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On-surface synthesis of porous graphene
nanoribbons mediated by phenyl
migration

Check for updates

César Moreno 1,2 , Xabier Diaz de Cerio 3, Maria Tenorio 2,8, Fei Gao3, Manuel Vilas-Varela4,
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Advancements in the on-surface synthesis of atomically precise graphene nanostructures are
propelled by the introduction of innovative precursor designs and reaction types. Until now, the latter
has been confined to cross-coupling and cyclization reactions that involve the cleavage of specific
atoms or groups. In this article, we elucidate how the migration of phenyl substituents attached to
graphene nanoribbons can be harnessed to generate arrays of [18]-annulene pores at the edges of the
nanostructures. This sequential pathway is revealed through acomprehensive study employingbond-
resolved scanning tunneling microscopy and ab-initio computational techniques. The yield of pore
formation is maximized by anchoring the graphene nanoribbons at steps of vicinal surfaces,
underscoring the potential of these substrates to guide reaction paths. Our study introduces a new
reaction to the on-surface synthesis toolbox along with a sequential route, altogether enabling the
extension of this strategy towards the formation of other porous nanostructures.

Since the pioneering synthesis of 7-atom wide armchair graphene nanor-
ibbons (GNRs)onaAu(111) surface1, thefieldof on-surface synthesis (OSS)
has witnessed remarkable progress, successfully generating a myriad of
GNRs with diverse structures2,3. The ongoing advancements in this domain
are marked by a transition towards higher complexities, such as hetero-
structures, superlattices, and nanopores. The latter, crucial for applications
ranging from quantum electronics4 to gas separation5, water purification6,
chemical sensing7, or ion transport8, can be incorporated through various
methods. For instance, lateral coupling of prealigned GNRs comprising
sidegroups acting as coupling bridges can result in two-dimensional
nanoporous structure9–11. We recently showcased the versatility of this
molecular bridge engineering approach by synthesizing lateral hetero-
structure superlattices12 and nanoporous graphene (NPG) with customiz-
able phenylated bridges13. Lower dimensional nanoporous structures like
quantum dots14–20 or GNRs21–26 have also been synthesized using different
reactions. In the case of GNRs, all reported structures rely on the Ullmann
coupling of rigid building blocks, with one exception where Ullmann
polymerization is facilitated by phenylene rotation followed by

dehydrogenation cross-linking for the completion of the nanoporous
ribbon21. Recent studies have reported the observation of phenyl migration
in surface-assisted, thermally induced internal transformations of
molecules27,28. The most recent study by Ruan et al. showed that a highly
selective intermediate phenyl migration reaction can still yield a multitude
of final products28, emphasizing the necessity for selectivity throughout the
entire reaction path to implement phenyl migration in on-surface nanos-
tructure synthesis. In this study, we meticulously orchestrated Ullmann
coupling, cyclodehydrogenation, phenyl migration, and aryl-aryl intrar-
ibbondehydrogenative coupling reactions in a sequentialmanner to achieve
the desired atomically precise porous GNRs. The distinct thermal windows
of the reaction steps enable the generation of well-defined intermediates,
rendering our growth protocol a viable approach for synthesizing other
complex graphene nanoarchitectures.

