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1. Methods

STM/STS and nc-AFM experiments.

The on-surface synthesis experiments were performed under ultrahigh vacuum (UHV) condi-
tions with base pressure below 2x107'° mbar. Au(111) substrates (MaTeck GmbH) were
cleaned by repeated cycles of Ar' sputtering (1 keV) and annealing (460 °C). The precursor
molecules were thermally evaporated onto the clean Au(111) surface from quartz crucible
heated at a temperature ranging from 130 to 175 °C, resulting in a deposition rate ranging from
0.23 to 2.85 monolayer/hour (ML/h). STM images were acquired with a low-temperature scan-
ning tunneling microscope (Scienta Omicron) operated at 5 K in constant-current mode using
an etched tungsten tip. Bias voltages are given with respect to the sample. Constant-height
dI/dV spectra and maps were obtained with a lock-in amplifier (f = 610 Hz). Nc-AFM meas-
urements were performed at 5 K with a tungsten tip placed on a QPlus tuning fork sensor.! The
tip was functionalized with a single CO molecule at the tip apex picked up from the previously
CO-dosed surface.> The sensor was driven at its resonance frequency (27050 Hz) with a con-
stant amplitude of 70 pm. The frequency shift from resonance of the tuning fork was recorded
in constant-height mode using Omicron Matrix electronics and HF2Li PLL by Zurich Instru-
ments. The Az is positive (negative) when the tip-surface distance is increased (decreased) with
respect to the STM setpoint at which the feedback loop is open.

Computational details.

The DFT calculations on Au(111) surfaces were performed with the CP2K code® utilizing the
AiiDA platform.* The electronic states were expanded with a TZV2P Gaussian basis set® for C
and H species and a DZVP basis set for Au species. A cutoff of 600 Ry was used for the plane
wave basis set. We used Norm Conserving Goedecker-Teter-Hutter® pseudopotentials and the
PBE’ exchange-correlation functional with the D3 dispersion corrections proposed by
Grimme.® The surface/adsorbate systems were modelled within the repeated slab scheme, i.e. a
simulation cell containing 4 atomic layers of Au along the [111] direction and a layer of hydro-
gen atoms to passivate one side of the slab in order to suppress one of the two Au(111) surface
states. 40 A of vacuum were included in the simulation cell to decouple the system from its
periodic replicas in the direction perpendicular to the surface. We considered supercells of 41.27
x 40.85 A corresponding to 224 surface units. To obtain the equilibrium geometries we kept the
atomic positions of the bottom two layers of the slab fixed to the ideal bulk positions, all other
atoms were relaxed until forces were lower than 0.005 eV/A. To obtain simulated STM images
within the Tersoff-Hamann approximation,” we extrapolated the electronic orbitals obtained
from CP2K to the vacuum region in order to correct the wrong decay in vacuum of the charge
density due to the localized basis.

The ProbeParticle model'® was used to simulate nc-AFM images. We used a 2-point implemen-
tation of the model where two probe particles represent the carbon and oxygen atoms in the CO
molecule. The stiffness parameters of the ProbeParticle as well as the Lennard-Jones parameters
of the tip were obtained by fitting to DFT calculations for an isolated PTCDA molecule and an
isolated pentacene molecule.!! The charges of the tip atoms were assigned by the restrained
electrostatic potential method'? applied in the case of the pentacene molecule. For the tip sample
electrostatic interactions the Hartree potential obtained from the CP2K calculations was used.

The gas-phase electronic structure and local aromaticity calculations were performed with the
Gaussian 09 D.01 code'? at the UB3LYP/6-311+G** // UB3LYP/6-311G** level of theory. The
NICS..(1)"* was calculated with the GIAO-UB3LYP/6-311+G** method as the magnetic
shielding tensor component perpendicular to each local carbon cycle evaluated at height 1 A
away from the center (average of the above and below value). The anisotropy of the induced
current density (ACID) calculations'>!¢ were performed with the CSGT method.!”
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HOMA analysis was performed based on the UB3LYP/6-311G** geometries. The method was
calibrated such that the HOMA value of 1.0 corresponds to benzene and 0.0 corresponds to a
hypothetical cyclic non-aromatic system with alternating double and single bonds, with double
and single bond lengths calculated from butadiene.

