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ABSTRACT: From the structure point of view, there are a number of ways of tiling a carbon
sheet with different polygons, resulting in prospects of tailoring electronic structures of low-
dimensional carbon nanomaterials. However, up to now, the experimental fabrication of such
structures embedded with periodic nonhexagon carbon polygons, especially ones with more than
three kinds, is still very challenging, leaving their potential properties unexplored. Here we
report the bottom-up synthesis of a nanoribbon composed of 4−5−6−8-membered rings via
lateral fusion of polyfluorene chains on Au(111). Scanning probe microscopy unequivocally
determines both the geometric structure and the electronic properties of such a nanoribbon,
revealing its semiconducting property with a bandgap of ∼1.4 eV on Au(111). We expect that
this work could be helpful for designing and synthesizing complicated carbon nanoribbons.
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Carbon affords a large number of allotropes, from zero
to three dimensions, such as cyclo[n]carbons, full-
erenes, carbyne, carbon nanotubes, graphene, graph-

yne, graphite, and diamond.1 To date, various carbon
allotropes have been realized and presented a variety of
intriguing properties that are potentially useful in many
fields.2−6 Most remarkably, graphene7 has attracted the most
attention due to its unusual electronic8 and magnetic
properties.9 However, its zero-bandgap property limits the
potential applications in electronic and optoelectronic devices.1

One of the efficient ways to tailor bandgap of graphene is the
modification of its topology. As theoretically predicted, some
graphene-derived structures, like T-graphene (4−8), penta-
heptite (5−7), and phagraphene (5−6−7) with nonhexagon
carbon rings exhibit metallic or gapless semimetallic behav-
iors.10−16 More interestingly, special arrangement of 5−6−8-
membered rings can introduce a bandgap of 0.76 eV.17

Recently, a nonbenzenoid carbon allotrope composed of 4−6−
8-membered rings has been successfully fabricated on the
surface, demonstrating a metallic property.18 Moreover, the
nanoporous graphene exhibits a semiconducting character-
istic.19 Besides, laterally confining the graphene structure with
certain widths20−26 and specific edge topographies27−29 to
fabricate a series of one-dimensional graphene nanostructures,
the so-called graphene nanoribbons (GNRs), has also been
proved to be an efficient strategy to engineer the bandgap (as
exampled in Scheme 1a). Alternatively, introducing non-
hexagon carbon polygons into GNRs could provide another
strategy for bandgap engineering.30,31 Recently, GNRs

embedded with such carbon polygons18,32,33 have been
successfully synthesized on surfaces (as exampled in Scheme
1b). However, up to now, among all these reported GNR
nanostructures with polygons, three different polygons are
incorporated in each structure at most. Therefore, it is of
utmost interest to develop strategies to fabricate more
complicated carbon nanoribbons with more kinds of polygons,
whose potential exotic electronic and magnetic properties
could be further explored.
On-surface synthesis has nowadays become a powerful

strategy to fabricate precise low-dimensional carbon nano-
structures. Advanced scanning probe microscopy has provided
bond-resolved resolution for fine characterizations of the
formed nanostructures34 and accurate measurements of the
electronic properties. Here, the precursor 2,7-diiodo-9H-
fluorene (DIF) (as shown in Scheme 1c) was selected, in
which the C−I dehalogenative coupling is expected to
efficiently form one-dimensional molecular chains. Further-
more, the −CH2− groups of the fluorene could react with each
other and form carbon−carbon double bond.35 Meanwhile, the
C−H sites (indicated by yellow and pink dots) undergo
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cyclodehydrogenation reactions, finally resulting in the
formation of carbon nanoribbons specifically with four kinds
of polygons, i.e., 4−5−6−8 in this case. The precise geometric
structure of such a nanoribbon was unambiguously charac-
terized by means of scanning tunneling microscopy (STM)
and noncontact atomic force microscopy (nc-AFM). The
electronic properties were studied by scanning tunneling
spectroscopy (STS) combined with density functional theory
(DFT) calculations, and this 4−5−6−8 nanoribbon shows a
bandgap of about 1.4 eV on the Au(111) surface. This work
may contribute a method for bandgap engineering of low-
dimensional carbon nanostructures.