Results
The building block of the on-surface synthesized porous GNRs presented
here is 2,2’-di([1,1’-biphenyl]-4-yl)-10,10’-dibromo-9,9’-bianthracene
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(DBP-DBBA), a biantracene derivative that was prepared by solution
chemistry following a previously reported procedure13. TheOSS carried out
in ultra-high vacuum conditions, summarized in Fig. 1, initiates with the
deposition of the DBP-DBBA precursor (Fig. 1a) on the Au(111) surface
held at room temperature. Subsequent annealing to T1 = 200 ∘C induces
thermal C-Br homolytic cleavage, generating radicals that cross-couple to
form one-dimensional polymeric chains through the well-established Ull-
mann coupling reaction. A second annealing step atT2 = 400 ∘C transforms
the polymers into GNRs by undergoing internal cyclodehydrogenations,
resulting in a planarized structure with a hexagonal lattice of aromatic rings
characteristic of graphene (Fig. 1b). The inner phenylene rings of the per-
ipheral bisphenyl groups fuse into the aromatic backbone, introducing a
periodic modulation of the ribbon width with alternating pairs of 7 and 13
carbon atoms, a structure denoted as 7-13-AGNR in prior studies9,29. The
outermost phenyl rings, however, remain single bonded, defining theoverall
ribbon structure as a phenylated Ph-7-13-AGNR. When individual Ph-7-
13-AGNRs are aligned and free to laterally diffuse, annealing to higher
temperatures induces a dehydrogenative cross-coupling reaction, fusing
GNRs to form NPG with bisphenylene bridges13. However, if the lateral
coupling is inhibited, a new reaction path opens with a threshold tem-
perature of T3 = 450 °C (Fig. 1c). In this scenario, a phenyl migrates to the
neighboring equivalent position of the fused benzene in a first step, and the
proximity with the adjacent phenyl triggers a dehydrogenative cross-
coupling that leads to the formation of [18]-annulene pores.

Figure 2 depicts representative topographic STM images capturing the
onset of the phenyl migration after post-annealing a sample containing Ph-
7-13-AGNRs to T = 450 ∘C. In the majority of regions on the flat terraces,
prealigned ribbons appear laterally fused, forming NPG stripes as the ones
displayed in Fig. 2a. However, at the edges of the stripes, the side phenyl
groups cannot couple and undergo distinct transformations. In small, dis-
ordered regions found at domain boundaries of GNR arrays, the anchoring
of ribbons promotes similar transformations in isolatedGNRs, as illustrated
in Fig. 2b. Bond-resolved STM (BR-STM) images as the ones shown in
Fig. 2c, d reveal that all observed transformations are assisted by a phenyl
migration. In most cases, the migration occurs locally only for one phenyl
and between the two equivalent peripheral positions of the fused benzene
(C2 and C3 in Fig. 2e). This migration leads to the formation of [18]-
annulene pores through the dehydrogenative meta coupling of adjacent
phenyls (1 in Fig. 2c). Eventually, the migrated phenyl does not find a
confronting counterpart to close the pore (1’ in Fig. 2c), either because the
latter is already incorporated in an annulene pore, or due to the presence of a
defective adjacent site or a ribbon termination. It is noteworthy that, while
local configurations with coincident 1 and 1’ at opposing sides could also be
attributed to the Ullmann coupling of monomers of opposite chirality, this
possibility is ruled out by steric hindrance arguments at the polymeric phase
(see Fig. S1), which imposes a staggering sequence of anthracenes that can
only be achieved by a homochiral polymerization. This is confirmed by the
absence of heterochiral units in the poly-DBBA chains imaged by STM in

ourprevious studies13.A second typeofmigration canalsooccur fromC2/C3

towards the triple bay area sitesC1/C4, resulting in the fusionof thephenyl in
the backbone through a triple dehydrogenative coupling (2 in Fig. 2d).
However, this pathway is significantly inhibited by the steric hindrance and
energy cost associated with the cleavage of six C-H bonds. Overall, our
statistical analysis of over 250migrated phenyls reveals a selectivity towards
the [18]-annulene pore formation path, measured as 1/(1+1’+2) × 100,
exceeding 85%.

To provide more insight on the phenyl migration path and its ener-
getics, ab-initio simulations have been carried out within the density
functional theory (DFT) approach. The computational weight has been
minimized by reducing the size of the ribbon structure to the minimum
relevant representation, which in this case is constituted by a naphthalene
unit that accounts for the periphery of the 13 atom wide stripe of Ph-7-13-
AGNR, and the phenyl side group (see Fig. S2). The substrate has been
represented by a slab containing 4 layers of (4 × 6)-Au(111) (see Methods
for further details).