2. Precursor synthesis and characterizations

All commercially available chemicals were used without further purification unless otherwise
noted. Column chromatography was done with silica gel (grain size of 0.04-0.063 mm) and
thin layer chromatography (TLC) was performed on silica gel-coated aluminum sheets with
F254 indicator. Nuclear Magnetic Resonance (NMR) spectra were recorded on AVANCE 300
MHz, AVANCE 500 MHz or 700 MHz Bruker spectrometers. Chemical shifts were reported
in ppm. Coupling constants (J values) were reported in Hertz. '"H NMR chemical shifts were
referenced to CD2Cl> (5.320 ppm) or C2D2Cls (6.000 ppm). *C NMR chemical shifts were
referenced to CD>Cl (54.00 ppm) or C2D>Cl4 (73.78 ppm). Abbreviations: s = singlet, d =
doublet, t = triplet, m = multiplet). High-resolution mass spectroscopy (HRMS) was performed
on a SYNAPT G2 Si high resolution time-of-flight mass spectrometer (Waters Corp., Manches-
ter, UK) by matrix-assisted laser deposition/ionization (MALDI). Melting points were meas-
ured with a Biichi B-545 apparatus. 1,3-Dibromo-2-iodobenzene (2) was synthesized according
to a reported procedure.'® 4,4,5,5-Tetramethyl-2- {2-[(triisopropylsilyl)ethynyl]phenyl}-1,3,2-
dioxaborolane (4) was prepared following a reported procedure.'

Synthetic route towards precursor 1¢

TIPS
o
Bpin TIPS TIPS

Q _»BB“_» | o b e
OOO

2 3 5

®Reagents and conditions: (i) phenylboronic acid, NaHCOs;, PdClx(dppf)-CH2Cly,
DMSO/H>0, 55 °C, 72 h, 48%; (ii) K2COs, Pd(PPh3)s, dioxane/ethanol/H>0, 100 °C, 12 h, 89%;
(ii1)) TBAF, THF, r.t., 12 h, 98%; (iv) N-bromosuccinimide, AgNQO3, acetone, r.t., 3 h, 82%; (v)
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AuCl, toluene, 60 °C, 24 h, 57%. TIPS: triisopropylsilyl. Bpin: pinacol boronate. dppf: 1,1'-
bis(diphenylphosphino)ferrocene. DMSO: dimethyl sulfoxide. THF: tetrahydrofuran.

For the synthesis of [6]coronoid we have designed the U-shaped precursor 1, 5,9-dibromo-14-
phenylbenzo[m]tetraphene, having a benzo[m]tetraphene core with a pre-installed zigzag edge
as well as two bromo groups carefully positioned to allow for the macrocyclization on surface.
Towards the synthesis of precursor 1, bis(triisopropylsilylethynyl)-substituted oligophenyl §
was initially prepared via selective Suzuki-Miyaura coupling of 1,3-dibromo-2-iodobenzene
(2) with phenylboronic acid, followed by twofold Suzuki-Miyaura coupling with boronic ester
4. Deprotection of § with tetrabutylammonium fluoride (TBAF) and subsequent bromination
of the ethynyl groups of 6 gave bis(bromoethynyl)-substituted oligophenyl 7. Finally, gold-
catalyzed cyclization of 7 afforded the U-shaped precursor 1.

Synthesis of 2,6-Dibromo-1,1'-biphenyl (3)

BrBr
J

2,6-Dibromoiodobenzene (2) (5.00 g, 13.8 mmol) and phenylboronic acid (2.02 g, 16.7 mmol)
were dissolved in 60 mL of dimethyl sulfoxide in a 250-mL round-bottom flask. A solution of
sodium hydrogen carbonate (3.48 g, 41.5 mmol) in 10 mL water was added and the resulting
suspension was bubbled with argon for 1 h. I,1'-Bis(diphenylphosphino)ferrocene-palla-
dium(IT)dichloride dichloromethane complex (564 mg, 0.691 mmol) was subsequently added
followed by further degassing with argon for 20 min. The reaction mixture was heated to 55 °C
for 72 h. After addition of water (100 mL), the mixture was extracted with dichloromethane
(three times), washed with water and the organic phase was dried over magnesium sulfate. After
removal of solvent under reduced pressure, the residue was purified via column chromatog-
raphy over silica gel using hexane as eluent to afford compound 3 as white solid (2.06 g, 48%
yield). Melting point: 72.1 — 73.4 °C. 'H NMR (300 MHz, CD>Cl,, 298 K, ppm) J 7.66 (d, J =
8.0 Hz, 2H), 7.52 — 7.40 (m, 3H), 7.22 (d, J = 6.2 Hz, 2H), 7.10 (t, J = 8.0 Hz, 1H). ’C NMR
(75 MHz, CD2Clz, 298 K, ppm) o 143.32, 141.64, 132.28, 130.38, 129.59, 128.60, 128.47,
124.81. HRMS (MALDI-TOF, positive) m/z: Calcd for C12HgBr2: 309.8993; Found: 309.8974
[M]".