RESULTS AND DISCUSSION
The DIF molecules are deposited onto a cold Au(111) surface
held at about 100 K. STM image (Figure 1a) exhibits the
monomer, trimer, and more complicated self-assembled
structures of DIF molecules. The monomer and trimer are
indicated, respectively. The nc-AFM image (Figure 1b) of the
monomer reveals its submolecular structure, and in particular,
the −CH2− group of the fluorene appears as a bright
protrusion due to its apparent height.35−37 The calculated
electrostatic potential (ESP) of a DIF molecule (Figure 1c)
demonstrates both negative (blue) and positive (red)
potentials at the iodine atoms due to the anisotropic

Scheme 1. (a, b) Structures of (a) Graphene Nanoribbon and (b) One of Its Derived Nanoribbons, Biphenylene Nanoribbon,
with Nonhexagon Carbon Rings; (c) On-Surface Reactions toward the Formation of a Carbon Nanoribbon Composed of 4−
5−6−8-Membered Rings

Figure 1. Self-assembly of DIF molecules on the cold Au(111) surface. (a) Large-scale STM image showing the monomer, trimer, and more
complicated self-assembled structures of DIF molecules. (b) nc-AFM image of the DIF monomer with the chemical structure and an STM
image as insets. (c) Calculated electrostatic potential (ESP) of a DIF molecule. The ESP is colored according to the color bar on the van der
Waals surface (ρ = 0.001 a.u.) of the system. (d) STM image of the self-assembled trimer structure by halogen bonding. The relaxed model is
overlaid. (e) Corresponding nc-AFM image of the DIF trimer. (f, g) STM and nc-AFM images of a self-assembled molecular chain structure
based on the elementary trimer motif. All STM images were taken at V = 0.30 V, It = 100 pA; all nc-AFM images were recorded with a CO-
functionalized tip at different tip offsets Δz (b, Δz = +50 pm; e, Δz = +10 pm; g, Δz = +30 pm) with respect to an STM set point (V = 0.30
V, It = 100 pA).
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Figure 2. On-surface synthesis and characterization of the polyfluorene chain on Au(111). (a) Large-scale STM image of polyfluorene chains
obtained after annealing the sample at 490 K for 30 min. (b, c) Close-up STM and nc-AFM images of a polyfluorene chain on Au(111). (d)
dI/dV spectrum of the polyfluorene chain acquired at the position indicated by the blue cross (blue curve) and the reference spectrum taken
on the bare Au(111) surface (black curve). The spectra are vertically shifted for clarity. (e) DFT-calculated density of states (DOS) and band
structure of a freestanding polyfluorene chain. The blue dashed line indicates the Fermi level. STM images were taken at (a) V = 0.30 V, It =
100 pA, (b) V = −0.30 V, It = 100 pA, and (d) V = −0.30 V, It = 200 pA; the nc-AFM image in (c) was recorded with a CO-functionalized tip
at tip offset Δz = 0 pm with respect to an STM set point (V = −0.30 V, It = 100 pA).

Figure 3. On-surface synthesis, characterization, and measurement of the 4−5−6−8 carbon nanoribbon on Au(111). (a, b) STM and nc-
AFM images of 4−5−6−8 nanoribbon after annealing the sample at 650 K for 60 min. (c) Corresponding chemical structure of the
nanoribbon. (d) dI/dV spectra of the nanoribbon acquired at different positions, indicated by the crosses with corresponding colors, and the
reference spectrum taken on the bare Au(111) surface (black curve). The spectra are vertically shifted for clarity. (e) DFT-calculated DOS
and band structure of the freestanding 4−5−6−8 nanoribbon. The blue dashed line indicates the Fermi level. (f, g) Constant-height dI/dV
maps of the nanoribbon obtained at −0.6 and 0.8 V, respectively. Scale bars: 0.5 nm. (h, i) DFT-calculated local density of states (LDOS)
maps of the valence band maximum (VBM) and the conduction band minimum (CBM) of the 4−5−6−8 nanoribbon. STM image was taken
at V = −0.30 V, It = 100 pA; nc-AFM images (b, d) were recorded with a CO-functionalized tip at tip offset Δz = −20 pm with respect to an
STM set point (V = −0.30 V, It = 100 pA).
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distribution of electron density. The electrostatic interaction
(halogen bonding38−40) between the iodine’s electron-
depleted cap (so-called σ-hole41) and encircling electron-rich
belt leads to the formation of the self-assembled trimer
structure as shown in the STM and nc-AFM images,
respectively (Figure 1d,e). Furthermore, a more complicated
self-assembled structure driven by halogen bonding, the
molecular chain composed of trimer motifs, is shown in
Figure 1f,g. Such chain structures prefer to grow along the
herringbone reconstruction of the Au(111) substrate, as more
clearly shown in the Figure S1.
Subsequent thermal annealing of the sample at 490 K for

