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N7-GNRs@Au(788)Reflectance Difference Spectroscopy (RDS)

Measurement of optical in-plane anisotropy 
during GNR growth 

Graphene nanoribbons (GNRs) are raising great interest as
they exhibit width-dependent sizable band gaps1 suitable
for digital electronics and optoelectronics2, while

maintaining electron conjugation and the outstanding transport
properties of graphene3. Furthermore, spin-polarized edge
states for specific edge terminations4–6, tunable thermoelectric
properties7 as well as optical properties that are entirely
dominated by the interacting photo-excited electron-hole
pairs8–11 are predicted. However, to maintain structural
precision at the atomic level, including edge morphology, is
clearly a challenge and requires structural control that goes far
beyond the resolution of existing top–down approaches2. For
some prototypical GNRs, this has recently been achieved using a
bottom-up approach based on the covalent assembly of suitably
designed molecular precursors12. The characterization of their
electronic13,14 and transport15 properties revealed substantial
band gaps that fully confirm the predictions13,16. This opens a
way to tailor precise structural arrangements in the regime of
ultranarrow GNRs and to realize specific edge terminations.
Furthermore, recent studies showed that the bottom-up
fabrication of GNRs can also be achieved in solution17,18

where, although aggregation issues need to be addressed, the
process can be easily scaled up. Similar as for their electronic
properties, GNRs are expected to exhibit optical properties that
are significantly different from the parent material graphene:
Whereas graphene, owing to its linear band dispersion, reveals a
wavelength-independent light absorbance of 2.3%19 in the visible
range, GNRs are expected to exhibit characteristic absorption
bands related to band gap openings as well as to pronounced
excitonic effects8–11 that become dominant for quasi one-
dimensional (1D) systems20.

Here we characterize the optical properties of GNRs fabricated
on metal substrates by means of reflectance difference spectro-
scopy (RDS)21 and compare the results with ab-initio calculations
including many-body effects. In this way we access the
fundamental features of interacting photo-excited electron-hole
pairs in an extreme regime of confinement and find an optical

absorbance that is increased by a factor of B2.4 as compared with
graphene for visible linearly polarized light. Moreover, we catch
the GNR in the act of its formation by following the signatures of
fundamental optical excitations from the isolated molecular
components through polymerization via intermolecular C–C
coupling to the final GNR structure obtained after intramolecular
cyclodehydrogenation.

Results
Optical spectroscopy of aligned GNRs. We focus on the optical
properties of armchair GNRs of width N¼ 7 (7-AGNR, 0.74 nm
wide with respect to edge C atoms, Fig. 1b) as resulting from the
bottom-up fabrication process on gold substrates12. RDS is a
powerful technique sensitive to the optical anisotropy of a sample,
that is, the reflectance difference Dr for light polarized along two
orthogonal directions x and y (Fig. 1a) (see Methods). It is thus
perfectly suited to detect the anisotropic absorption of GNRs,
provided that unidirectional alignment over macroscopic length
scales can be achieved. This is obtained by depositing molecular
precursors on the regularly stepped Au(788) surface, which
results in a high degree of GNR alignment along the 011½ #
direction, with an average estimated nanoribbon length of 20 nm
and a coverage around 0.8 monolayers (MLs)13,22, corresponding
to an average distance between ribbon axes of B1.4 nm. Both
inter-ribbon interactions and finite-size effects are thus expected
to be negligible (see Supplementary Note 1). In Fig. 1c (top and
middle panels) we report the real and imaginary parts of the RD
spectra for uniaxially aligned 7-AGNRs. To extract the differential
dielectric response De of the ribbon, we apply the standard three-
phase model (see Methods). The result is shown by the symbols
in the bottom panel of Fig. 1c. We have further modelled the RD
spectra and De by assuming a limited number of discrete optical
transitions described by damped harmonic oscillators (see
Methods). With only three such transitions, the experimental
data can be fitted with remarkable accuracy (solid lines in Fig. 1c;
see also Supplementary Fig. 1 and Supplementary Table 1).
This analysis allows us to interpret the anisotropy data in terms of
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Figure 1 | RDS of aligned GNRs. (a) Schematic of the RDS experiment on uniaxially aligned 7-AGNRs on a vicinal surface. (b ) STM topography
image (Usample ¼ $ 1.5 V; scale bar, 20 nm) of aligned 7-AGNRs grown on Au(788). The inset shows a small-scale STM image (Usample¼ $ 2.2 V;
4.1 % 1.2 nm2) and the chemical structure of a hydrogen-terminated 7-AGNR. (c) Measured (open circles) and fitted (solid lines) RD spectra of 7-AGNR
on Au(788) measured in situafter GNR synthesis. The RD spectrum of the pristine Au substrate has been subtracted. The bottom panel shows the
differential dielectric function De obtained from the RD spectrum by applying the three-phase model (open symbols) and the fit to a model including three
discrete harmonic oscillator transitions (lines). The blue bars indicate the energy position and oscillator strength (maximum of e2EAm/(EmGm)) of the
determined optical transitions (see Methods).
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Graphene nanoribbons (GNRs) are raising great interest as
they exhibit width-dependent sizable band gaps1 suitable
for digital electronics and optoelectronics2, while

maintaining electron conjugation and the outstanding transport
properties of graphene3. Furthermore, spin-polarized edge
states for specific edge terminations4–6, tunable thermoelectric
properties7 as well as optical properties that are entirely
dominated by the interacting photo-excited electron-hole
pairs8–11 are predicted. However, to maintain structural
precision at the atomic level, including edge morphology, is
clearly a challenge and requires structural control that goes far
beyond the resolution of existing top–down approaches2. For
some prototypical GNRs, this has recently been achieved using a
bottom-up approach based on the covalent assembly of suitably
designed molecular precursors12. The characterization of their
electronic13,14 and transport15 properties revealed substantial
band gaps that fully confirm the predictions13,16. This opens a
way to tailor precise structural arrangements in the regime of
ultranarrow GNRs and to realize specific edge terminations.
Furthermore, recent studies showed that the bottom-up
fabrication of GNRs can also be achieved in solution17,18

where, although aggregation issues need to be addressed, the
process can be easily scaled up. Similar as for their electronic
properties, GNRs are expected to exhibit optical properties that
are significantly different from the parent material graphene:
Whereas graphene, owing to its linear band dispersion, reveals a
wavelength-independent light absorbance of 2.3%19 in the visible
range, GNRs are expected to exhibit characteristic absorption
bands related to band gap openings as well as to pronounced
excitonic effects8–11 that become dominant for quasi one-
dimensional (1D) systems20.

Here we characterize the optical properties of GNRs fabricated
on metal substrates by means of reflectance difference spectro-
scopy (RDS)21 and compare the results with ab-initio calculations
including many-body effects. In this way we access the
fundamental features of interacting photo-excited electron-hole
pairs in an extreme regime of confinement and find an optical

absorbance that is increased by a factor of B2.4 as compared with
graphene for visible linearly polarized light. Moreover, we catch
the GNR in the act of its formation by following the signatures of
fundamental optical excitations from the isolated molecular
components through polymerization via intermolecular C–C
coupling to the final GNR structure obtained after intramolecular
cyclodehydrogenation.

Results
Optical spectroscopy of aligned GNRs. We focus on the optical
properties of armchair GNRs of width N¼ 7 (7-AGNR, 0.74 nm
wide with respect to edge C atoms, Fig. 1b) as resulting from the
bottom-up fabrication process on gold substrates12. RDS is a
powerful technique sensitive to the optical anisotropy of a sample,
that is, the reflectance difference Dr for light polarized along two
orthogonal directions x and y (Fig. 1a) (see Methods). It is thus
perfectly suited to detect the anisotropic absorption of GNRs,
provided that unidirectional alignment over macroscopic length
scales can be achieved. This is obtained by depositing molecular
precursors on the regularly stepped Au(788) surface, which
results in a high degree of GNR alignment along the 011½ #
direction, with an average estimated nanoribbon length of 20 nm
and a coverage around 0.8 monolayers (MLs)13,22, corresponding
to an average distance between ribbon axes of B1.4 nm. Both
inter-ribbon interactions and finite-size effects are thus expected
to be negligible (see Supplementary Note 1). In Fig. 1c (top and
middle panels) we report the real and imaginary parts of the RD
spectra for uniaxially aligned 7-AGNRs. To extract the differential
dielectric response De of the ribbon, we apply the standard three-
phase model (see Methods). The result is shown by the symbols
in the bottom panel of Fig. 1c. We have further modelled the RD
spectra and De by assuming a limited number of discrete optical
transitions described by damped harmonic oscillators (see
Methods). With only three such transitions, the experimental
data can be fitted with remarkable accuracy (solid lines in Fig. 1c;
see also Supplementary Fig. 1 and Supplementary Table 1).
This analysis allows us to interpret the anisotropy data in terms of
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Figure 1 | RDS of aligned GNRs. (a) Schematic of the RDS experiment on uniaxially aligned 7-AGNRs on a vicinal surface. (b ) STM topography
image (Usample ¼ $ 1.5 V; scale bar, 20 nm) of aligned 7-AGNRs grown on Au(788). The inset shows a small-scale STM image (Usample¼ $ 2.2 V;
4.1 % 1.2 nm2) and the chemical structure of a hydrogen-terminated 7-AGNR. (c) Measured (open circles) and fitted (solid lines) RD spectra of 7-AGNR
on Au(788) measured in situafter GNR synthesis. The RD spectrum of the pristine Au substrate has been subtracted. The bottom panel shows the
differential dielectric function De obtained from the RD spectrum by applying the three-phase model (open symbols) and the fit to a model including three
discrete harmonic oscillator transitions (lines). The blue bars indicate the energy position and oscillator strength (maximum of e2EAm/(EmGm)) of the
determined optical transitions (see Methods).
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N7-GNRs@Au(788)Reflectance Difference Spectroscopy (RDS)

Measurement of optical in-plane anisotropy 
during GNR growth 

Graphene nanoribbons (GNRs) are raising great interest as
they exhibit width-dependent sizable band gaps1 suitable
for digital electronics and optoelectronics2, while

maintaining electron conjugation and the outstanding transport
properties of graphene3. Furthermore, spin-polarized edge
states for specific edge terminations4–6, tunable thermoelectric
properties7 as well as optical properties that are entirely
dominated by the interacting photo-excited electron-hole
pairs8–11 are predicted. However, to maintain structural
precision at the atomic level, including edge morphology, is
clearly a challenge and requires structural control that goes far
beyond the resolution of existing top–down approaches2. For
some prototypical GNRs, this has recently been achieved using a
bottom-up approach based on the covalent assembly of suitably
designed molecular precursors12. The characterization of their
electronic13,14 and transport15 properties revealed substantial
band gaps that fully confirm the predictions13,16. This opens a
way to tailor precise structural arrangements in the regime of
ultranarrow GNRs and to realize specific edge terminations.
Furthermore, recent studies showed that the bottom-up
fabrication of GNRs can also be achieved in solution17,18

where, although aggregation issues need to be addressed, the
process can be easily scaled up. Similar as for their electronic
properties, GNRs are expected to exhibit optical properties that
are significantly different from the parent material graphene:
Whereas graphene, owing to its linear band dispersion, reveals a
wavelength-independent light absorbance of 2.3%19 in the visible
range, GNRs are expected to exhibit characteristic absorption
bands related to band gap openings as well as to pronounced
excitonic effects8–11 that become dominant for quasi one-
dimensional (1D) systems20.

Here we characterize the optical properties of GNRs fabricated
on metal substrates by means of reflectance difference spectro-
scopy (RDS)21 and compare the results with ab-initio calculations
including many-body effects. In this way we access the
fundamental features of interacting photo-excited electron-hole
pairs in an extreme regime of confinement and find an optical

absorbance that is increased by a factor of B2.4 as compared with
graphene for visible linearly polarized light. Moreover, we catch
the GNR in the act of its formation by following the signatures of
fundamental optical excitations from the isolated molecular
components through polymerization via intermolecular C–C
coupling to the final GNR structure obtained after intramolecular
cyclodehydrogenation.