Synthesis of 2-triisopropylsilylethynyl-3'-(2-triisopropylsilylethynylphenyl)-1,1':2',1"'-
terphenyl (5)

TIPS TIPS

I~
C
OOO
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2,6-Dibromo-1,1'-biphenyl (3) (0.500 mg, 1.60 mmol) and 4,4,5,5-tetramethyl-2-{2-[(triiso-
propylsilyl)ethynyl]phenyl}-1,3,2-dioxaborolane (4) (1.85 g, 4.80 mmol) were dissolved in 20
mL of dioxane, then aqueous potassium carbonate (2 M, 4.8 mL) and ethanol (4.8 mL) were
added. The resulting mixture was subjected to freeze-pump-thaw (three cycles) and tetrakis(tri-
phenylphosphine)palladium(0) (0.290 g, 0.200 mmol) was added. The resulting mixture was
stirred at 100 °C for 12 h. After cooling to room temperature, water was added. The mixture
was extracted with dichloromethane, washed with brine, dried over magnesium sulfate and con-
centrated in vacuo. The residue was purified by column chromatography over silica gel with
hexane as eluent to provide 5 as a slightly yellow oil (956 mg, 89% yield). '"H NMR (300 MHz,
CD:Clz, 298 K, ppm) 0 7.47 (d, J= 7.7 Hz, 2H), 7.36 (s, 3H), 7.14 — 6.86 (m, 9H), 6.74 (d, J =
7.7 Hz, 2H), 1.02 (s, 42H). *C NMR (75 MHz, CD>Cl,, 298 K, ppm) 6 145.79, 140.87, 140.31,
139.75, 132.33, 130.77, 130.55, 127.59, 127.21, 126.65, 126.56, 126.14, 123.93, 106.97, 94.59,
18.80, 11.67. HRMS (MALDI-TOF, positive) m/z: Calcd for CacHssSi2: 666.4077; Found:
666.4079 [M]".

Synthesis of 2-ethynyl-3'-(2-ethynylphenyl)-1,1':2',1''-terphenyl (6)

I~
®
OOQ

2-Triisopropylsilylethynyl-3'-(2-triisopropylsilylethynylphenyl)-1,1":2',1"-terphenyl (5) (956
mg, 1.43 mmol) was dissolved in 60 mL of tetrahydrofuran. The solution was bubbled with
argon for 15 min and a 1 M solution of tetra-n-butylammonium fluoride in tetrahydrofuran (5.7
mL, 5.7 mmol) was added via syringe. The reaction mixture was stirred at room temperature
for 12 h and quenched with water. After extraction with dichloromethane (three times), the
organic phases were washed with water and dried over magnesium sulfate and then evaporated
to dryness. The residue was purified by column chromatography over silica gel with hexane/di-
chloromethane (V/V =5 : 1) as eluent to obtain the title compound as white solid (498 mg, 98%
yield). Melting point: 201.3 — 201.7 °C. 'H NMR (300 MHz, CD,Cl, 298 K, ppm) J 7.55 —
7.31 (m, 5H), 7.21 — 6.82 (m, 11H), 6.91 (s, 2H). 3*C NMR (75 MHz, CD,Cl, 298 K, ppm) &
145.37, 140.72, 139.70, 132.88, 131.43, 131.11, 130.28, 128.20, 127.07, 126.90, 126.53,
126.23, 122.29, 83.46, 80.69. MS (MALDI-TOF, positive) m/z: Calcd for CosHis: 354.14;
Found: 354.15 [M]".

