AGNR by pressure-
induced topochemical (hetero-)DDA polymerization. The
site-specific sp3-C(─H) and N substitution as well as the
precise bandgap controlling were demonstrated by the crys-
tallographic and spectroscopic methods. Our work presented
an effective bottom-up method to position specific atoms
in an extended carbon structure and therefore realized the
bandgap engineering of the carbon-based nanomaterials. This
strategy can be expanded into a general and controllable
synthetic route to produce various GNRs with site-specifically
substituted backbone. More importantly, this novel synthetic
approach to GNRs is scalable, which only contains one-step,
and is therefore more favorable for practical fabrication of
electrical-device.
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