Results
Optical spectroscopy of aligned GNRs. We focus on the optical
properties of armchair GNRs of width N¼ 7 (7-AGNR, 0.74 nm
wide with respect to edge C atoms, Fig. 1b) as resulting from the
bottom-up fabrication process on gold substrates12. RDS is a
powerful technique sensitive to the optical anisotropy of a sample,
that is, the reflectance difference Dr for light polarized along two
orthogonal directions x and y (Fig. 1a) (see Methods). It is thus
perfectly suited to detect the anisotropic absorption of GNRs,
provided that unidirectional alignment over macroscopic length
scales can be achieved. This is obtained by depositing molecular
precursors on the regularly stepped Au(788) surface, which
results in a high degree of GNR alignment along the 011½ #
direction, with an average estimated nanoribbon length of 20 nm
and a coverage around 0.8 monolayers (MLs)13,22, corresponding
to an average distance between ribbon axes of B1.4 nm. Both
inter-ribbon interactions and finite-size effects are thus expected
to be negligible (see Supplementary Note 1). In Fig. 1c (top and
middle panels) we report the real and imaginary parts of the RD
spectra for uniaxially aligned 7-AGNRs. To extract the differential
dielectric response De of the ribbon, we apply the standard three-
phase model (see Methods). The result is shown by the symbols
in the bottom panel of Fig. 1c. We have further modelled the RD
spectra and De by assuming a limited number of discrete optical
transitions described by damped harmonic oscillators (see
Methods). With only three such transitions, the experimental
data can be fitted with remarkable accuracy (solid lines in Fig. 1c;
see also Supplementary Fig. 1 and Supplementary Table 1).
This analysis allows us to interpret the anisotropy data in terms of
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Figure 1 | RDS of aligned GNRs. (a) Schematic of the RDS experiment on uniaxially aligned 7-AGNRs on a vicinal surface. (b ) STM topography
image (Usample ¼ $ 1.5 V; scale bar, 20 nm) of aligned 7-AGNRs grown on Au(788). The inset shows a small-scale STM image (Usample¼ $ 2.2 V;
4.1 % 1.2 nm2) and the chemical structure of a hydrogen-terminated 7-AGNR. (c) Measured (open circles) and fitted (solid lines) RD spectra of 7-AGNR
on Au(788) measured in situafter GNR synthesis. The RD spectrum of the pristine Au substrate has been subtracted. The bottom panel shows the
differential dielectric function De obtained from the RD spectrum by applying the three-phase model (open symbols) and the fit to a model including three
discrete harmonic oscillator transitions (lines). The blue bars indicate the energy position and oscillator strength (maximum of e2EAm/(EmGm)) of the
determined optical transitions (see Methods).
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Graphene nanoribbons (GNRs) are raising great interest as
they exhibit width-dependent sizable band gaps1 suitable
for digital electronics and optoelectronics2, while

maintaining electron conjugation and the outstanding transport
properties of graphene3. Furthermore, spin-polarized edge
states for specific edge terminations4–6, tunable thermoelectric
properties7 as well as optical properties that are entirely
dominated by the interacting photo-excited electron-hole
pairs8–11 are predicted. However, to maintain structural
precision at the atomic level, including edge morphology, is
clearly a challenge and requires structural control that goes far
beyond the resolution of existing top–down approaches2. For
some prototypical GNRs, this has recently been achieved using a
bottom-up approach based on the covalent assembly of suitably
designed molecular precursors12. The characterization of their
electronic13,14 and transport15 properties revealed substantial
band gaps that fully confirm the predictions13,16. This opens a
way to tailor precise structural arrangements in the regime of
ultranarrow GNRs and to realize specific edge terminations.
Furthermore, recent studies showed that the bottom-up
fabrication of GNRs can also be achieved in solution17,18

where, although aggregation issues need to be addressed, the
process can be easily scaled up. Similar as for their electronic
properties, GNRs are expected to exhibit optical properties that
are significantly different from the parent material graphene:
Whereas graphene, owing to its linear band dispersion, reveals a
wavelength-independent light absorbance of 2.3%19 in the visible
range, GNRs are expected to exhibit characteristic absorption
bands related to band gap openings as well as to pronounced
excitonic effects8–11 that become dominant for quasi one-
dimensional (1D) systems20.

Here we characterize the optical properties of GNRs fabricated
on metal substrates by means of reflectance difference spectro-
scopy (RDS)21 and compare the results with ab-initio calculations
including many-body effects. In this way we access the
fundamental features of interacting photo-excited electron-hole
pairs in an extreme regime of confinement and find an optical

absorbance that is increased by a factor of B2.4 as compared with
graphene for visible linearly polarized light. Moreover, we catch
the GNR in the act of its formation by following the signatures of
fundamental optical excitations from the isolated molecular
components through polymerization via intermolecular C–C
coupling to the final GNR structure obtained after intramolecular
cyclodehydrogenation.

Results
Optical spectroscopy of aligned GNRs. We focus on the optical
properties of armchair GNRs of width N¼ 7 (7-AGNR, 0.74 nm
wide with respect to edge C atoms, Fig. 1b) as resulting from the
bottom-up fabrication process on gold substrates12. RDS is a
powerful technique sensitive to the optical anisotropy of a sample,
that is, the reflectance difference Dr for light polarized along two
orthogonal directions x and y (Fig. 1a) (see Methods). It is thus
perfectly suited to detect the anisotropic absorption of GNRs,
provided that unidirectional alignment over macroscopic length
scales can be achieved. This is obtained by depositing molecular
precursors on the regularly stepped Au(788) surface, which
results in a high degree of GNR alignment along the 011½ #
direction, with an average estimated nanoribbon length of 20 nm
and a coverage around 0.8 monolayers (MLs)13,22, corresponding
to an average distance between ribbon axes of B1.4 nm. Both
inter-ribbon interactions and finite-size effects are thus expected
to be negligible (see Supplementary Note 1). In Fig. 1c (top and
middle panels) we report the real and imaginary parts of the RD
spectra for uniaxially aligned 7-AGNRs. To extract the differential
dielectric response De of the ribbon, we apply the standard three-
phase model (see Methods). The result is shown by the symbols
in the bottom panel of Fig. 1c. We have further modelled the RD
spectra and De by assuming a limited number of discrete optical
transitions described by damped harmonic oscillators (see
Methods). With only three such transitions, the experimental
data can be fitted with remarkable accuracy (solid lines in Fig. 1c;
see also Supplementary Fig. 1 and Supplementary Table 1).
This analysis allows us to interpret the anisotropy data in terms of
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Figure 1 | RDS of aligned GNRs. (a) Schematic of the RDS experiment on uniaxially aligned 7-AGNRs on a vicinal surface. (b ) STM topography
image (Usample ¼ $ 1.5 V; scale bar, 20 nm) of aligned 7-AGNRs grown on Au(788). The inset shows a small-scale STM image (Usample¼ $ 2.2 V;
4.1 % 1.2 nm2) and the chemical structure of a hydrogen-terminated 7-AGNR. (c) Measured (open circles) and fitted (solid lines) RD spectra of 7-AGNR
on Au(788) measured in situafter GNR synthesis. The RD spectrum of the pristine Au substrate has been subtracted. The bottom panel shows the
differential dielectric function De obtained from the RD spectrum by applying the three-phase model (open symbols) and the fit to a model including three
discrete harmonic oscillator transitions (lines). The blue bars indicate the energy position and oscillator strength (maximum of e2EAm/(EmGm)) of the
determined optical transitions (see Methods).
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Graphene nanoribbons (GNRs) are raising great interest as
they exhibit width-dependent sizable band gaps1 suitable
for digital electronics and optoelectronics2, while

maintaining electron conjugation and the outstanding transport
properties of graphene3. Furthermore, spin-polarized edge
states for specific edge terminations4–6, tunable thermoelectric
properties7 as well as optical properties that are entirely
dominated by the interacting photo-excited electron-hole
pairs8–11 are predicted. However, to maintain structural
precision at the atomic level, including edge morphology, is
clearly a challenge and requires structural control that goes far
beyond the resolution of existing top–down approaches2. For
some prototypical GNRs, this has recently been achieved using a
bottom-up approach based on the covalent assembly of suitably
designed molecular precursors12. The characterization of their
electronic13,14 and transport15 properties revealed substantial
band gaps that fully confirm the predictions13,16. This opens a
way to tailor precise structural arrangements in the regime of
ultranarrow GNRs and to realize specific edge terminations.
Furthermore, recent studies showed that the bottom-up
fabrication of GNRs can also be achieved in solution17,18

where, although aggregation issues need to be addressed, the
process can be easily scaled up. Similar as for their electronic
properties, GNRs are expected to exhibit optical properties that
are significantly different from the parent material graphene:
Whereas graphene, owing to its linear band dispersion, reveals a
wavelength-independent light absorbance of 2.3%19 in the visible
range, GNRs are expected to exhibit characteristic absorption
bands related to band gap openings as well as to pronounced
excitonic effects8–11 that become dominant for quasi one-
dimensional (1D) systems20.

Here we characterize the optical properties of GNRs fabricated
on metal substrates by means of reflectance difference spectro-
scopy (RDS)21 and compare the results with ab-initio calculations
including many-body effects. In this way we access the
fundamental features of interacting photo-excited electron-hole
pairs in an extreme regime of confinement and find an optical

absorbance that is increased by a factor of B2.4 as compared with
graphene for visible linearly polarized light. Moreover, we catch
the GNR in the act of its formation by following the signatures of
fundamental optical excitations from the isolated molecular
components through polymerization via intermolecular C–C
coupling to the final GNR structure obtained after intramolecular
cyclodehydrogenation.

Results
Optical spectroscopy of aligned GNRs. We focus on the optical
properties of armchair GNRs of width N¼ 7 (7-AGNR, 0.74 nm
wide with respect to edge C atoms, Fig. 1b) as resulting from the
bottom-up fabrication process on gold substrates12. RDS is a
powerful technique sensitive to the optical anisotropy of a sample,
that is, the reflectance difference Dr for light polarized along two
orthogonal directions x and y (Fig. 1a) (see Methods). It is thus
perfectly suited to detect the anisotropic absorption of GNRs,
provided that unidirectional alignment over macroscopic length
scales can be achieved. This is obtained by depositing molecular
precursors on the regularly stepped Au(788) surface, which
results in a high degree of GNR alignment along the 011½ #
direction, with an average estimated nanoribbon length of 20 nm
and a coverage around 0.8 monolayers (MLs)13,22, corresponding
to an average distance between ribbon axes of B1.4 nm. Both
inter-ribbon interactions and finite-size effects are thus expected
to be negligible (see Supplementary Note 1). In Fig. 1c (top and
middle panels) we report the real and imaginary parts of the RD
spectra for uniaxially aligned 7-AGNRs. To extract the differential
dielectric response De of the ribbon, we apply the standard three-
phase model (see Methods). The result is shown by the symbols
in the bottom panel of Fig. 1c. We have further modelled the RD
spectra and De by assuming a limited number of discrete optical
transitions described by damped harmonic oscillators (see
Methods). With only three such transitions, the experimental
data can be fitted with remarkable accuracy (solid lines in Fig. 1c;
see also Supplementary Fig. 1 and Supplementary Table 1).
This analysis allows us to interpret the anisotropy data in terms of
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Figure 1 | RDS of aligned GNRs. (a) Schematic of the RDS experiment on uniaxially aligned 7-AGNRs on a vicinal surface. (b ) STM topography
image (Usample ¼ $ 1.5 V; scale bar, 20 nm) of aligned 7-AGNRs grown on Au(788). The inset shows a small-scale STM image (Usample¼ $ 2.2 V;
4.1 % 1.2 nm2) and the chemical structure of a hydrogen-terminated 7-AGNR. (c) Measured (open circles) and fitted (solid lines) RD spectra of 7-AGNR
on Au(788) measured in situafter GNR synthesis. The RD spectrum of the pristine Au substrate has been subtracted. The bottom panel shows the
differential dielectric function De obtained from the RD spectrum by applying the three-phase model (open symbols) and the fit to a model including three
discrete harmonic oscillator transitions (lines). The blue bars indicate the energy position and oscillator strength (maximum of e2EAm/(EmGm)) of the
determined optical transitions (see Methods).
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results

out to be very similar (Table 1), indicating that polarization
effects are about as important as the exciton binding energy.
A similar behaviour has previously been observed for CNTs
adsorbed on Au(111)38.

On-surface reaction monitoring. A powerful feature of RDS is
that it permits to follow the bottom-up fabrication of GNRs
in situ39. Indeed, we are able to monitor by RDS the full
fabrication process step by step, from the deposition of the
precursor molecules (Fig. 3a, top) to on-surface polymerization
(Fig. 3a, middle) until the final formation of planar GNRs via
cyclodehydrogenation (Fig. 3a, bottom). Figure 3b shows the
evolution of the real part of the RD signal, as recorded during the
preparation of 7-AGNRs. Focusing on the low-energy region, we
note that the almost featureless spectrum of the precursor
monomer evolves into a prominent peak C at 2.8 eV (light blue
curve) on annealing, which corresponds to the formation of the
polyanthrylene (PA). As the temperature increases, peak C
disappears while new optical features develop, both at lower
(2.3 eV, peak A) and higher energies (4.0 eV, peak B). Scanning

tunnelling microscopy (STM) results confirm that this stage
corresponds to the formation of the fully planar, aromatic
7-AGNRs (orange curve) via cyclodehydrogenation of the
intermediate PA oligomers. The cyclodehydrogenation process,
whose onset is found at 270 !C by real-time monitoring of the RD
signal on annealing (see Supplementary Fig. 2), is fully completed
at 400 !C.

Optical and electronic properties of intermediate oligomers. To
characterize the individual steps of the reaction, we focus on the
optical properties of the intermediate PA oligomers and compare
them with the ones of the GNRs. Figure 4a shows the real part of
the RD spectrum for the PA oligomer, together with the differ-
ential dielectric response obtained with the three-phase model.
Three peaks are needed to accurately fit the experimental data
(see Supplementary Note 4, Supplementary Figure 3, and
Supplementary Table 2): two positive peaks at 3.0 and 5.9 eV, and
a broad negative one at 4.8 eV, where the positive (negative) sign
indicates that the features can be ascribed to the absorption of
light polarized along (perpendicular to) the oligomer axis. The

Table 1 | Electronic and optical properties of 7-AGNRs and PA oligomers.