Synthesis of 2-bromoethynyl-3'-(2-bromoethynylphenyl)-1,1':2',1''-terphenyl (7)

Br Br

I~
®
OOO
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Silver nitrate (23.4 mg, 0.138 mmol) was added to a solution of 2-ethynyl-3'-(2-ethynylphenyl)-
1,1:2',1"-terphenyl (6) (244 mg, 0.688 mmol) in 40 mL of acetone. Then N-bromosuccinimide
(368 mg, 2.07 mmol) was added in portions. The mixture was stirred for 3 h at room tempera-
ture, and then the resulting mixture was filtrated. The filtrate was extracted with dichloro-
methane (three times). The combined organic layers were washed with water, dried over mag-
nesium sulfate, and then concentrated in vacuo. The residue was purified by column
chromatography over silica gel with hexane/dichloromethane (V/V =5 : 1) as eluent to afford
the titled compound as white solid (289 mg, 82%). Melting point: 66.9 — 67.6 °C. 'H NMR (300
MHz, CD>Cly, 298 K, ppm) 0 7.54 — 7.28 (m, 5H), 7.23 — 7.00 (m, 6H), 6.98 — 6.77 (m, SH).
13C NMR (75 MHz, CD>Cl,, 298 K, ppm) d 145.54, 140.66, 140.55, 139.51, 132.60, 131.64,
131.13, 130.43, 128.22, 126.95, 126.86, 126.71, 126.21, 122.77, 79.93, 30.11. MS (MALDI-
TOF, positive) m/z: Caled for C2sHi¢Bra2: 509.96; Found: 509.97 [M]".

Synthesis of 5,9-dibromo-14-phenylbenzo[m]tetraphene (1)

864
SpQe

2-Bromoethynyl-3'-(2-bromoethynylphenyl)-1,1":2',1"-terphenyl (7) (200 mg, 0.390 mmol)
was dissolved in 20 mL of anhydrous toluene. After degassing for 20 min by argon bubbling,
gold (I) chloride (37.2 mg, 0.160 mmol) was added. The mixture was stirred at 60 °C for 24 h.
After cooling to room temperature, the mixture was filtrated and the filtrate was extracted with
dichloromethane (three times). The combined organic layers were washed with water and dried
over magnesium sulfate. After removal of the solvent under reduced pressure, the residue was
purified by column chromatography over silica gel with hexane as eluent to give precursor 1 as
greenish-yellow solid (115 mg, 57%). For the on-surface experiments, precursor 1 was further
purified by recrystallization through slow diffusion of methanol into a solution of 1 in chloro-
form. Melting point: 259.3 — 260.8 °C. '"H NMR (700 MHz, C2D,Cls, 298 K, ppm) 6 8.38 (d, J
= 8.1 Hz, 2H), 8.22 (s, 2H), 8.18 (s, 1H), 7.69 (t, J= 7.4 Hz, 1H), 7.65 (t,J=7.5 Hz, 2H), 7.53
(t,J="7.5Hz, 2H), 7.50 (d, /= 7.0 Hz, 2H), 7.40 (d, J = 8.7 Hz, 2H), 7.09 (t, /= 7.7 Hz, 2H).
3C NMR (75 MHz, C2D1Cls, 298 K, ppm) & 144.06, 138.88, 132.00, 131.73, 131.46, 130.91,
130.73, 130.19, 129.09, 128.37, 127.69, 127.47, 126.90, 125.67, 125.29, 122.95. HRMS
(MALDI-TOF, positive) m/z: Caled for C2sHi6Br2: 509.9619; Found: 509.9615 [M]".

Br.
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3. Additional experimental and computational results

Figure S1. Overview of various structures. (a) Large-scale STM image after deposition of 1 on
Au(111) held at 200 °C and subsequently annealed to 380 °C. (b,d,e) nc-AFM images of dif-
ferent segments showing that the precursor molecules can couple to each other in two different
configurations, cis and trans, giving rise to complex, randomly oriented chains and closed
loops. Cis connections between precursors 1 lead, after cyclodehydrogenation, to all-benzenoid
segments, while trans connections give rise to the formation of five-membered rings, as high-
lighted by the red bonds in panel (¢). If only cis connections are present, [5]- and [6]coronoids
are formed (see main text). No larger coronoids (e.g. [7]coronoid) have been observed. The
bright point-like features observed in panel b,d,e are CO molecules co-adsorbed on the Au(111)
surface for tip functionalization. Scanning parameters: (a) V, = —-0.5 V, I = 50 pA; (b) Az =
+2.32 A with respect to STM set point: =5 mV, 100 pA; (d) Az = +2.67 A with respect to STM
set point: =5 mV, 100 pA; (e) Az = +2.64 A with respect to STM set point: =5 mV, 100 pA.