Figure 3 illustrates the most probable scenario obtained from our
comparative analysis of the energetics of different reaction paths (see
Figs. S4–S6 for other alternative reaction paths explored, as well as for the
energy barrier calculations of representative cases). The phenyl migration
reaction mechanism is triggered by a homolytic C-H cleavage at the C3 site
that is promoted by a Au adatom (step 1). The resulting Au-H bond is then
cleaved and theH adatom diffuses away from the interaction region (step 2).
The second internal transformation is the cyclization of the σ radical (step 3).
Both steps, C-H cleavage, and cyclization, are mediated by Au adatoms, as
inferred from the significant reduction in the excess energy obtained in the
presence of the adatom. For instance, for step 1 we find a reduction from
2.87 eV to 0.77 eV, the latter close to the value obtained for a similar Au
adatom-assisted C-H cleavage step30. After diffusion of the Au adatom
(step4), theHon the sp3 carbon in the intermediate structureE can eventually
migrate to the C2 site (step 5) at very low energy cost, with an energy barrier
that is considerably lower than that of the formation of a radialene unit by the
migration of the H away from the 4 membered ring (see Fig. S6). This [1,3]
sigmatropic H shift triggers the opening of the four-membered ring from the
C2 site, leading to intermediateG (step 6). In a final step, the σ radical of the
phenyl that results from the ring opening is passivated by residual H (step 7),
originated either during the phenyl migration reaction, or previously during
the cyclodehydrogenation.

All steps with the exception of the last two are endothermic, with the
rate limiting one being the cyclization (step 3) with an excess energy of
1.51 eV. Similar excess energies in the order of 1–2 eV have also been
obtained for other on-surface reaction steps that have been experimentally
achieved in the temperature range used in our study24,31,32. The energy
barriers of up to 2.5 eV obtained in these studies are also within the range of
those calculated here for steps 1 and 5 (see Figs. S5 and S6), altogether
validating our proposed scenario for the thermally induced phenyl
migration.

Fig. 1 | Schematic illustration of the synthetic steps for the generation of porous
[18]-annulene GNRs. aMolecular structure of the DBP-DBBA precursor.
b Phenylated nanoribbon Ph-7-13-AGNR obtained after the Ullmann coupling and
subsequent cyclodehydrogenation reactions induced at steps T1 and T2 respectively.

c [18]-annulene GNR obtained by the on-surface phenyl migration and dehy-
drogenative meta coupling. The initial position of the migrated phenyl is shown in
semitransparent green color.
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The edge transformation has only subtle effects in the electronic
structure of the ribbon, as concluded from our complementary experi-
mental and theoretical analysis. For the former, we combine constant height
(CH) spectra to probe frontier bands around the Fermi level, with constant
current (CC) spectra to probe the higher energy region where confined
states derived from the image potential, also referred as superatom mole-
cular orbitals (SAMO). A comparative analysis of the spectra obtained for
sections of pristine phenylated and [18]-annulene edges is summarized in
Fig. 4a. The spectra reveal similar values of the valence bandmaxima (VBM)
and conduction bandminima (CBM). The gap of ~1.1 eVderived from the
spectrum matches that of the non-phenylated 7-13-AGNR9, meaning that
neither the phenyl group nor its specific configuration affect the frontier
bands. The only noticeable difference is the additional feature appearing
around 0.6 eV at the annulene pore site. This state ismore evident in theCC
spectra, where the lowest energy features are enhanced by the smaller
tunneling gap in this energy region. In this spectrum the coincidence of the
CBM and CBM+ 1 for both type of edges is confirmed. At higher energy,
the prominent peak found at 2.25 eV for Ph-7-13-AGNR coincides in
energywith the SAMOfound for the non-phenylated counterpart at the bay
regions9. At the annulene pore, this peak is upshifted by 0.25 eV.

Ab-initio calculations are in line with the main experimental observa-
tions (Fig. 4b). The VBM, CBM, and CBM+1 remain unperturbed upon the
formationof the annulene pores. TheVBM/CBMgapof 0.74 eVobtained for