GW IC corr. GWþ IC corr. Exp. (STS)

Transport band gap (eV)
7-AGNR 3.7 1.0–1.4 2.3–2.7 2.3
PA oligomer 5.3 1.0–1.4 3.9–4.3 3.7

Eb
11/22 GW þ BSE Exp. (RDS)

Optical band gap (eV)
7-AGNR 1.8/1.4 1.9/2.3 2.1/2.3
PA oligomer 2.3/2.1 3.0/3.2 3.0

7-AGNR, armchair GNRs of width N¼ 7; BSE, Bethe–Salpeter equation; IC, image charge; PA, polyanthrylene; RDS, reflectance difference spectroscopy; STS, scanning tunnelling spectroscopy.
The experimentally determined transport band gap (STS) of 7-AGNRs and the intermediate PA oligomers adsorbed on the Au substrate compared with the fundamental GW band gap including IC
corrections. For the first optical transitions, the experimental values are related to the GW band gap corrected by the exciton binding energies Eb

11/22, as determined within the GW-BSE scheme.
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Figure 3 | In-situRDS monitoring of the bottom-up formation of GNRs. (a) Reaction scheme showing the evolution from the precursor monomer to
atomically precise 7-AGNRs. (b) RD spectra recorded during 7-AGNR synthesis on Au(788). The black curve is obtained after deposition of B0.8 ML of
precursor monomers on Au(788). Coloured curves correspond to successively higher annealing temperatures to induce polymerization and finally
cyclodehydrogenation into planar, straight 7-AGNRs.
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theory: isolated AGNRs

LDA GW

•  Large quasi-particle corrections to Egap:  

ELDA = 1.6 eV à EGW = 3.7 eV 
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Electron and hole QP states: 
• Ground state within Density Functional Theory (DFT) 
• Quasiparticle corrections: GW approximation



AGNR @ Au(111)

DFT electronic structure: 

• AGNR bands at Au(111) (red) 
very similar to gas phase (black) 

• Minimal hybridization effects 

• Substrate effects mostly due to 
surface polarizability 

 we correct for the presence of the 
substrate by using an image 
charge model
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results

out to be very similar (Table 1), indicating that polarization
effects are about as important as the exciton binding energy.
A similar behaviour has previously been observed for CNTs
adsorbed on Au(111)38.

On-surface reaction monitoring. A powerful feature of RDS is
that it permits to follow the bottom-up fabrication of GNRs
in situ39. Indeed, we are able to monitor by RDS the full
fabrication process step by step, from the deposition of the
precursor molecules (Fig. 3a, top) to on-surface polymerization
(Fig. 3a, middle) until the final formation of planar GNRs via
cyclodehydrogenation (Fig. 3a, bottom). Figure 3b shows the
evolution of the real part of the RD signal, as recorded during the
preparation of 7-AGNRs. Focusing on the low-energy region, we
note that the almost featureless spectrum of the precursor
monomer evolves into a prominent peak C at 2.8 eV (light blue
curve) on annealing, which corresponds to the formation of the
polyanthrylene (PA). As the temperature increases, peak C
disappears while new optical features develop, both at lower
(2.3 eV, peak A) and higher energies (4.0 eV, peak B). Scanning

tunnelling microscopy (STM) results confirm that this stage
corresponds to the formation of the fully planar, aromatic
7-AGNRs (orange curve) via cyclodehydrogenation of the
intermediate PA oligomers. The cyclodehydrogenation process,
whose onset is found at 270 !C by real-time monitoring of the RD
signal on annealing (see Supplementary Fig. 2), is fully completed
at 400 !C.

Optical and electronic properties of intermediate oligomers. To
characterize the individual steps of the reaction, we focus on the
optical properties of the intermediate PA oligomers and compare
them with the ones of the GNRs. Figure 4a shows the real part of
the RD spectrum for the PA oligomer, together with the differ-
ential dielectric response obtained with the three-phase model.
Three peaks are needed to accurately fit the experimental data
(see Supplementary Note 4, Supplementary Figure 3, and
Supplementary Table 2): two positive peaks at 3.0 and 5.9 eV, and
a broad negative one at 4.8 eV, where the positive (negative) sign
indicates that the features can be ascribed to the absorption of
light polarized along (perpendicular to) the oligomer axis. The

Table 1 | Electronic and optical properties of 7-AGNRs and PA oligomers.

GW IC corr. GWþ IC corr. Exp. (STS)

Transport band gap (eV)
7-AGNR 3.7 1.0–1.4 2.3–2.7 2.3
PA oligomer 5.3 1.0–1.4 3.9–4.3 3.7

Eb
11/22 GW þ BSE Exp. (RDS)

Optical band gap (eV)
7-AGNR 1.8/1.4 1.9/2.3 2.1/2.3
PA oligomer 2.3/2.1 3.0/3.2 3.0

7-AGNR, armchair GNRs of width N¼ 7; BSE, Bethe–Salpeter equation; IC, image charge; PA, polyanthrylene; RDS, reflectance difference spectroscopy; STS, scanning tunnelling spectroscopy.
The experimentally determined transport band gap (STS) of 7-AGNRs and the intermediate PA oligomers adsorbed on the Au substrate compared with the fundamental GW band gap including IC
corrections. For the first optical transitions, the experimental values are related to the GW band gap corrected by the exciton binding energies Eb

11/22, as determined within the GW-BSE scheme.
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Figure 3 | In-situRDS monitoring of the bottom-up formation of GNRs. (a) Reaction scheme showing the evolution from the precursor monomer to
atomically precise 7-AGNRs. (b) RD spectra recorded during 7-AGNR synthesis on Au(788). The black curve is obtained after deposition of B0.8 ML of
precursor monomers on Au(788). Coloured curves correspond to successively higher annealing temperatures to induce polymerization and finally
cyclodehydrogenation into planar, straight 7-AGNRs.
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optics of isolated AGNRs
Optical excitations 
• Electron-hole interaction included through the solution of 

the Bethe-Salpeter equation

N7 AGNR

1.91 eV  first peak 
mainly HOMO -> LUMO

2.28 eV  second peak 
mainly HOMO-1 -> LUMO+1

optical excitations of the GNRs in the directions parallel and
perpendicular to the GNR axis. We find that the differential
dielectric response De2 (Fig. 1c, bottom panel) is dominated by
three positive peaks at 2.1, 2.3 and 4.2 eV, respectively. The
positive sign of De2 indicates that these features can be ascribed to
the absorption of light polarized along the ribbon axis. No
relevant features are found, instead for light polarized in the
perpendicular direction, as observed in other quasi-1D systems,
including carbon nanotubes (CNTs)23. This confirms that we deal
with highly unidirectional optical excitations.

Understanding excitonic effects. To gain further insight into the
nature of the low-energy peaks observed experimentally, we
carried out state-of-the-art many-body perturbation theory24

calculations for free-standing 7-AGNRs (see Methods). This
allows us to take into account from first principles both electron–
electron, within the GW approximation (refs 25,26) and electron–
hole interactions, by solving the Bethe-Salpeter equation (BSE)

(refs 27,28). Such effects are known to dominate electronic and
optical excitations in such low-dimensional systems20. Image
charge (IC) corrections29,30 are included a posteriori to account
for the polarization of the metallic substrate. Despite its
simplicity, the IC approximation has proven successful to
evaluate both the fundamental electronic29 and optical30,31 gaps
in weakly coupled systems. The first-principles optical response
(e2) computed for the isolated 7-AGNR is shown in Fig. 2a. The
spectrum is dominated by the response along the ribbon axis
(solid curve), consistent with the strong anisotropy of the system,
and shows three main features located at B1.9, 2.3 and 4.1 eV,
which are in excellent agreement with the experimental findings
(Fig.1c). The computed data thus confirm two low-energy
excitonic contributions at around 2.0 eV (the first one bearing
most of the spectral weight, as shown by the vertical bars
indicating the oscillator strength), which arise from optical
transitions between the last valence and first conduction bands
(E11), and the next to last valence and second conduction bands
(E22), respectively (see Fig. 2a, right panel). Their exciton binding
energies, defined as the difference between the energy of the
optical excitation and the fundamental electronic gap, are 1.8 and
1.4 eV for the E11 and E22 excitations, respectively. These
excitations correspond to Wannier-like quasi-1D excitons, fully
delocalized along the ribbon width and with a spatial distribution
along the ribbon axis entirely determined by the Coulomb
interaction (see Fig. 2b). These general features are also found in
other p-conjugated 1D carbon systems, such as CNTs32–34 and
polymer chains35. Indeed, GNRs can be thought of as unrolled
CNTs. Despite similar general features, the optical response of
CNTs also shows significant differences. For instance, the spectra
of CNTs with size comparable to that of the 7-AGNR are
dominated by curvature-induced sp2–sp3 rehybridization32.
Moreover, low-lying dark-state excitations34,36 are known to
affect the CNT quantum yield37, while those dark states are not
present in AGNRs in view of their different symmetry9.

The good agreement between theory and experiment concern-
ing the energy positions confirms that the substrate has only a
minor influence on the optical gap of 7-AGNRs, as expected in
the case of weak hybridization30 (see Supplementary Note 2
and 3). To compare with the remarkable optical absorption of a
single graphene sheet (2.3 %), we also compute the absolute
absorbance of an ML of 7-AGNRs (see Methods). In contrast to
the wavelength-independent absorbance of graphene (Fig. 2a,
orange dotted line), here we find a strongly anisotropic
absorbance (Fig. 2a, orange curve), both in terms of wavelength
and light polarization, because a significant spectral weight is
transferred to the visible range by gap opening and excitonic
effects. As a consequence, the absorbance of 7-AGNRs is
increased by a factor of B2.4 with respect to graphene when
probing the system with visible light polarized along the ribbon
axis. In view of technological applications, it is noteworthy that
the range of frequencies with high absorbance can be tuned
simply by changing the molecular precursor, and thus the width
and the electronic and optical gaps of the material.

Comparison of optical RD spectra with scanning tunnelling
spectroscopy (STS) data recorded for 7-AGNRs with identical
environment13 reveals that both the optical and the transport gap
(2.1 and 2.3 eV, respectively) have a similar magnitude (Table 1).
This a priori unexpected result can be understood from our
theoretical calculations. Indeed, starting from the calculated
electronic gap of the isolated ribbon (3.7 eV), the optical gap of
the GNR on the substrate is obtained by including excitonic
effects only, as substrate effects are expected to be negligible30.
STS spectra must instead be corrected by including a significant
IC contribution accounting for the substrate-induced
polarization13 (Fig. 2c). In fact, the calculated corrections turn
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Figure 2 | Calculated optical response of 7-AGNRs. (a) Optical absorption
spectrum and electronic band structure of 7-AGNRs calculated from first
principles within the GW-BSE approach. The blue bars indicate the energy
position and oscillator strength of the calculated optical excitations. The
spectrum was obtained with a broadening of 0.5 eV and the same spectral
lineshape used for fitting the RDS data (see Methods). The absolute
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wavefunctions of the first and second excitons for 7-AGNRs. The calculated
electron distribution is shown at fixed hole position (black dot).
(c) Schematics of the relations between transport and optical gaps
determined by STS and RDS, as compared with ab-initio calculations in
vacuum.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5253 ARTICLE

NATURE COMMUNICATIONS | 5:4253 | DOI: 10.1038/ncomms5253 | www.nature.com/naturecommunications 3

& 2014 Macmillan Publishers Limited. All rights reserved.

EXC	Binding	Energy:	1.8/1.4	eV

see also:  
D. Prezzi et al, Phys. Rev. B 77, 041404 (2008)  
L. Yang et al, Nano Lett. 7, 3112 (2007)  



results

out to be very similar (Table 1), indicating that polarization
effects are about as important as the exciton binding energy.
A similar behaviour has previously been observed for CNTs
adsorbed on Au(111)38.

On-surface reaction monitoring. A powerful feature of RDS is
that it permits to follow the bottom-up fabrication of GNRs
in situ39. Indeed, we are able to monitor by RDS the full
fabrication process step by step, from the deposition of the
precursor molecules (Fig. 3a, top) to on-surface polymerization
(Fig. 3a, middle) until the final formation of planar GNRs via
cyclodehydrogenation (Fig. 3a, bottom). Figure 3b shows the
evolution of the real part of the RD signal, as recorded during the
preparation of 7-AGNRs. Focusing on the low-energy region, we
note that the almost featureless spectrum of the precursor
monomer evolves into a prominent peak C at 2.8 eV (light blue
curve) on annealing, which corresponds to the formation of the
polyanthrylene (PA). As the temperature increases, peak C
disappears while new optical features develop, both at lower
(2.3 eV, peak A) and higher energies (4.0 eV, peak B). Scanning

tunnelling microscopy (STM) results confirm that this stage
corresponds to the formation of the fully planar, aromatic
7-AGNRs (orange curve) via cyclodehydrogenation of the
intermediate PA oligomers. The cyclodehydrogenation process,
whose onset is found at 270 !C by real-time monitoring of the RD
signal on annealing (see Supplementary Fig. 2), is fully completed
at 400 !C.

Optical and electronic properties of intermediate oligomers. To
characterize the individual steps of the reaction, we focus on the
optical properties of the intermediate PA oligomers and compare
them with the ones of the GNRs. Figure 4a shows the real part of
the RD spectrum for the PA oligomer, together with the differ-
ential dielectric response obtained with the three-phase model.
Three peaks are needed to accurately fit the experimental data
(see Supplementary Note 4, Supplementary Figure 3, and
Supplementary Table 2): two positive peaks at 3.0 and 5.9 eV, and
a broad negative one at 4.8 eV, where the positive (negative) sign
indicates that the features can be ascribed to the absorption of
light polarized along (perpendicular to) the oligomer axis. The

Table 1 | Electronic and optical properties of 7-AGNRs and PA oligomers.