about 30 min induces dehalogenative aryl−aryl coupling
reactions, resulting in the formation of one-dimensional
polymers, i.e., polyfluorene chains (Figure 2a). Further close-
up STM (Figure 2b) and nc-AFM (Figure 2c) images reveal
the formation of individual polyfluorene chain, similar to the
previously reported one,42 whose periodicity along the chain
arising from protrusions is 8.7 ± 0.2 Å (Figure S2a). The
proposed model of such a polymer chain is overlaid on the
STM image. As shown in the nc-AFM image (Figure 2c), the
brighter contrasts at the sites of −CH2− groups in the
polyfluorene chain are similar to those in the monomers,
indicating that the −CH2− groups are still intact at 490 K. In
addition, most −CH2− groups in Figure 2c are oriented on the
same side of the polyfluorene chain, which originates from the
sufficient length of such flexible polymer chains, providing the
proper geometry for further lateral fusion. However, other
random orientations of −CH2− groups along the polyfluorene
chains are also observed (Figure S2b), like those reported in
literatures.35,42 Further, differential conductance spectroscopy
(dI/dV) measurements were performed to characterize the
electronic structure of the single polyfluorene chain. The dI/
dV spectra shown in Figure 2d suggest a considerably large
bandgap of 4.4 eV. For comparison, the DFT calculations of
the band structure of free-standing polyfluorene were also
performed, and the corresponding density of states (DOS) is
plotted in Figure 2e, which reveals a bandgap of 1.96 eV.
Notably, we did not observe other prominent peaks in the dI/
dV spectrum of individual polyfluorene chain in our
experimental conditions.
To induce the lateral fusion of polyfluorene chains, we

further annealed the sample at 650 K for 60 min, which as
expected resulted in the formation of nanoribbons as displayed
in Figure 3a and the large-area STM image in Figure S3.
Importantly, the nc-AFM image (Figure 3b) unambiguously
resolves the fine structure of the nanoribbon, in which the 4−
5−6−8-membered rings can be identified within the structure,
as in the chemical model in Figure 3c and Scheme 1c.
According to Scheme 1, we propose that the whole reaction
pathway to the formation of 4−5−6−8 nanoribbon should
start from the face-to-face dehydrogenative C−C coupling at
the −CH2− sites of two polyfluorene chains, and meanwhile,
cyclodehydrogenation occurs to form the corresponding 4-, 8-,
and new 6-membered rings. As no −CH− groups were found
in the single polyfluorene chains at 650 K, we infer that both
hydrogen atoms at −CH2− sites should be removed
simultaneously forming double bonds during the C−C
coupling reactions (similar to ref 35). Some defects in
nanoribbons are also found as reflected by STM and nc-
AFM imaging (Figure S4), which are identified as unfinished
cyclodehydrogenation sites (refer to the pink dots in Scheme
1c) for forming the 4-membered rings. Other side reactions,

like unselective fusion reactions, are also shown in Figure S5.
We note that the length of polyfluorene chains is crucial to the
subsequent lateral fusion reaction. As shown in Figure S6, we
also tried another precursor (2-bromo-7-iodo-9H-fluorene)
and found that the polyfluorene chains are normally shorter
than the ones formed by DIF precursor, and more importantly,
no lateral fusion reaction occurred at the same experimental
conditions as above. Also, no lateral fusion reaction was
reported with another similar precursor (2,7-dibromo-9H-
fluorene) in literature.42