the twocasesmatches alsowith thatobtained for7-13-AGNR9.Thedensityof
states (DOS) of the [18]-annulene-GNR does not show any additional con-
tribution in this energy region, thus the feature found at 0.6 eV in the
experimental spectra cannot be assigned to an intrinsic ribbon band. Instead,
we attribute the peak to the confinement of the Au(111) surface state, similar
to that found at the coves of Chevron type GNRs33. With the onset of
transversal bands at around 1.5 eV above the Fermi level, the DOS presents
many features that undergo some transformation upon the formation of the
annulene pores (see Fig. S7 for the full band structure calculations). The STM
is, however, most sensitive to the SAMOs that are localized above the ribbon
plane. We therefore focus our analysis on these states by identifying them
through the projection of the outermost C 3s and 3p orbitals that are
dominant in their eigenstates (shaded areas in Fig. 4b).We locate the onset of
the projected states at around 2.92 eV and 3.13 eV for Ph-7-13-AGNR and
[18]-annulene-GNR respectively. Despite the higher absolute value as com-
pared to the experimental ones, which is a well-known effect attributed to the
surface, the upshift of 0.21 eV is fully consistent with that observed by STM.

The statistical analysis of the products obtained on flat Au(111) sur-
faces provides direct evidence of the high selectivity in [18]-annulene pore
formation. However, the yield is currently limited by the interference of the
more favorable lateral inter-ribbon coupling. To enhance this yield effec-
tively, we propose the isolation of GNRs in naturally nanostructured tem-
plates, as demonstrated in this study. The periodic array of terraces

Fig. 2 | Formation of [18]-annulene pores assisted by phenyl migration. STM
images of a region of NPG stripes (a) and a region of anchored ribbons (b) obtained
on a flat Au(111) surface after the final annealing step at T = 450 ∘C. The isolated
GNRs present different type of phenyl migration assisted edge transformations,
labeled as 1, 1' and 2. STM image parameters: a 40 × 40 nm2, It = 0.05 nA,
Vs = 0.54 V;b 20 × 20 nm2, It = 0.1 nA,Vs = 0.6 V. cBR-STM image of aGNR section
exhibiting the formation of two [18]-annulene pores (1), and an unpaired migrated

phenyl (1') (4.1 × 4.1 nm2, Vs = 5mV). The corresponding atomic structure is
sketched at the right. d BR-STM image of a GNR section exhibiting the phenyl
migration to a C1 site and its incorporation in the backbone by a triple dehy-
drogenative coupling (2) (2.8 × 2.8 nm2, Vs = 5mV). The corresponding atomic
structure is sketched at the right. e 7-13-AGNRunit indicating the different C sites of
the fused benzene ring.
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separated by monoatomic steps offered by vicinal surfaces represents an
ideal template for that purpose. Vicinal surfaces have already been used for
the synthesis of aligned GNRs, enabling the characterization of their ani-
sotropic electronic, optical, and phononic properties through techniques

such as ARPES34,35, photoluminiscence36, and Raman37. Additionally, they
have been utilized to optimize the performance of GNR-based field-effect
transistors38. The well-defined nanometer-scale terraces have also proven
valuable in controlling the width of GNRs grown by the lateral fusion of

Fig. 3 | Proposed scenario for the phenyl migration pathway based on a DFT
energy cost analysis. The GNRs is represented by a naphthalene unit that accounts
for the outermost benzene units of the 13 wide stripes of the 7-13-AGNR backbone.
The reaction path can be tracked by following the arrows, where the total enthalpy
difference between two steps is also indicated. Only two layers of Au are represented

in the side views for clarity. C, H and Au atoms are represented by dark gray, blue,
and light brown spheres, respectively. Diffused H (from C toH) and Au (from E to
H) adatoms are out of the region represented in these figures. See Fig. S3 for a
representation of the full unit cell.

Fig. 4 | Electronic properties of the GNRs before and after the edge transfor-
mation. a Constant height (CH, left axis) and constant current (CC, right axis) dI/
dV spectra acquired at a phenylated (red) and annulene (black) edge of a ribbon. For
the CH series, a reference spectrum acquired on the Au surface is included (shaded
gray). The CC spectra has been vertically offset for better visualization. Insets show

the corresponding sites where spectra was taken. Parameters: f = 2.5 kHz,
Vmod= 30mV; setpoint for CH spectra: It= 500 pA, Vbias=−1.0 V; for CC spectra:
It= 11 pA. bDensity of states obtained byDFT for a Ph-7-13-AGNR (red) and [18]-
annulene-GNR (black). The projection to the outermost C 3s and 3p orbitals,
representative of the SAMOs, is highlighted in shaded color.
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polyphenylene chains39. Leveraging the terrace-confined growth could
inhibit the lateral fusion of Ph-7-13-AGNRs, consequently boosting the
yield of pore formation on a macroscale.