GW IC corr. GWþ IC corr. Exp. (STS)

Transport band gap (eV)
7-AGNR 3.7 1.0–1.4 2.3–2.7 2.3
PA oligomer 5.3 1.0–1.4 3.9–4.3 3.7

Eb
11/22 GW þ BSE Exp. (RDS)

Optical band gap (eV)
7-AGNR 1.8/1.4 1.9/2.3 2.1/2.3
PA oligomer 2.3/2.1 3.0/3.2 3.0

7-AGNR, armchair GNRs of width N¼ 7; BSE, Bethe–Salpeter equation; IC, image charge; PA, polyanthrylene; RDS, reflectance difference spectroscopy; STS, scanning tunnelling spectroscopy.
The experimentally determined transport band gap (STS) of 7-AGNRs and the intermediate PA oligomers adsorbed on the Au substrate compared with the fundamental GW band gap including IC
corrections. For the first optical transitions, the experimental values are related to the GW band gap corrected by the exciton binding energies Eb

11/22, as determined within the GW-BSE scheme.
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Figure 3 | In-situRDS monitoring of the bottom-up formation of GNRs. (a) Reaction scheme showing the evolution from the precursor monomer to
atomically precise 7-AGNRs. (b) RD spectra recorded during 7-AGNR synthesis on Au(788). The black curve is obtained after deposition of B0.8 ML of
precursor monomers on Au(788). Coloured curves correspond to successively higher annealing temperatures to induce polymerization and finally
cyclodehydrogenation into planar, straight 7-AGNRs.
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optical excitations of the GNRs in the directions parallel and
perpendicular to the GNR axis. We find that the differential
dielectric response De2 (Fig. 1c, bottom panel) is dominated by
three positive peaks at 2.1, 2.3 and 4.2 eV, respectively. The
positive sign of De2 indicates that these features can be ascribed to
the absorption of light polarized along the ribbon axis. No
relevant features are found, instead for light polarized in the
perpendicular direction, as observed in other quasi-1D systems,
including carbon nanotubes (CNTs)23. This confirms that we deal
with highly unidirectional optical excitations.

Understanding excitonic effects. To gain further insight into the
nature of the low-energy peaks observed experimentally, we
carried out state-of-the-art many-body perturbation theory24

calculations for free-standing 7-AGNRs (see Methods). This
allows us to take into account from first principles both electron–
electron, within the GW approximation (refs 25,26) and electron–
hole interactions, by solving the Bethe-Salpeter equation (BSE)

(refs 27,28). Such effects are known to dominate electronic and
optical excitations in such low-dimensional systems20. Image
charge (IC) corrections29,30 are included a posteriori to account
for the polarization of the metallic substrate. Despite its
simplicity, the IC approximation has proven successful to
evaluate both the fundamental electronic29 and optical30,31 gaps
in weakly coupled systems. The first-principles optical response
(e2) computed for the isolated 7-AGNR is shown in Fig. 2a. The
spectrum is dominated by the response along the ribbon axis
(solid curve), consistent with the strong anisotropy of the system,
and shows three main features located at B1.9, 2.3 and 4.1 eV,
which are in excellent agreement with the experimental findings
(Fig.1c). The computed data thus confirm two low-energy
excitonic contributions at around 2.0 eV (the first one bearing
most of the spectral weight, as shown by the vertical bars
indicating the oscillator strength), which arise from optical
transitions between the last valence and first conduction bands
(E11), and the next to last valence and second conduction bands
(E22), respectively (see Fig. 2a, right panel). Their exciton binding
energies, defined as the difference between the energy of the
optical excitation and the fundamental electronic gap, are 1.8 and
1.4 eV for the E11 and E22 excitations, respectively. These
excitations correspond to Wannier-like quasi-1D excitons, fully
delocalized along the ribbon width and with a spatial distribution
along the ribbon axis entirely determined by the Coulomb
interaction (see Fig. 2b). These general features are also found in
other p-conjugated 1D carbon systems, such as CNTs32–34 and
polymer chains35. Indeed, GNRs can be thought of as unrolled
CNTs. Despite similar general features, the optical response of
CNTs also shows significant differences. For instance, the spectra
of CNTs with size comparable to that of the 7-AGNR are
dominated by curvature-induced sp2–sp3 rehybridization32.
Moreover, low-lying dark-state excitations34,36 are known to
affect the CNT quantum yield37, while those dark states are not
present in AGNRs in view of their different symmetry9.

The good agreement between theory and experiment concern-
ing the energy positions confirms that the substrate has only a
minor influence on the optical gap of 7-AGNRs, as expected in
the case of weak hybridization30 (see Supplementary Note 2
and 3). To compare with the remarkable optical absorption of a
single graphene sheet (2.3 %), we also compute the absolute
absorbance of an ML of 7-AGNRs (see Methods). In contrast to
the wavelength-independent absorbance of graphene (Fig. 2a,
orange dotted line), here we find a strongly anisotropic
absorbance (Fig. 2a, orange curve), both in terms of wavelength
and light polarization, because a significant spectral weight is
transferred to the visible range by gap opening and excitonic
effects. As a consequence, the absorbance of 7-AGNRs is
increased by a factor of B2.4 with respect to graphene when
probing the system with visible light polarized along the ribbon
axis. In view of technological applications, it is noteworthy that
the range of frequencies with high absorbance can be tuned
simply by changing the molecular precursor, and thus the width
and the electronic and optical gaps of the material.

Comparison of optical RD spectra with scanning tunnelling
spectroscopy (STS) data recorded for 7-AGNRs with identical
environment13 reveals that both the optical and the transport gap
(2.1 and 2.3 eV, respectively) have a similar magnitude (Table 1).
This a priori unexpected result can be understood from our
theoretical calculations. Indeed, starting from the calculated
electronic gap of the isolated ribbon (3.7 eV), the optical gap of
the GNR on the substrate is obtained by including excitonic
effects only, as substrate effects are expected to be negligible30.
STS spectra must instead be corrected by including a significant
IC contribution accounting for the substrate-induced
polarization13 (Fig. 2c). In fact, the calculated corrections turn
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Figure 2 | Calculated optical response of 7-AGNRs. (a) Optical absorption
spectrum and electronic band structure of 7-AGNRs calculated from first
principles within the GW-BSE approach. The blue bars indicate the energy
position and oscillator strength of the calculated optical excitations. The
spectrum was obtained with a broadening of 0.5 eV and the same spectral
lineshape used for fitting the RDS data (see Methods). The absolute
absorbance for full coverage and light polarized along the longitudinal (x)
direction is also shown (orange curve), as compared with the reference
value of 2.3% for ML graphene (dotted orange line). (b ) Exciton
wavefunctions of the first and second excitons for 7-AGNRs. The calculated
electron distribution is shown at fixed hole position (black dot).
(c) Schematics of the relations between transport and optical gaps
determined by STS and RDS, as compared with ab-initio calculations in
vacuum.
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poly-anthryl

ab-initio GW-BSE absorption spectrum for the isolated PA oli-
gomer is reported in Fig. 4c. For incident light polarized along the
polymer axis (x), the computed optical onset is found at B3.2 eV
(again made of two individual excitations at 3.0 and 3.2 eV, see
Fig. 4c), while a second strong feature is located at B6.0 eV.
Instead, for light polarized along the transverse direction (y), a
series of non-negligible excitations appears above 4.6 eV, but with
intensities much lower than for the other polarization. Although
the assignment of these features to the y-polarized experimental
peak at 4.8 eV may be tentative, the agreement between theory
and experiment for x-polarized light is striking. Note that both
the fundamental electronic gap (5.3 eV) and the binding energy of
the first exciton E11 (2.3 eV) are found to be larger than those of
the 7-AGNR (3.7 and 1.8 eV, respectively). This arises from the
reduced p-conjugation of the oligomer compared with the ribbon,
which is due to the non-planarity of adjacent anthracene units
induced by steric repulsion, and the corresponding drastic
reduction of the band dispersion. This can be clearly seen also
from a comparison of exciton wavefunctions: the excitons of the
oligomer are still Wannier-like (Fig. 4d), but extend over very few
anthracene units (that is, B1 nm), while they are significantly
more delocalized for the ribbon (Fig. 2b), where p-conjugation is
fully established.

Similar to that for the GNRs, we have also performed STS
measurements on PA oligomers, which reveal an electronic band
gap of 3.7 eV on the metal substrate (see Fig. 4b). In this case the
optical and electronic gaps differ by as much as 0.7 eV. On the
theory side, the GW gap of 5.3 eV for the isolated oligomers is
estimated to decrease on the substrate by 1.0–1.4 eV by the IC
contribution (see Methods), in good agreement with experiments
(Table 1). The exciton binding energy of the lowest active exciton
amounts to about 2.3 eV for the oligomer in vacuum. In general,
substrate polarization and excitonic effects have a totally different
nature. Consequently, the similarity of the optical and transport
gaps found for the 7-AGNR on Au substrates is clearly fortuitous
and specific to the confinement of neutral (excitons) and charged

(quasi-particles) excitations of that system. In the oligomer case
the cancellation of the two effects is not complete and results in a
sensible difference between the two gaps (3.0 versus 3.7 eV for the
experimental optical and transport gaps, respectively).

Discussion
RDS has been used to detect optical excitations of uniaxially
oriented GNRs on gold, which are caught in the act of their
formation. We find sensitive changes of the optical properties
during the on-surface synthesis of 7-AGNRs. The optical spectra
of both GNRs and the intermediate PA oligomers are found to be
dominated by strongly anisotropic features in the visible range
that are of excitonic nature, as elucidated by ab-initio calculations
beyond density functional theory (DFT). Experimentally, the
GNR optical gap turns out to be very similar to the transport gap
as determined by STS. Far from indicating negligible excitonic
effects, this results from an incidental compensation between
substrate-induced polarization effects and large lowest exciton
binding energy, which is not the case for the PA oligomers. Our
results demonstrate that achieving the limit of atomically precise
GNRs allows engineering of specific optical features in the visible
range, and predict an enhancement of the optical absorbance by a
factor of B2.4 as compared with ML graphene for visible linearly
polarized light. This opens the field for optical and optoelectronic
applications that build on tailor-made optical properties of GNRs.

Methods
Experimental procedures. 7-AGNRs were grown on Au(788) as described in
refs 12,13. The metal substrate has been prepared by repeated sputtering with 1 keV
Arþ ions and subsequent annealing at 740 K. Dibromo-bianthryl precursor
monomers12 were then deposited via ultrahigh vacuum sublimation from a heated
quartz crucible on the pristine Au(788) substrate held at 423 K, and the sample was
subsequently annealed at 673 K. This procedure yielded samples with a high
coverage (B0.8 MLs, where a full ML corresponds to a densely packed GNR layer
on Au(111)) of uniaxially aligned GNRs as shown in ref. 13. STM was performed
using a variable-temperature STM from Omicron Nanotechnology GmbH in
constant current mode. GNR fabrication was also studied in situ by RDS. RD
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Figure 4 | Optical and tunnelling spectra of the PA oligomer. (a) Measured RD spectra (open circles) and three-phase model fit (solid lines) of PA
oligomers formed by polymerization of the molecular precursors on Au(788) at 200 !C. The RD spectrum of the pristine Au substrate has been subtracted.
The bottom panel shows the dielectric function of the simulated RD spectrum obtained by applying the three-phase model. The blue bars indicate the
energy position and oscillator strength of the determined optical transitions. (b ) Tunnelling spectrum recorded on the oligomer, revealing an electronic band
gap DSTS of 3.7 eV. (c) Optical absorption spectrum and electronic band structure of the oligomer calculated from first principles within the GW-BSE
approach. The spectrum has been obtained using a broadening of 0.5 eV and the same spectral lineshape used for fitting the RDS data (see Methods).
(d) Calculated exciton wavefunctions of the first and second excitons for the oligomer: the electron distribution is shown at fixed hole position (black dot).
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results

out to be very similar (Table 1), indicating that polarization
effects are about as important as the exciton binding energy.
A similar behaviour has previously been observed for CNTs
adsorbed on Au(111)38.

On-surface reaction monitoring. A powerful feature of RDS is
that it permits to follow the bottom-up fabrication of GNRs
in situ39. Indeed, we are able to monitor by RDS the full
fabrication process step by step, from the deposition of the
precursor molecules (Fig. 3a, top) to on-surface polymerization
(Fig. 3a, middle) until the final formation of planar GNRs via
cyclodehydrogenation (Fig. 3a, bottom). Figure 3b shows the
evolution of the real part of the RD signal, as recorded during the
preparation of 7-AGNRs. Focusing on the low-energy region, we
note that the almost featureless spectrum of the precursor
monomer evolves into a prominent peak C at 2.8 eV (light blue
curve) on annealing, which corresponds to the formation of the
polyanthrylene (PA). As the temperature increases, peak C
disappears while new optical features develop, both at lower
(2.3 eV, peak A) and higher energies (4.0 eV, peak B). Scanning

tunnelling microscopy (STM) results confirm that this stage
corresponds to the formation of the fully planar, aromatic
7-AGNRs (orange curve) via cyclodehydrogenation of the
intermediate PA oligomers. The cyclodehydrogenation process,
whose onset is found at 270 !C by real-time monitoring of the RD
signal on annealing (see Supplementary Fig. 2), is fully completed
at 400 !C.