The electronic structures of the 4−5−6−8 nanoribbon were
explored by both scanning tunneling spectroscopy and DFT
calculation. Figure 3d shows the dI/dV spectra obtained at
different sites of the nanoribbon, exhibiting quite similar
features in the bias voltage range from −1 to 1 V. We
experimentally assign the valence band (VB) and conduction
band (CB) of the nanoribbon to −0.6 and 0.8 eV, resulting in a
bandgap of ∼1.4 eV. This value is again larger than the
theoretical result of the free-standing ribbon with a band gap
0.65 eV (Figure 3e). Further dI/dV mapping at the
corresponding bias voltages of the frontier bands (Figure
3f,g) demonstrates similar characteristics to the calculated local
density of states at the band onsets (Figure 3h,i). From both
dI/dV mapping and LDOS maps, we could distinguish that the
local density of states shows maxima over the tetragons and
octagons. We also conducted the dI/dV line scans along the
lines parallel and perpendicular to the ribbon (Figure S7), and
no other electronic states of interest were clearly detected.

CONCLUSIONS
We have designed a face-to-face dehydrogenative reaction of
polyfluorene chains, causing their on-surface lateral fusion, and
then obtained a nanoribbon containing four kinds of carbon
polygons (4−5−6−8). The fine structure of the 4−5−6−8
carbon nanoribbon has been characterized by STM and nc-
AFM, and the electronic property has been measured by STS,
where a semiconducting bandgap of ∼1.4 eV is revealed. This
work may inspire further both experimental and theoretical
works toward more delicate low-dimensional carbon nano-
structures with artificial bandgaps.

METHODS
All experimental measurements were carried out in a commercial
(Createc) low-temperature system operated at 4.7 K with base
pressure better than 1 × 10−10 mbar. Single-crystalline Au(111)
surface was cleaned by several sputtering and annealing cycles. 2,7-
Diiodo-9H-fluorene (DIF) purchased from Tansoole, Adamas, >98%,
RG) and 2-bromo-7-iodo-9H-fluorene (purchased from Tansoole,
Adamas, >98%, RG) molecules were deposited onto Au(111) surface
by thermal sublimation. CO molecules for tip modification43 were
dosed onto the cold sample via a leak valve. We used a qPlus sensor44

with a resonance frequency f 0 = 29.49 kHz, a quality factor Q ≈
45,000, and a spring constant k ≈ 1800 N/m operated in frequency-
modulation mode.45 The bias voltage V was applied to the sample
with respect to the tip. A lock-in amplifier (768 Hz, 20 mV
modulation) was used to obtain dI/dV spectra and mapping. AFM
images were acquired in constant-height mode at V = 0 V and an
oscillation amplitude of A = 1 Å. The tip-height offsets Δz for
constant-height AFM images are defined as the offset in tip−sample
distance relative to the STM set point at the Au(111) surface. The
positive (negative) values of Δz correspond to the tip−sample
distance increased (decreased) with respect to the STM set point.

The calculations of polyfluorene chain and 4−5−6−8 nanoribbon
were performed in the framework of DFT by using Vienna Ab Initio
Simulation Package (VASP) code.46,47 The projector-augmented
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wave method was used to describe the interaction between ions and
electrons,48,49 and the Perdew−Burke−Ernzerhof generalized gradient
approximation exchange−correlation functional was employed.50 Van
der Waals corrections to the PBE density functional were also
included using the DFT-D3 method of Grimme.51 The structures
were relaxed until the forces were ≤0.01 eV/Å. The band structures
and LDOS maps of polyfluorene chain and 4−5−6−8 nanoribbon
were calculated in vacuum with the Quantum Espresso software
package52 using the PBE exchange−correlation functional.50 The
AiiDAlab web platform53 was used to perform and manage the
calculations.

The electrostatic potential calculations were carried out in the gas
phase using the Gaussian 16 program package.54 ωB97XD exchange−
correlation functional55 in conjunction with def2-TZVP basis sets56

was used for all related calculations. The electrostatic potentials were
further calculated by Multiwfn 3.8 code57,58 combined with Visual
Molecular Dynamics (VMD 1.9).59
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