We have explored this approach by utilizing a curved Au(111) surface
for the synthesis of Ph-7-13-AGNRs. The curvature of the surface results in a
continuously varying local vicinal angle along the [11�2] direction (steps
parallel to [1�10]). This varying miscut angle facilitates the identification of the
optimal terrace size regime for our objectives, specifically the growth of iso-
lated GNRs per terrace at maximum density without compromising the
morphology of the GNRs due to limited diffusion along narrow channels. For
the 2.5 nm wide Ph-7-13-AGNRs, we determine that the optimum terrace
width is around 4–5 nm. Figure 5 summarizes themain observations after the
final annealing, increased to T= 480 ∘C in this case to maximize the phenyl
migration yield. Above this temperature we begin to observe irreversible
damage in the ribbon structure. It is noteworthy that, in addition to the
temperature increase, the pore formation yield in the stepped surface may
also be affected by the greater availability of Au adatoms on the stepped
surface and their role in assisting phenyl migration, as elucidated by our ab
initio study. A representative STM image of the surface is presented in Fig. 5a,
where GNRs are attached to step edges and consequently aligned by them.
The increased pore density is readily apparent. The selective formation of
[18]-annulene pores is particularly efficient for the ribbon side that is not
interacting with the step edge (outer side). The higher reactivity of the fast
diffusing step edge atoms, along with the different local adsorption config-
uration of the ribbon, seems to result in more irregular pore structures in the
ribbon side in contact with the step edge (inner side).We therefore only focus
in the well-defined adsorption configuration of the outer side in our statistical
analysis, conducted with over 400 phenyls and summarized in Fig. 5b,
alongside the values obtained for the flat surface. We find that the selectivity
towards the formation of [18]-annulene pores remains above 85%, similar to
that found on the flat surface. However, by maximizing the annealing tem-
perature and simultaneously inhibiting the lateral fusion of GNRs through
anchoring at step edges, we have achieved the isolation of 100% of the GNRs
at densities up to 25 × 104 GNRs/μm, with a yield of [18]-annulene pores
exceeding 60% (see Fig. 5b). The absence of unpaired adjacent phenyl rings in

the [18]-annulene-GNRs obtained through this procedure suggests that we
have reached the stochastic limit in the formation of annulenes.

In summary, in this work we have demonstrated that the phenyl
migration can be incorporated into the toolbox of on-surface synthesis
reactions in order to trigger internal transformations in graphene nanos-
tructures in a controlled manner. Specifically, we have demonstrated that
phenyl migration followed by intraribbon dehydrogenative meta coupling,
can selectively induce arrays of [18]-annulene pores at the sides of GNRs.
The reaction has been effectively directed towards the pore formation by
inhibiting the more favored interribbon coupling through the use of a
stepped surface. This strategic approach can be employed to facilitate var-
ious other internal reactions that may be hindered by undesirable lateral
interribbon interactions, thereby paving the way for extending sequential
multistep synthetic schemes to a more complex level.

Methods
Synthesis of the molecular precursors
The solution synthesis of the DBP-DBBA precursor has been reported
previously. Full details of the synthesis can be found in ref. 13.

Sample preparation and on-surface synthesis
The Au(111) single crystal was prepared by repeated sputter-anneal cycles
using Ar+ ions at an energy of 1 keV and annealing to 470 ∘C. Precursors
were sublimated from a commercial Dodecon OMBE four-fold Knudsen
cell at 355 ∘C, with the Au(111) sample held at room temperature. The
sample temperature was measured by using a thermocouple directly in
contact to the sample. The base pressure during evaporation was below
1 × 10−9 mbar. The curved vicinal single crystal obtained from Bihurcrystal
S.L.was cleanedby following a similar procedure but using a reduced energy
of 0.5 keV for Ar+ ions.