Optical and electronic properties of intermediate oligomers. To
characterize the individual steps of the reaction, we focus on the
optical properties of the intermediate PA oligomers and compare
them with the ones of the GNRs. Figure 4a shows the real part of
the RD spectrum for the PA oligomer, together with the differ-
ential dielectric response obtained with the three-phase model.
Three peaks are needed to accurately fit the experimental data
(see Supplementary Note 4, Supplementary Figure 3, and
Supplementary Table 2): two positive peaks at 3.0 and 5.9 eV, and
a broad negative one at 4.8 eV, where the positive (negative) sign
indicates that the features can be ascribed to the absorption of
light polarized along (perpendicular to) the oligomer axis. The

Table 1 | Electronic and optical properties of 7-AGNRs and PA oligomers.

GW IC corr. GWþ IC corr. Exp. (STS)

Transport band gap (eV)
7-AGNR 3.7 1.0–1.4 2.3–2.7 2.3
PA oligomer 5.3 1.0–1.4 3.9–4.3 3.7

Eb
11/22 GW þ BSE Exp. (RDS)

Optical band gap (eV)
7-AGNR 1.8/1.4 1.9/2.3 2.1/2.3
PA oligomer 2.3/2.1 3.0/3.2 3.0

7-AGNR, armchair GNRs of width N¼ 7; BSE, Bethe–Salpeter equation; IC, image charge; PA, polyanthrylene; RDS, reflectance difference spectroscopy; STS, scanning tunnelling spectroscopy.
The experimentally determined transport band gap (STS) of 7-AGNRs and the intermediate PA oligomers adsorbed on the Au substrate compared with the fundamental GW band gap including IC
corrections. For the first optical transitions, the experimental values are related to the GW band gap corrected by the exciton binding energies Eb

11/22, as determined within the GW-BSE scheme.
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optical excitations of the GNRs in the directions parallel and
perpendicular to the GNR axis. We find that the differential
dielectric response De2 (Fig. 1c, bottom panel) is dominated by
three positive peaks at 2.1, 2.3 and 4.2 eV, respectively. The
positive sign of De2 indicates that these features can be ascribed to
the absorption of light polarized along the ribbon axis. No
relevant features are found, instead for light polarized in the
perpendicular direction, as observed in other quasi-1D systems,
including carbon nanotubes (CNTs)23. This confirms that we deal
with highly unidirectional optical excitations.

Understanding excitonic effects. To gain further insight into the
nature of the low-energy peaks observed experimentally, we
carried out state-of-the-art many-body perturbation theory24

calculations for free-standing 7-AGNRs (see Methods). This
allows us to take into account from first principles both electron–
electron, within the GW approximation (refs 25,26) and electron–
hole interactions, by solving the Bethe-Salpeter equation (BSE)

(refs 27,28). Such effects are known to dominate electronic and
optical excitations in such low-dimensional systems20. Image
charge (IC) corrections29,30 are included a posteriori to account
for the polarization of the metallic substrate. Despite its
simplicity, the IC approximation has proven successful to
evaluate both the fundamental electronic29 and optical30,31 gaps
in weakly coupled systems. The first-principles optical response
(e2) computed for the isolated 7-AGNR is shown in Fig. 2a. The
spectrum is dominated by the response along the ribbon axis
(solid curve), consistent with the strong anisotropy of the system,
and shows three main features located at B1.9, 2.3 and 4.1 eV,
which are in excellent agreement with the experimental findings
(Fig.1c). The computed data thus confirm two low-energy
excitonic contributions at around 2.0 eV (the first one bearing
most of the spectral weight, as shown by the vertical bars
indicating the oscillator strength), which arise from optical
transitions between the last valence and first conduction bands
(E11), and the next to last valence and second conduction bands
(E22), respectively (see Fig. 2a, right panel). Their exciton binding
energies, defined as the difference between the energy of the
optical excitation and the fundamental electronic gap, are 1.8 and
1.4 eV for the E11 and E22 excitations, respectively. These
excitations correspond to Wannier-like quasi-1D excitons, fully
delocalized along the ribbon width and with a spatial distribution
along the ribbon axis entirely determined by the Coulomb
interaction (see Fig. 2b). These general features are also found in
other p-conjugated 1D carbon systems, such as CNTs32–34 and
polymer chains35. Indeed, GNRs can be thought of as unrolled
CNTs. Despite similar general features, the optical response of
CNTs also shows significant differences. For instance, the spectra
of CNTs with size comparable to that of the 7-AGNR are
dominated by curvature-induced sp2–sp3 rehybridization32.
Moreover, low-lying dark-state excitations34,36 are known to
affect the CNT quantum yield37, while those dark states are not
present in AGNRs in view of their different symmetry9.

The good agreement between theory and experiment concern-
ing the energy positions confirms that the substrate has only a
minor influence on the optical gap of 7-AGNRs, as expected in
the case of weak hybridization30 (see Supplementary Note 2
and 3). To compare with the remarkable optical absorption of a
single graphene sheet (2.3 %), we also compute the absolute
absorbance of an ML of 7-AGNRs (see Methods). In contrast to
the wavelength-independent absorbance of graphene (Fig. 2a,
orange dotted line), here we find a strongly anisotropic
absorbance (Fig. 2a, orange curve), both in terms of wavelength
and light polarization, because a significant spectral weight is
transferred to the visible range by gap opening and excitonic
effects. As a consequence, the absorbance of 7-AGNRs is
increased by a factor of B2.4 with respect to graphene when
probing the system with visible light polarized along the ribbon
axis. In view of technological applications, it is noteworthy that
the range of frequencies with high absorbance can be tuned
simply by changing the molecular precursor, and thus the width
and the electronic and optical gaps of the material.

Comparison of optical RD spectra with scanning tunnelling
spectroscopy (STS) data recorded for 7-AGNRs with identical
environment13 reveals that both the optical and the transport gap
(2.1 and 2.3 eV, respectively) have a similar magnitude (Table 1).
This a priori unexpected result can be understood from our
theoretical calculations. Indeed, starting from the calculated
electronic gap of the isolated ribbon (3.7 eV), the optical gap of
the GNR on the substrate is obtained by including excitonic
effects only, as substrate effects are expected to be negligible30.
STS spectra must instead be corrected by including a significant
IC contribution accounting for the substrate-induced
polarization13 (Fig. 2c). In fact, the calculated corrections turn
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Figure 2 | Calculated optical response of 7-AGNRs. (a) Optical absorption
spectrum and electronic band structure of 7-AGNRs calculated from first
principles within the GW-BSE approach. The blue bars indicate the energy
position and oscillator strength of the calculated optical excitations. The
spectrum was obtained with a broadening of 0.5 eV and the same spectral
lineshape used for fitting the RDS data (see Methods). The absolute
absorbance for full coverage and light polarized along the longitudinal (x)
direction is also shown (orange curve), as compared with the reference
value of 2.3% for ML graphene (dotted orange line). (b ) Exciton
wavefunctions of the first and second excitons for 7-AGNRs. The calculated
electron distribution is shown at fixed hole position (black dot).
(c) Schematics of the relations between transport and optical gaps
determined by STS and RDS, as compared with ab-initio calculations in
vacuum.
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optical excitations of the GNRs in the directions parallel and
perpendicular to the GNR axis. We find that the differential
dielectric response De2 (Fig. 1c, bottom panel) is dominated by
three positive peaks at 2.1, 2.3 and 4.2 eV, respectively. The
positive sign of De2 indicates that these features can be ascribed to
the absorption of light polarized along the ribbon axis. No
relevant features are found, instead for light polarized in the
perpendicular direction, as observed in other quasi-1D systems,
including carbon nanotubes (CNTs)23. This confirms that we deal
with highly unidirectional optical excitations.

Understanding excitonic effects. To gain further insight into the
nature of the low-energy peaks observed experimentally, we
carried out state-of-the-art many-body perturbation theory24

calculations for free-standing 7-AGNRs (see Methods). This
allows us to take into account from first principles both electron–
electron, within the GW approximation (refs 25,26) and electron–
hole interactions, by solving the Bethe-Salpeter equation (BSE)

(refs 27,28). Such effects are known to dominate electronic and
optical excitations in such low-dimensional systems20. Image
charge (IC) corrections29,30 are included a posteriori to account
for the polarization of the metallic substrate. Despite its
simplicity, the IC approximation has proven successful to
evaluate both the fundamental electronic29 and optical30,31 gaps
in weakly coupled systems. The first-principles optical response
(e2) computed for the isolated 7-AGNR is shown in Fig. 2a. The
spectrum is dominated by the response along the ribbon axis
(solid curve), consistent with the strong anisotropy of the system,
and shows three main features located at B1.9, 2.3 and 4.1 eV,
which are in excellent agreement with the experimental findings
(Fig.1c). The computed data thus confirm two low-energy
excitonic contributions at around 2.0 eV (the first one bearing
most of the spectral weight, as shown by the vertical bars
indicating the oscillator strength), which arise from optical
transitions between the last valence and first conduction bands
(E11), and the next to last valence and second conduction bands
(E22), respectively (see Fig. 2a, right panel). Their exciton binding
energies, defined as the difference between the energy of the
optical excitation and the fundamental electronic gap, are 1.8 and
1.4 eV for the E11 and E22 excitations, respectively. These
excitations correspond to Wannier-like quasi-1D excitons, fully
delocalized along the ribbon width and with a spatial distribution
along the ribbon axis entirely determined by the Coulomb
interaction (see Fig. 2b). These general features are also found in
other p-conjugated 1D carbon systems, such as CNTs32–34 and
polymer chains35. Indeed, GNRs can be thought of as unrolled
CNTs. Despite similar general features, the optical response of
CNTs also shows significant differences. For instance, the spectra
of CNTs with size comparable to that of the 7-AGNR are
dominated by curvature-induced sp2–sp3 rehybridization32.
Moreover, low-lying dark-state excitations34,36 are known to
affect the CNT quantum yield37, while those dark states are not
present in AGNRs in view of their different symmetry9.

The good agreement between theory and experiment concern-
ing the energy positions confirms that the substrate has only a
minor influence on the optical gap of 7-AGNRs, as expected in
the case of weak hybridization30 (see Supplementary Note 2
and 3). To compare with the remarkable optical absorption of a
single graphene sheet (2.3 %), we also compute the absolute
absorbance of an ML of 7-AGNRs (see Methods). In contrast to
the wavelength-independent absorbance of graphene (Fig. 2a,
orange dotted line), here we find a strongly anisotropic
absorbance (Fig. 2a, orange curve), both in terms of wavelength
and light polarization, because a significant spectral weight is
transferred to the visible range by gap opening and excitonic
effects. As a consequence, the absorbance of 7-AGNRs is
increased by a factor of B2.4 with respect to graphene when
probing the system with visible light polarized along the ribbon
axis. In view of technological applications, it is noteworthy that
the range of frequencies with high absorbance can be tuned
simply by changing the molecular precursor, and thus the width
and the electronic and optical gaps of the material.

Comparison of optical RD spectra with scanning tunnelling
spectroscopy (STS) data recorded for 7-AGNRs with identical
environment13 reveals that both the optical and the transport gap
(2.1 and 2.3 eV, respectively) have a similar magnitude (Table 1).
This a priori unexpected result can be understood from our
theoretical calculations. Indeed, starting from the calculated
electronic gap of the isolated ribbon (3.7 eV), the optical gap of
the GNR on the substrate is obtained by including excitonic
effects only, as substrate effects are expected to be negligible30.
STS spectra must instead be corrected by including a significant
IC contribution accounting for the substrate-induced
polarization13 (Fig. 2c). In fact, the calculated corrections turn
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Figure 2 | Calculated optical response of 7-AGNRs. (a) Optical absorption
spectrum and electronic band structure of 7-AGNRs calculated from first
principles within the GW-BSE approach. The blue bars indicate the energy
position and oscillator strength of the calculated optical excitations. The
spectrum was obtained with a broadening of 0.5 eV and the same spectral
lineshape used for fitting the RDS data (see Methods). The absolute
absorbance for full coverage and light polarized along the longitudinal (x)
direction is also shown (orange curve), as compared with the reference
value of 2.3% for ML graphene (dotted orange line). (b ) Exciton
wavefunctions of the first and second excitons for 7-AGNRs. The calculated
electron distribution is shown at fixed hole position (black dot).
(c) Schematics of the relations between transport and optical gaps
determined by STS and RDS, as compared with ab-initio calculations in
vacuum.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5253 ARTICLE

NATURE COMMUNICATIONS | 5:4253 | DOI: 10.1038/ncomms5253 | www.nature.com/naturecommunications 3

& 2014 Macmillan Publishers Limited. All rights reserved.



chevron ribbons

BrBr Br



growth

The same reaction pattern 
as for N7-AGNR

BrBr Br

BrBr Br

BrBr Br

J. Cai et al, Nature 466, 470 (2010); 
J. Cai et al, Nature Nanotech 8 (2014)

precursor

polymer

ribbon



dielectric response

(a) 
monomer 

oligomer 

ch-AGNR 

(b) (c) 

2 3 4 5
Photon Energy [eV]

R
e[
∆

r/r
]

Au
200
250
420
200, after 420

2 3 4 5
Elec. Energy Loss [eV]

EE
LS

 In
te

ns
ity

 (a
rb

. u
ni

ts
)

Au
mono
poly
GNR
fit poly
fit GNR

3x10-3Au - 200oC

oligomer - 200oC

250o

420o

200o

Au - RT

250o

monomer - RT

450o

RDS EELS



dielectric response
EELS

GNR

attention needs to be paid to the 
surface plasmons 

primary electrons with E=20 eV 
lead to gold dominated signal 

At E=9 eV, EELS signal displays the 
molecular features



3 phase model
3-phase dielectric model analysis

RDS 

EELS Loss function

!"=(#b-#)/(#b+#)

substrate    #1,b+i#2,b

adsorbate    #1+i#2

vacuum    1

#(")= $m Am/(E2
m-E2-iE%m )

�r

r
= �4⇡id

�

�✏

✏b � 1
=

4⇡d

�


�✏2(✏b1 � 1) +�✏1✏b2
(✏b1 � 1)2 + (✏b2)

2
� i

�✏1(✏b1 � 1) +�✏2✏b2
(✏b1 � 1)2 + (✏b2)

2

�

EELS

RDS

✏b = ✏b1 + i✏b2

✏ = ✏1 + i✏2 �✏ = ✏k � ✏?
anisotropy

bulk

d

✏(!) = 1 +
X

m

Am

E2
m � !2 � iEm�m

�(!) =
✏b � ✏

✏b + ✏

L(!) = Im

⇢
�1

✏̃(qk,!) + 1

�
✏̃(qk,!) = ✏(!)