Flux Coverage [6]coronoid  [5]coronoid

(MLR) (ML) (%) (%)
2.85 0.19 1.8 1.9
1.23 0.41 4.6 17.2
0.46 0.23 6.3 224
0.23 0.45 5.9 29.8

—e— [6]coronoid
-eo— [5]coronoid

0.5 1.0 15 2.0 215
Flux (ML/h)

Figure S2. Yield of coronoids as a function of precursor deposition flux. (a-d) STM images
after deposition of 1 on the Au(111) surface held at 200 °C and subsequent annealing to 380
°C. Different deposition flux of the precursor molecules is used in the four cases, as reported in
the table of panel (e), together with the corresponding coverages (from top to bottom, from (a)
to (d), respectively). The number of monomers forming [6]- and [5]coronoids (in percentage)
is indicated in the table and plotted in the graph of panel (f). Scanning parameters: (a) Vy =—1
V, I =100 pA; (b) ¥, =-0.7 V, I; = 100 pA; (c) Vb =-0.5V, ;=50 pA; (d) b =-1V, ;=30
pA. The relative abundance of monomers forming specific structures has been determined from
several 100x100 nm? STM images, counting 2344, 1165, 3257 and 2333 monomers for the
cases (a), (b), (c) and (d), respectively.
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Figure S3. Gas phase optimized geometries. Front and side views of the [6]coronoid C168 (a),
[5]coronoid C140 (b), C216 (c), and C222 (d). Red ellipses in panel b indicate slightly raised
hydrogens due to steric hindrance with neighboring zigzag segments. All optimizations were
performed at the B3LYP/6-311G** level of theory. The pore size of the [6]coronoid C168 (1.45
nm) and of C216 (0.58 nm) are defined as the C-C distance between the central carbon atoms
of two opposing inner edges. The pore size of the [S]coronoid C140 (1.17 nm) is defined as the
diameter of the circle inscribed into the pore projection and crossing the central carbon atoms
of the zigzag edges closest to the center.
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Figure S4. DFT (PBE) projected density of states (PDOS) analysis of the [6]- and [5]coronoids
adsorbed on Au(111) (filled grey line) together with state projection to orbitals of the isolated
(gas phase) molecules in their adsorption conformation (colored lines). Fermi energy is taken
to be zero. Orbital energies of the isolated molecules are given in the legend with the HOMO
energy taken as zero. (a) [6]coronoid PDOS analysis. (b) [S]coronoid PDOS analysis. All cal-
culated states were broadened with a Gaussian of 0.10 eV full width at half maximum.
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Figure S5. Tight-binding (TB) band structure of porous graphene built up from [6]coronoids.
(a) Spectral weight analysis®®?! of the porous graphene band structure unfolded to the Brillouin
zone of pristine graphene. Light gray bands show the folded band structure without spectral
weight analysis. The opacity of the data points (blue or red) corresponds to the magnitude of
their spectral weights, resulting in the effective band structure, which illustrates the effect of
the pores on the band structure of pristine graphene. Red color shows the projection of the
electronic states to the atoms in proximity of the pore, as highlighted in (c). Green horizontal
lines show the TB HOMO and LUMO orbital energies (=0.75 and 0.75 eV) for an isolated
[6]coronoid. The band gap of this extended porous graphene layer is 0.63 eV. (b) Color map
used in the band structure plot. (¢) Geometry of the porous graphene. Four unit cells are shown.
Green arrows indicate the lattice vectors. All atoms shown are carbon, with red ones represent-
ing those in proximity of the pore, used in the projection analysis. Tight binding calculations
were performed with a nearest neighbor model of p; orbitals of carbon with a hopping integral
of t=2.8 eV. Fermi energy is taken to be zero.

N
o
NICS (ppm)

-20
—30

Figure S6. (a,b) The [6]- and [5]coronoid can be seen as consisting of fused perylene (brown)
and pyrene (dark yellow) moieties. (c) NICS2,(1) patterns of these two molecules.
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Figure S7. Magnified ACID plots (from Figure 4c,f in the main text).

NMR and mass spectra

|

»

Dl a
o O O o
5559
AN M AN~
0 75 7.

_J [

0 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
1 (ppm)
Figure S8. '"H NMR spectrum of 3 (300 MHz, CD,Cl, 298 K).
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Figure S16. 'H NMR spectrum of 1 (700 MHz, C2D,Cls, 393 K).
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Figure S17. >*C NMR spectrum of 1 (75 MHz, C2D2Cly, 298 K).
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Figure S18. High-resolution MALDI-TOF mass spectrum of precursor 1. Inset display the iso-

topic distribution in comparison to the calculated pattern.
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