Experimental details on the imaging method
All STM experiments were carried out using a commercial CreaTec LT-
STM held at T = 5 K and a base pressure <5 × 10−10 mbar using platinum-
iridium tips. Image processing was performed using theWSXM software40.

Fig. 5 | Synthesis of [18]-annulene GNRs on a curved Au(111) surface.
a Representative STM image of the [18]-annulene GNRs obtained after post-
annealing at T = 480∘C (40 × 80 nm2, It = 0.06 nA, Vs = 8.5 V). A zoom of a single
ribbon where 80% of the phenyls of the outer side are forming [18]-annulene pores
(3.7 × 11.1 nm2). b Statistical analysis of the selectivity (top) and yield (bottom)

obtained on the flat Au(111) postannealead at T = 450 ∘C (green), and the curved
Au(111) postannealead at T = 480 ∘C (blue). For the analysis of the flat surface we
have only considered isolated anchored ribbons found in the disordered region
shown in Fig. 2b. Selectivity ismeasured as 1/(1+1'+2) × 100. The yield accounts for
the relative ratio of phenyls forming [18]-annulene pores.
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Bond-resolved STM images were acquired by functionalizing the tip with a
COmolecule. For that, themoleculeswerefirst introducedon theAusurface
by dosing the cryostat with CO gas at a pressure of 5 × 10−7 mbar for 30 s
with the sample in a temperature range from 5 to 15 K. The CO was then
picked up by the tip by applying pulses of 2.5 V at random positions or by
gentle tip indentations on the Au surface until the resolution was suddenly
improved. Bond-resolved STM experiments were performed in constant-
heightmode, with the use of a lock-in amplifier, using amodulation voltage
of 5 mV at a frequency of 2500Hz.

Density functional theory calculations
The geometries and energetics were calculated using density functional
theory, as implemented in the SIESTA code41. With the aim of reducing the
computational cost while capturing the relevant chemical-physical interac-
tions, the nanoribbon’s structure has been reduced to a minimum model
constituted by a naphthalene unit that accounts for the periphery of the 13
atom wide stripe of Ph-7-13-AGNR, and the phenyl side group. We use a
supercell description of the system, made up of a slab containing 4 layers of
(4 × 6)-Au(111),with themodelmolecule on the topAu surface.Thebottom
Au surface was passivated with hydrogen atoms to quench one of the
Au(111)’s Shockley surface states close to the Fermi level42. The topAu layer,
all the atoms in the phenyl side group and the atoms in the naphthalene that
are connected to the phenyl were allowed to relax, while the rest of C and H
atoms in the naphthalene were relaxed only in the z (vertical) direction. The
system was considered to be relaxed when forces were <0.01 eV/Å, and the
dispersion interactions were taken into account by the nonlocal optB88-
vdW functional43. The basis set consisted of double-ζ plus polarization
(DZP) orbitals for C, H, and bulk Au atoms. Au atoms on the topmost layer
were treated with a DZP basis set optimized for the description of the (111)
surface of Au44. We considered a cutoff of 300 Ry for the real-space grid
integrations and a Γ point only k-sampling. Reaction pathways were
exploredwith the climbing imagenudged elastic band (CI-NEB)method45–47

by using Vienna ab initio simulation package (VASP)48. The projector
augmented wave (PAW)49,50 pseudopotentials and the general gradient
approximation51 in Perdew-Burke-Ernzerholf form (GGA-PBE)52 and
vdW-optB8853,54 for exchange-correlation energy were employed. A plane-
wave cutoff of 400 eV to expand the wave function was considered. We
tested the initial and final state geometries for each step, and the ones with
lowest energies were selected as the reactants and products in theminimum
energy path (MEP).OurNEB calculationswere considered convergedwhen
all forces were smaller than 0.02 eV/Å. SIESTA and VASP codes used for
ground state energy and barrier calculations, respectively, have been com-
pared considering the energy differences obtained in each case for the
adatom free C-H cleavage (the adatom-free analog of step 1 of Fig. 3). The
two methods lead to similar energy differences (2.87 eV SIESTA versus
2.79 eV VASP), validating our approach.

Data availability
The datasets generated during and/or analyzed during the current study are
available from the corresponding author upon reasonable request.
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