1 +�(!)exp(�2qkd)

1��(!)exp(�2qkd)

�



dielectric response



dielectric response

RDS
EELS

E1 E2 E3 E4

2.305 2.780 3.400 4.400
2.200 2.800 3.400 4.400
2.05 2.5 2.8THEO

Excitation energies  [eV]



summary
From model to real systems 

Substrate effects 

Exciton build-up 

prediction of fundamental properties 
by MBPT (GW + BSE)

electronic properties are markedly 
modified by the substrate  
IC corrections ~ 1eV 

corrections to optical excitations 
are less relevant or negligible

from polymer precursors to GNRs

optical excitations of the GNRs in the directions parallel and
perpendicular to the GNR axis. We find that the differential
dielectric response De2 (Fig. 1c, bottom panel) is dominated by
three positive peaks at 2.1, 2.3 and 4.2 eV, respectively. The
positive sign of De2 indicates that these features can be ascribed to
the absorption of light polarized along the ribbon axis. No
relevant features are found, instead for light polarized in the
perpendicular direction, as observed in other quasi-1D systems,
including carbon nanotubes (CNTs)23. This confirms that we deal
with highly unidirectional optical excitations.

Understanding excitonic effects. To gain further insight into the
nature of the low-energy peaks observed experimentally, we
carried out state-of-the-art many-body perturbation theory24

calculations for free-standing 7-AGNRs (see Methods). This
allows us to take into account from first principles both electron–
electron, within the GW approximation (refs 25,26) and electron–
hole interactions, by solving the Bethe-Salpeter equation (BSE)

(refs 27,28). Such effects are known to dominate electronic and
optical excitations in such low-dimensional systems20. Image
charge (IC) corrections29,30 are included a posteriori to account
for the polarization of the metallic substrate. Despite its
simplicity, the IC approximation has proven successful to
evaluate both the fundamental electronic29 and optical30,31 gaps
in weakly coupled systems. The first-principles optical response
(e2) computed for the isolated 7-AGNR is shown in Fig. 2a. The
spectrum is dominated by the response along the ribbon axis
(solid curve), consistent with the strong anisotropy of the system,
and shows three main features located at B1.9, 2.3 and 4.1 eV,
which are in excellent agreement with the experimental findings
(Fig.1c). The computed data thus confirm two low-energy
excitonic contributions at around 2.0 eV (the first one bearing
most of the spectral weight, as shown by the vertical bars
indicating the oscillator strength), which arise from optical
transitions between the last valence and first conduction bands
(E11), and the next to last valence and second conduction bands
(E22), respectively (see Fig. 2a, right panel). Their exciton binding
energies, defined as the difference between the energy of the
optical excitation and the fundamental electronic gap, are 1.8 and
1.4 eV for the E11 and E22 excitations, respectively. These
excitations correspond to Wannier-like quasi-1D excitons, fully
delocalized along the ribbon width and with a spatial distribution
along the ribbon axis entirely determined by the Coulomb
interaction (see Fig. 2b). These general features are also found in
other p-conjugated 1D carbon systems, such as CNTs32–34 and
polymer chains35. Indeed, GNRs can be thought of as unrolled
CNTs. Despite similar general features, the optical response of
CNTs also shows significant differences. For instance, the spectra
of CNTs with size comparable to that of the 7-AGNR are
dominated by curvature-induced sp2–sp3 rehybridization32.
Moreover, low-lying dark-state excitations34,36 are known to
affect the CNT quantum yield37, while those dark states are not
present in AGNRs in view of their different symmetry9.

The good agreement between theory and experiment concern-
ing the energy positions confirms that the substrate has only a
minor influence on the optical gap of 7-AGNRs, as expected in
the case of weak hybridization30 (see Supplementary Note 2
and 3). To compare with the remarkable optical absorption of a
single graphene sheet (2.3 %), we also compute the absolute
absorbance of an ML of 7-AGNRs (see Methods). In contrast to
the wavelength-independent absorbance of graphene (Fig. 2a,
orange dotted line), here we find a strongly anisotropic
absorbance (Fig. 2a, orange curve), both in terms of wavelength
and light polarization, because a significant spectral weight is
transferred to the visible range by gap opening and excitonic
effects. As a consequence, the absorbance of 7-AGNRs is
increased by a factor of B2.4 with respect to graphene when
probing the system with visible light polarized along the ribbon
axis. In view of technological applications, it is noteworthy that
the range of frequencies with high absorbance can be tuned
simply by changing the molecular precursor, and thus the width
and the electronic and optical gaps of the material.

Comparison of optical RD spectra with scanning tunnelling
spectroscopy (STS) data recorded for 7-AGNRs with identical
environment13 reveals that both the optical and the transport gap
(2.1 and 2.3 eV, respectively) have a similar magnitude (Table 1).
This a priori unexpected result can be understood from our
theoretical calculations. Indeed, starting from the calculated
electronic gap of the isolated ribbon (3.7 eV), the optical gap of
the GNR on the substrate is obtained by including excitonic
effects only, as substrate effects are expected to be negligible30.
STS spectra must instead be corrected by including a significant
IC contribution accounting for the substrate-induced
polarization13 (Fig. 2c). In fact, the calculated corrections turn
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Figure 3: Conductance dI/dV spectra of a suspended 7-AGNR. The tip-sample separation
is set to z = 2.9 nm. The inset shows a resonance near the Fermi level (z = 0.7 to 1.3 nm)
corresponding to the Tamm state located at the ribbon extremity connected to the tip. The
Tamm state decays for larger tip-sample separations. For large z values (e.g., z = 1.3 nm)
the contribution of the Tamm state is too weak to be measured and only the delocalized
valence and conduction bands of the GNR are observed.
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Figure 1: (a) Schematic of the experimental configuration. (b) STM image of H-terminated
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G/G0 vs tip-sample distance z for a 7-AGNRs suspended in the junction (black line). The
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clear experimental evidence of tip-induced photoluminescence 
from suspended ribbons 
tip needs to be in chemical contact with the ribbon (C-term.) 
excitation energy significantly smaller than extended GNR => 
GNR termination
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Anti-ferromagnetic edge 
states when zig-zag termini 
are exposed 

GW gives a gigantic 
splitting as compared to DFT         
(0.3 eV -> 2.8 eV) 

bulk states are non-magnetic 
and resemble the case of 
extended GNR
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Giant edge state splitting at atomically precise
graphene zigzag edges
Shiyong Wang1,*, Leopold Talirz1,*, Carlo A. Pignedoli1,2, Xinliang Feng3, Klaus Müllen3, Roman Fasel1,4

& Pascal Ruffieux1

Zigzag edges of graphene nanostructures host localized electronic states that are predicted to

be spin-polarized. However, these edge states are highly susceptible to edge roughness and

interaction with a supporting substrate, complicating the study of their intrinsic electronic and

magnetic structure. Here, we focus on atomically precise graphene nanoribbons whose two

short zigzag edges host exactly one localized electron each. Using the tip of a scanning

tunnelling microscope, the graphene nanoribbons are transferred from the metallic growth

substrate onto insulating islands of NaCl in order to decouple their electronic structure from

the metal. The absence of charge transfer and hybridization with the substrate is confirmed

by scanning tunnelling spectroscopy, which reveals a pair of occupied/unoccupied

edge states. Their large energy splitting of 1.9 eV is in accordance with ab initio many-body

perturbation theory calculations and reflects the dominant role of electron–electron

interactions in these localized states.

DOI: 10.1038/ncomms11507 OPEN
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Empa, Swiss Federal Laboratories for Materials Science and Technology, 8600 Dübendorf, Switzerland. 3 Department of Synthetic Chemistry, Max Planck
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Recent advances in the fabrication of precise graphene
nanostructures open the door to tailoring their electronic
properties to the needs of specific applications. In the

case of graphene nanoribbons (GNRs) with armchair edges, a
bottom-up approach has been shown to deliver control over
width and edge termination down to the atomic level1.
This allows for precise tuning of the electronic band gap2–4 and
optical response5 by adjusting the shape and coupling motifs
of the molecular building blocks. Even more intriguing are
graphene nanostructures with zigzag edges, which are predicted
to host spin-polarized edge states by different levels of theory6–10.
Although a significant number of theoretical studies have
investigated specific graphene nanostructures with zigzag edges,
predicting spin filtering properties11, half-metallic behaviour12

and spin confinement13, experimental results are scarce and
widely affected by limited structural precision and/or pronounced
interaction with the substrate. Previous experimental studies
of graphene zigzag edges have concentrated mainly on
metal-adsorbed graphene nanostructures, where the low-energy
edge states may interact with the nearby electron reservoir.
For graphene nanoislands on Ir(111), edge states are found to
be completely suppressed14. On less reactive surfaces, such as
Au(111)15–20, edge states have been observed for a variety of
graphene nanostructures, even at interfaces between graphene and
hexagonal boron-nitride18,20. However, the reported spectroscopic
features of edge states vary greatly. For example, the energy
splitting between occupied and empty edge states ranges from 0 eV
(ref. 17) to 0.3 eV (ref. 19). These values are much smaller than
expected from electronic structure calculations for structurally
perfect zigzag edges within many-body perturbation theory, which
predicts a splitting of E1.9 eV for the most strongly localized edge
state8. Indeed, a recent study of the edges of graphene grown on
silicon carbide21 reports a substantial energy splitting of up to
1.2 eV, however, the edges obtained from nanoparticle-assisted
etching lack atomic precision. In summary, reducing both edge
roughness and substrate interaction can be considered a
prerequisite for studying the intrinsic electronic and magnetic
structure of graphene zigzag edges.

Here, we focus on the electronic properties of the atomically
precise zigzag edges formed at the termini of bottom-up
fabricated armchair graphene nanoribbons (AGNRs). To

decouple their electronic structure from the metal substrate, on
which they are grown, we transfer the AGNRs onto NaCl islands
by a scanning tunnelling microscopy (STM)-based multistep
manipulation routine. Using scanning tunnelling spectroscopy
(STS), we find that electronic decoupling of the edge states
establishes a large energy splitting between occupied and
unoccupied edge states. This is in accordance with ab initio
many-body perturbation theory calculations, which we use to
systematically distinguish between edge states localized at the
zigzag edges and the energetically and spatially distinct states
associated with the armchair edges in the GNRs under study.

Results
Short graphene zigzag edge on a thin insulator. We focus
on short AGNRs of width m¼ 7, which are synthesized with
atomic-scale precision on a Au(111) single crystal surface
using a recently established bottom-up method1. The two
armchair and two zigzag edges of the GNRs are atomically
precise, monohydrogenated edges, as demonstrated by previous
combined STM and atomic force microscopy studies17. Following
Fig. 1a, the GNRs are denoted as (7, n) GNRs, where n specifies
their length along the armchair direction in units of carbon zigzag
lines. Finite (7, n) GNRs host two qualitatively different sets of
electronic p-states. One set derives from the Bloch states of the
bulk GNR, which are delocalized along the GNR. The short zigzag
edges at the termini of the GNRs give rise to another set of states
that are localized near the termini10. As sketched in Fig. 1b,c,
these edge states (Tamm states22) are energetically isolated from
the delocalized bulk states of the GNR, thus offering an
experimental advantage over graphene nanostructures with long
zigzag edges, where the energies of edge-localized and delocalized
states are predicted to overlap6,8. Previous STS investigations of
(7, n) GNRs on Au(111) indicated only one, possibly degenerate,
edge state near the Fermi level, which may be explained by
hole-doping of the GNR17. In order to characterize their intrinsic
electronic structure, the GNRs thus need to be transferred to a
different substrate—a process that is also required for future
GNR-based applications23.

As the synthesis relies on the catalytic activity of the metal
surface, the transfer onto an insulating substrate needs to occur
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Figure 1 | Electronic structure of finite graphene nanoribbons. (a) Cutting graphene into nanoribbons with different edge topologies. Indices (m, n) are
used to denote the dimensions of a graphene nanoribbon (GNR) along the zigzag (m) and armchair direction (n), respectively. (b) Sketch of energy levels
for a finite (7, 12) GNR, with DAC and DZZ indicating the bulk band gap and the splitting of the localized states at the zigzag edges, respectively. (c) Kohn–
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tip effect from DFT

gold tip restores a non-magnetic ground state 
antiferromagnetic states no longer found

Figure 4: Ball-and-stick model of a (7,16)-AGNR (a) connected to a 20-atom gold tip or
(b) terminated with an H atom. (c) DFT-PDOS for the GNR-tip junction displayed in
panel (a), together with a few representative molecular orbitals around the Fermi level. The
total DOS is in grey, and the DOS projected on the C and Au atoms are in dark grey
and orange, respectively. (d) DFT-PDOS for the self-standing (7,16)-AGNR, showing both
spin-polarized (light blue shaded area) and -unpolarized solutions (blue solid line). A few
representative molecular orbitals around the Fermi level are illustrated also for the isolated
system.
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tip effect from DFT

gold tip restores a non-magnetic ground state 
no antiferromagnetic states found 
experimentally confirmed by STS

Figure 4: Ball-and-stick model of a (7,16)-AGNR (a) connected to a 20-atom gold tip or
(b) terminated with an H atom. (c) DFT-PDOS for the GNR-tip junction displayed in
panel (a), together with a few representative molecular orbitals around the Fermi level. The
total DOS is in grey, and the DOS projected on the C and Au atoms are in dark grey
and orange, respectively. (d) DFT-PDOS for the self-standing (7,16)-AGNR, showing both
spin-polarized (light blue shaded area) and -unpolarized solutions (blue solid line). A few
representative molecular orbitals around the Fermi level are illustrated also for the isolated
system.
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Figure 3: Conductance dI/dV spectra of a suspended 7-AGNR. The tip-sample separation
is set to z = 2.9 nm. The inset shows a resonance near the Fermi level (z = 0.7 to 1.3 nm)
corresponding to the Tamm state located at the ribbon extremity connected to the tip. The
Tamm state decays for larger tip-sample separations. For large z values (e.g., z = 1.3 nm)
the contribution of the Tamm state is too weak to be measured and only the delocalized
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GNR optics

GW & BSE calculations done without tip for several ribbon 
length 
computationally quite demanding (need HPC) 
relevant excitations involve the states at the termini 
excellent agreement with experiments

Figure 5: (a) Absorption spectrum computed for the self-standing (7,16)-AGNR according
to the GW -BSE scheme, starting from the spin-restricted ground state. Inset: Length
dependence of the main optical excitations. (b) Energy level scheme for (7,16)-AGNR, as
resulting from GW calculations. (c) Sketch of the junction level alignment at V = 0 V
(top) and V ⇡ 1.7 V (bottom), with illustration of the emission mechanism: an inelastic
conduction electron (1) transfers its energy to the GNR (2) that eventually emits a photon
(3). For simplicity, only the occupied delocalized states are represented in this sketch, but
transitions from the unoccupied delocalized states to the Tamm state may also contribute
to the emission.
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Atomically precise bottom-up fabrication of graphene
nanoribbons
Jinming Cai1*, Pascal Ruffieux1*, Rached Jaafar1, Marco Bieri1, Thomas Braun1, Stephan Blankenburg1,
Matthias Muoth2, Ari P. Seitsonen3,4, Moussa Saleh5, Xinliang Feng5, Klaus Müllen5 & Roman Fasel1,6

Graphene nanoribbons—narrow and straight-edged stripes of
graphene, or single-layer graphite—are predicted to exhibit elec-
tronic properties that make them attractive for the fabrication of
nanoscale electronic devices1–3. In particular, although the two-
dimensional parent material graphene4,5 exhibits semimetallic
behaviour, quantum confinement and edge effects2,6 should render
all graphene nanoribbons with widths smaller than 10 nm semi-
conducting. But exploring the potential of graphene nanoribbons
is hampered by their limited availability: although they have
been made using chemical7–9, sonochemical10 and lithographic11,12

methods as well as through the unzipping of carbon nanotubes13–16,
the reliable production of graphene nanoribbons smaller than
10 nm with chemical precision remains a significant challenge.
Here we report a simple method for the production of atomically
precise graphene nanoribbons of different topologies and widths,
which uses surface-assisted coupling17,18 of molecular precursors
into linear polyphenylenes and their subsequent cyclodehydro-
genation19,20. The topology, width and edge periphery of the gra-
phene nanoribbon products are defined by the structure of the
precursor monomers, which can be designed to give access to a
wide range of different graphene nanoribbons. We expect that
our bottom-up approach to the atomically precise fabrication of
graphene nanoribbons will finally enable detailed experimental
investigations of the properties of this exciting class of materials.
It should even provide a route to graphene nanoribbon structures
with engineered chemical and electronic properties, including the
theoretically predicted intraribbon quantum dots21, superlattice
structures22 and magnetic devices based on specific graphene
nanoribbon edge states3.

Figure 1 sketches the basic graphene nanoribbon (GNR) fabrica-
tion steps for the prototypical armchair ribbon6 of width N 5 7
obtained from 10,109-dibromo-9,99-bianthryl precursor monomers.
Thermal sublimation of the monomers onto a solid surface removes
their halogen substituents, yielding the molecular building blocks of
the targeted graphene ribbon in the form of surface-stabilized bira-
dical species. During a first thermal activation step, the biradical
species diffuse across the surface and undergo radical addition reac-
tions17 to form linear polymer chains as imprinted by the specific
chemical functionality pattern of the monomers. In a second thermal
activation step a surface-assisted cyclodehydrogenation establishes
an extended fully aromatic system.

Figure 2 shows GNRs obtained according to the scheme in Fig. 1,
using precursor monomers 1 and a Au(111) surface. The first step
to GNR fabrication—intermolecular colligation through radical
addition—is thermally activated by annealing at 200 uC, at which

temperature the dehalogenated intermediates have enough thermal
energy to diffuse along the surface and form single covalent C–C
bonds between each monomer to give polymer chains. Scanning
tunnelling microscopy (STM) images of the colligated monomers
show protrusions that appear alternately on both sides of the chain
axis and with a periodicity of 0.86 nm (Fig. 2b), in excellent agree-
ment with the periodicity of the bianthryl core of 0.85 nm. Steric
hindrance between the hydrogen atoms of adjacent anthracene units
rotates the latter around the s-bonds connecting them, resulting in
opposite tilts of successive anthracene units with respect to the metal
surface. This deviation from planarity explains the large apparent
height of the polyanthrylenes of about 0.4 nm (Fig. 2b), with the
finite size of the scanning probe tip moreover imaging the polymer
with a width much larger (1.5 nm) than expected from the structural

1Empa, Swiss Federal Laboratories for Materials Science and Technology, nanotech@surfaces Laboratory, 3602 Thun and 8600 Dübendorf, Switzerland. 2ETH Zurich, Department of
Mechanical and Process Engineering, Micro and Nanosystems, 8092 Zurich, Switzerland. 3University of Zurich, Physical Chemistry Institute, Winterthurerstrasse 190, 8057 Zurich,
Switzerland. 4IMPMC, CNRS and Université Pierre et Marie Curie, 4 place Jussieu, case 115, F-75252 Paris, France. 5Max Planck Institute for Polymer Research, Ackermannweg 10,
55124 Mainz, Germany. 6Department of Chemistry and Biochemistry, University of Bern, Freiestrasse 3, 3012 Bern, Switzerland.
*These authors contributed equally to this work.

Dehalogenation C–C coupling

Cyclodehydrogenation

1

Br Br

Precursor monomer ‘Biradical’ intermediate

Graphene nanoribbon

Linear polymer

Figure 1 | Bottom-up fabrication of atomically precise GNRs. Basic steps for
surface-supported GNR synthesis, illustrated with a ball-and-stick model of
the example of 10,109-dibromo-9,99-bianthryl monomers (1). Grey, carbon;
white, hydrogen; red, halogens; underlying surface atoms shown by large
spheres. Top, dehalogenation during adsorption of the di-halogen
functionalized precursor monomers. Middle, formation of linear polymers
by covalent interlinking of the dehalogenated intermediates. Bottom,
formation of fully aromatic GNRs by cyclodehydrogenation.
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We report on a bottom-up approach of the selective and precise growth of subnanometer wide straight and

chevron-type armchair nanoribbons (GNRs) on a stepped Au(788) surface using different specific molecular

precursors. This process creates spatially well-aligned GNRs, as characterized by STM. High-resolution

direct and inverse photoemission spectroscopy of occupied and unoccupied states allows the determination of

the energetic position and momentum dispersion of electronic states revealing the existence of band gaps of

several electron volts for straight 7-armchair, 13-armchair, and chevron-type GNRs in the electronic structure.

DOI: 10.1103/PhysRevLett.108.216801 PACS numbers: 73.22.Pr, 68.65.Pq, 79.60.Jv

The remarkable structural and electronic properties of
graphene have stimulated intense research on its basic
properties as well as on possible promising applications
[1]. The behavior of the charge carriers as massless Dirac
fermions near the Fermi level and the ballistic charge
transport in graphene stimulate expectations to use it as a
building block in electronic devices. Ideal graphene lacks,
however, a band gap and is therefore semimetallic making
electronic control of the conductance, the basic concept
of integrated electronics, difficult. A band gap opening
is expected for adsorbate modified graphene [2,3] and
theoretically also for laterally confined ribbons of graphene
[4–8]. There, a stronger lateral confinement increases the
electronic band gap. For graphene nanoribbons (GNRs) of
subnanometer width sizable values of more than an elec-
tron volt are expected. The dispersion of the electronic
states is determined by the specific atomic structure of
the GNR, viz., its border termination, being of armchair,
zigzag, or chiral type. Comparatively broad GNRs have
been produced by lithographic techniques [9,10], unzip-
ping of carbon nanotubes [11,12], and chemical synthesis
[13–15]. Recently, on-surface covalent coupling of ad-
sorbed organic precursor molecules in ultrahigh vacuum
enabled the production of atomically precise graphene
nanoribbons [16]. This reliable method yields a high den-
sity of nanoribbons, however, with random orientation. We
present here a robust way for the production of spatially
aligned GNRs of different topologies employing this
bottom-up surface catalyzed growth on stepped Au(788)
surfaces. From those GNRs we experimentally investigate
the occupied and unoccupied states via direct and inverse
photoemission experiments and demonstrate that GNRs
indeed exhibit a large band gap.

Spatially aligned GNRs were prepared on clean vicinal
Au(788) surfaces under ultrahigh vacuum conditions.
After deposition of the primary molecules [see Figs. 1(b)

and 1(e)] from quartz crucibles the surfaces was heated
to 440–470 K for dehalogenization and polymerization,
while cyclodehydrogenization is achieved at 590 K [16],
resulting in straight 7-armchair graphene nanoribbons
(7-aGNRs) and chevron-type GNRs. The structure of the

FIG. 1 (color online). STM images of aligned graphene nano-
ribbons (GNRs) on Au(788) surfaces. (a) Seven atoms wide
straight ribbons (7-aGNR) (STM feedback 2 V=10 pA; inset:
0:1 V=0:5 nA). Scale bars: 4 nm. (b) Precursor molecule and
unit cell d¼ 0:426 nm, width: w ¼ 0:741 nm. (c) Distribution
of the ribbon length, mean value L ¼ 23 nm. (d) Chevron-type
ribbons (STM feedback "2 V=50 pA; inset: 0:1 V=0:5 nA).
(e) Precursor molecule and unit cell d¼ 1:704 nm, width: w ¼
1:729 nm. (f) Length distribution, mean value L ¼ 28 nm.
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GNR @ Au(110)
of the Au row, as illustrated in Figure 4, irrespective of the
initial configuration (i.e., on top of the Au rows or in the Au
channels). The optimized geometry for the GNR lies instead
within the Au channels. Concerning the second configuration,
where the system crosses the Au channels, it can be seen that
the only way to have the DBBA molecule commensurate with
the surface is to rotate it, such that the two anthracene units
(about 8.6 Å wide) can fit into the 1 × 2 Au channels (8.1 Å
wide), as illustrated in Figure 2.
When the DBBA molecules polymerize, the constraint of

commensurability becomes even stronger and results in a tilting
angle of about 20°, in perfect agreement with the experimental
findings. Note that both configurations are asymmetric, with
one of the anthracene units closer to the Au surface. In the
configuration along (across) the channels, the minimum C−Au
distances are 2.40 and 3.21 Å (2.34 and 3.09 Å) for the two
units.
Figure 4 also reports the adsorption energies computed for

each of the structures investigated here. For both the
polyanthryl and the GNR on the 1 × 2 surface we find that
the configuration along the channels is more stable than the
rotated configuration across the rows by 10−20 meV/C atom,
at variance with experimental observations. This suggests that
the growth of the GNR is not dominated by the stability of the
GNR-surface interface but rather by the kinetics of the early
stages of the process leading to the polymerization. In order to
further investigate this issue, we simulated the dehalogenated
precursor molecule on the 1 × 2 surface, considering again the
two orientations mentioned above (see Figure 5), i.e., with the

molecule axis either parallel to the channels or rotated by about
20° with respect to the [001] direction. The resulting
geometries are shown in Figure 5. The rotated conformation
is 1.16 eV/molecule lower in energy than the aligned one.
Indeed, the debrominated atoms of the rotated molecule can
form two bonds with Au, with a rather flat conformation, while
the aligned molecule only forms one C−Au bond, thus
resulting less stable.
High-Temperature Deposition. In order to favor the

molecule diffusion and possibly induce the formation of
GNRs aligned along the Au channels, we have explored an
alternative growth procedure, where the gold substrate is kept
at a higher temperature (HT) of 470 K during deposition. A
selected set of STM images, shown in Figure 6, reports the
evolution from DBBA deposition to the GNR formation upon
increasing coverage, without any further annealing step. At very
low molecular density (0.1 SL), the isolated molecules appear
as two bright and symmetric lobes bridging two adjacent Au

rows suggesting a flat-lying structure. This is corroborated by
the symmetrical lobe shape of the molecules, which recalls the
calculated frontier orbital for gas-phase DBBA of a flat bianthryl
(bisanthene) molecule (see Supporting Information). Compar-
ison with previous STM simulated images for the termini of the
same GNRs on Au(111)28 and with our own calculations of the
molecular orbitals suggests that the molecules are also
dehalogenated. Thus, the structural shape of HT-deposited
DBBA on the Au(110) surface suggests that both dehalogena-
tion and dehydrogenation processes take place already at 470
K, before any polymerization, as confirmed by the following
spectroscopy data. Note that for the Au(111) surface the
dehydrogenation requires a considerably higher temperature
(above 600 K, see following temperature-programmed XPS
data), whereas the molecular shape at 470 K still presents

Figure 5. Optimized geometries computed within DFT for the
debrominated DBBA. Left panel: molecule aligned along the Au rows,
forming one bond with the surface. Right panel: the molecule rotated
by 20° with respect to the direction perpendicular to the Au channels,
showing the two bonds with the Au surface. The debrominated C
atoms are in light blue.

Figure 6. STM topography images at about 0.1 SL (upper panel), 0.5
SL (middle panel), and 1 SL (lower panel) of DBBA deposited on
Au(110) maintained at 470 K temperature. Experimental profiles
along the high symmetry directions of the substrate are reported in
black and red lines on the small scale images. Side views of the Au cell
and adsorbed molecule, as determined by theoretical calculations, are
plotted close to the experimental line profiles. At 0.1 SL, a few isolated
molecules are visible on top of the gold chains in the Au(110)-1 × 2
reconstruction; at 0.5 SL, tilted molecular chains start to appear inside
1 × 3-reconstructed gold channels; at 1 SL, the molecular chains
appear flatter and laying into 1 × 4-reconstructed gold channels.
Images acquired at T = 10 K (0.6 V bias voltage, 0.1 nA tunneling
current). Scale bar of 2.4 and 0.7 nm for the large and small scale
image, respectively.
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flattening of the polymer upon adsorption on the corrugated
surface.
Finally, we notice that this first annealing step following RT

deposition does not give rise to a high density of long and
ordered polymers, at variance with Au(111) or Cu(111)
surfaces,5,17 suggesting a lower molecular mobility on the
corrugated Au(110). Even though the polyanthryl formation is
activated after annealing at 400 K, the direct deposition on the
hot substrate helps to improve the polymer growth.
Next, we further annealed the sample up to 700 K. The

corresponding STM images are shown in the right panel of
Figure 3. These images show that some polymer chains
observed in the previous phase evolve into new structures
characterized by a continuous charge density. The height
profiles recorded along and across them show a constant height
of 1.5 Å with respect to the Au rows, suggesting further
flattening of the structure, in agreement with previous studies
on Au(111).5,10 Indeed, a higher annealing temperature is
expected to induce the removal of inner hydrogen atoms and
the formation of planar C−C bonded nanoribbons,5,17 in
perfect agreement with spectroscopic data presented in the
following sections. The average GNRs length (about 50 Å) is
shorter than the typical GNR length observed on Au(111) and
Cu(111),5,17 as a consequence of a reduced polymer length,
with few of them maintaining the orientation of the original
polymer chain.
In order to gain further insights into the growth process, we

performed DFT simulations of the polyanthryl and GNR
adsorbed on several Au(110) surface reconstructions. Inspired
by the STM evidence described above, we have first considered
two different adsorption configurations on the 1 × 2 Au
surface: (i) the GNR/polyanthryl aligned along the Au
channels (i.e., [11 ̅0] direction) and (ii) the GNR/polyanthryl
rotated by 20° with respect to the direction perpendicular to
the Au channels. While the first configuration is meant to
mimic the isolated molecules on top of the Au rows, the second

one is observed as the preferential configuration for both the
polymer and the ribbon phases. The optimized geometries and
the computed adsorption energies are summarized in Figure 4.
The remaining structures reported in this figure will be
discussed in the following sections.
When the polyanthryl is aligned along the Au channels, the

structure relaxes to a configuration where the system lies on top

Figure 3. STM images at large and small scale of 0.2 SL DBBA adsorbed on Au(110) at RT (left panel), after annealing at 400 K (central panel), and
after annealing at 700 K (right panel). Two different line profiles are shown for each structure: one along the gold chain direction (black line) and
one along the longitudinal axis of the structures (red line). Images acquired at T = 300 K in constant current mode. All STM images have been taken
at the same bias voltage (−2 V bias voltage, 0.06 nA tunneling current) in order to compare the evolution of apparent height. Scale bar of 4.8 and 1.4
nm for the large and small scale image, respectively.

Figure 4. Calculated adsorption energies (meV/C atom) for the GNR
(left panel) and polyanthryl (right panel) adsorbed onto the
reconstructed 1 × 2, 1 × 3, and 1 × 4 Au (110) surfaces. The black
dot (square) corresponds to the value computed for the GNR
(graphene) adsorbed on the Au (111) surface.
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HT Deposition
To conclude, the theoretical DOS predicts the following: (i)

the appearance of a state that can be associated with the
interaction of BA molecules with the underlying metal atoms,
favored by the adsorption geometry (±20° with respect to
Au[001] direction); (ii) an almost size-independent HOMO
for the PA oligomers, which are also (iii) weakly interacting
with the underlying Au substrate, as demonstrated for extended
PA. All of this appears to be in very good agreement with
experimental observations from UPS.
GNRs on Au(110). Different chemical paths have been

identified19 to achieve subnanometer wide GNRs on Au(110).
In the first synthetic route, after PA chains have been formed at
400 K, further annealing at 700 K spurs the dehydrogenation
process and the related flattening of the C network toward the
formation of short GNR strands, oriented as the original PA
chains. The spectral density (not shown here) of these GNRs,
also characterized in ref.,17 is redistributed in the low binding
energy region close to the Fermi level. However, neither well-
defined peaks nor dispersive electronic states are observed, as
expected upon formation of extended structures. In the second
synthetic route, GNR strands oriented along the 4-fold
reconstructed gold rows have been obtained following the
second synthetic procedure described in ref.19 Briefly, the gold
substrate is kept at 470 K during deposition, and both
dehalogenation and dehydrogenation take place before any
polymerization. By increasing the molecular coverage up to 0.5
SL, bisanthene molecules (originating by flattening bianthra-
cene units) form ordered chains along the [ ̅1 1 0] direction,
either bridging two adjacent rows of the pristine 1 × 2 Au

reconstruction or inside rearranged 1 × 3 gold channels. At
completion of the first SL, the Au surface further rearranges
into a 1 × 4 symmetry, with elongated nanostructures aligned
along the channels ([ ̅1 1 0] direction). The scanning tunneling
microscopy images suggest the coexistence of dehalogenated
and dehydrogenated single molecules with GNRs segments.19

The bisanthene structures and the short GNR strands formed
on the 1 × 4 reconstructed channels lead to a broadened
spectral density in the energy region close to the Fermi level
(see Supporting Information), with similar features to those
observed for GNRs obtained by following the first synthetic
path. In both cases, the presence of a limited amount of short
GNR strands with different adsorption configurations and
hence different band structure (see theoretical findings below)
hinders the experimental detection of dispersive electronic
states. In analogy with the case of PA, DFT calculations have
been performed for adsorbed GNRs to clarify the experimental
results and to study the role of their interaction with the
Au(110) substrate. DFT calculations for GNRs adsorbed on
Au(110) have been performed considering three different
configurations: (i) GNR adsorbed on Au(110) 1 × 2 aligned
along the Au rows; (ii) GNR adsorbed on Au(110) 1 × 2 along
the direction which forms an angle of 20° with the Au[001]
direction; (iii) GNR adsorbed on a 1 × 4 reconstructed surface
inside the Au(110) rows. This allows us to investigate the effect
of the GNR orientation on the interface electronic structure. In
Figure 6 we present the DOS projected on the GNR for the
three cases. The DOS of a free-standing GNR is shown as a

Figure 5. DOS (upper left panel) and band structure (lower panels),
projected on polyanthryl (PA) when adsorbed on a 1 × 2 Au(110)
reconstructed surface, both parallel to the Au rows (blue circles) and
rotated by 20° with respect to the Au[001] azimuthal direction (red
diamonds) and projected on dehalogenated bianthracene (yellow
squares). The DOS of free-standing PA is also reported as a reference
(gray shaded area) and its band structure is shown in Figure S2 of the
SI. The studied configurations are shown in the upper right panel. In
the band structure plots the size of the green dots is larger for states
with larger projection on PA or BA. The gray lines represent the Au
states. All calculations were performed within DFT/LDA.

Figure 6. DOS (upper panels) and band structure (lower panels)
projected on graphene nanoribbon (GNR) in different conditions:
free-standing (gray shaded area), adsorbed on a 1 × 2 Au(110) (red
diamonds and orange squares for GNR aligned or rotated by 20° with
respect to the Au[001] azimuthal direction, respectively), and on a 1 ×
4 Au(110) (blue circles). The studied configurations are shown in the
upper right panel. In the band structure plots, the size of the green
dots is larger for states with larger projection on GNR. All calculations
are done within DFT/LDA. The band structure of free-standing GNR
is shown in Figure S2 of the SI.
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To conclude, the theoretical DOS predicts the following: (i)
the appearance of a state that can be associated with the
interaction of BA molecules with the underlying metal atoms,
favored by the adsorption geometry (±20° with respect to
Au[001] direction); (ii) an almost size-independent HOMO
for the PA oligomers, which are also (iii) weakly interacting
with the underlying Au substrate, as demonstrated for extended
PA. All of this appears to be in very good agreement with
experimental observations from UPS.
GNRs on Au(110). Different chemical paths have been

identified19 to achieve subnanometer wide GNRs on Au(110).
In the first synthetic route, after PA chains have been formed at
400 K, further annealing at 700 K spurs the dehydrogenation
process and the related flattening of the C network toward the
formation of short GNR strands, oriented as the original PA
chains. The spectral density (not shown here) of these GNRs,
also characterized in ref.,17 is redistributed in the low binding
energy region close to the Fermi level. However, neither well-
defined peaks nor dispersive electronic states are observed, as
expected upon formation of extended structures. In the second
synthetic route, GNR strands oriented along the 4-fold
reconstructed gold rows have been obtained following the
second synthetic procedure described in ref.19 Briefly, the gold
substrate is kept at 470 K during deposition, and both
dehalogenation and dehydrogenation take place before any
polymerization. By increasing the molecular coverage up to 0.5
SL, bisanthene molecules (originating by flattening bianthra-
cene units) form ordered chains along the [ ̅1 1 0] direction,
either bridging two adjacent rows of the pristine 1 × 2 Au

reconstruction or inside rearranged 1 × 3 gold channels. At
completion of the first SL, the Au surface further rearranges
into a 1 × 4 symmetry, with elongated nanostructures aligned
along the channels ([ ̅1 1 0] direction). The scanning tunneling
microscopy images suggest the coexistence of dehalogenated
and dehydrogenated single molecules with GNRs segments.19

The bisanthene structures and the short GNR strands formed
on the 1 × 4 reconstructed channels lead to a broadened
spectral density in the energy region close to the Fermi level
(see Supporting Information), with similar features to those
observed for GNRs obtained by following the first synthetic
path. In both cases, the presence of a limited amount of short
GNR strands with different adsorption configurations and
hence different band structure (see theoretical findings below)
hinders the experimental detection of dispersive electronic
states. In analogy with the case of PA, DFT calculations have
been performed for adsorbed GNRs to clarify the experimental
results and to study the role of their interaction with the
Au(110) substrate. DFT calculations for GNRs adsorbed on
Au(110) have been performed considering three different
configurations: (i) GNR adsorbed on Au(110) 1 × 2 aligned
along the Au rows; (ii) GNR adsorbed on Au(110) 1 × 2 along
the direction which forms an angle of 20° with the Au[001]
direction; (iii) GNR adsorbed on a 1 × 4 reconstructed surface
inside the Au(110) rows. This allows us to investigate the effect
of the GNR orientation on the interface electronic structure. In
Figure 6 we present the DOS projected on the GNR for the
three cases. The DOS of a free-standing GNR is shown as a

Figure 5. DOS (upper left panel) and band structure (lower panels),
projected on polyanthryl (PA) when adsorbed on a 1 × 2 Au(110)
reconstructed surface, both parallel to the Au rows (blue circles) and
rotated by 20° with respect to the Au[001] azimuthal direction (red
diamonds) and projected on dehalogenated bianthracene (yellow
squares). The DOS of free-standing PA is also reported as a reference
(gray shaded area) and its band structure is shown in Figure S2 of the
SI. The studied configurations are shown in the upper right panel. In
the band structure plots the size of the green dots is larger for states
with larger projection on PA or BA. The gray lines represent the Au
states. All calculations were performed within DFT/LDA.

Figure 6. DOS (upper panels) and band structure (lower panels)
projected on graphene nanoribbon (GNR) in different conditions:
free-standing (gray shaded area), adsorbed on a 1 × 2 Au(110) (red
diamonds and orange squares for GNR aligned or rotated by 20° with
respect to the Au[001] azimuthal direction, respectively), and on a 1 ×
4 Au(110) (blue circles). The studied configurations are shown in the
upper right panel. In the band structure plots, the size of the green
dots is larger for states with larger projection on GNR. All calculations
are done within DFT/LDA. The band structure of free-standing GNR
is shown in Figure S2 of the SI.
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