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Creating atomically-precise quantum architectures with high digital fidelity and desired quan-12

tum states is an important goal in a new era of quantum technology. The strategy of creating13

these quantum nanostructures mainly relies on atom-by-atom, molecule-by-molecule manipulation14

or molecular assembly through non-covalent interactions, which thus lack sufficient chemical ro-15

bustness required for on-chip quantum device operation at elevated temperature. Here, we report16

a bottom-up synthesis of covalently linked organic quantum corrals (OQCs) with atomic precision17

to induce the formation of topology-controlled quantum resonance states, arising from a collective18

interference of scattered electron waves inside the quantum nanocavities. Individual OQCs host a se-19

ries of atomic orbital-like resonance states whose orbital hybridization into artificial homo-diatomic20

and hetero-diatomic molecular-like resonance states can be constructed in Cassini oval-shaped OQCs21

with desired topologies corroborated by joint ab initio and analytic calculations. Our studies open22

up a new avenue to fabricate covalently linked large-sized OQCs with atomic precision to engi-23

neer desired quantum states with high chemical robustness and digital fidelity for new-generation24

quantum technology.25

INTRODUCTION26

Precise engineering of electron wave functions in quan-27

tum architectures has offered unprecedented opportuni-28

ties to not only investigate fundamental aspects of quan-29

tum science but also to advance the technological devel-30

opment. The ability to create atomically-precise artificial31

quantum corrals with desired geometries has provided a32

powerful tool to explore exotic quantum phenomena such33

as quantum confinement [1], quantum mirage [2, 3], and34

quantum holograph effect [4]. Common strategies for cre-35

ating artificial quantum nanostructures have mainly in-36

volved atomic manipulations and molecular assembly via37

non-covalent intermolecular interactions. For example,38

the invention of STM has offered remarkable opportu-39

nities to construct new quantum nanostructures out of40

just a few atoms [5–7] or molecules [8–11] on metal sur-41

faces and directly visualize the quantum states trapped42

inside these nanocavities. Although tip manipulation en-43

ables the fabrication with single-atom precision, these44

quantum architectures assembled from adatoms or ad-45

molecules lack sufficient scalability. One can overcome46

this scalability limitation by exploiting the supramolec-47

ular self-assembly protocols that can lead to the forma-48

tion of large-sized organic quantum structures assembled49

∗ These authors contributed equally
† Corresponding author

via weak non-covalent intermolecular interactions [12–50

20]. Unfortunately, artificial quantum nanostructures51

created by these two methods don’t have the sufficient52

chemical robustness required for practical applications.53

In contrast, on-surface bottom-up synthesis has re-54

vealed its remarkable potential in the fabrication of atom-55

ically precise quantum architectures [21, 22]. Implement-56

ing this approach to fabricate atomically precise cova-57

lently linked organic quantum corrals is technologically58

alluring as it offers high chemical stability, intrinsically59

digital fidelity and scalability in materials synthesis. In-60

tensive efforts have been made to synthesize various or-61

ganic rings with desired geometries and sizeable dimen-62

sions [23–26]. However, direct visualization of new quan-63

tum states living inside these organic quantum nanocav-64

ities remains elusive. This difficulty is partially due to65

the significant challenge of creating sizeable well-defined66

organic quantum corrals with dimensions comparable to67

the typical Fermi wavelength of surface electrons on a68

metallic substrate (e.g. ∼ 3 nm [3, 27, 28]) to induce the69

“hot spot” of resonance states arising from the electron70

scattering due to the potential barrier produced by or-71

ganic corrals. The synthesis of large-sized organic macro-72

cycles requires delicate control over both thermodynamic73

and kinetic factors since competitive reaction pathways74

often yield different side products, and entropy effects75

disfavour the formation of the ordered rings [29–31].76

To this end, we have devised an on-surface synthetic77

protocol to construct atomically precise covalently linked78

organic quantum corrals (OQCs) from a well-designed or-79
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ganic precursor on Au(111), with the formation of a series80

of new quantum resonance states, arising from a collec-81

tive interference of scattered electron waves inside the82

OQCs. By means of scanning tunneling microscopy, we83

have directly visualized multiple artificial atomic orbital-84

like resonance states hosted in individual OQCs, whose85

orbital hybridization into artificial homo-diatomic and86

hetero-diatomic molecular-like resonance states can be87

constructed in OQCs with desired topologies corrobo-88

rated by joint ab initio and analytic calculations.89

RESULTS90

On-surface synthesis of organic quantum corrals91

The bottom-up synthetic route for the fabrication of92

atomically precise large-sized macrocycle as a quantum93

resonator involves a chemical design of precursor 1: 4,4’-94

((2,6-dimethylphenyl)methylene)bis(bromobenzene).95

Precursor 1 is expected to undergo the thermally-96

triggered dehydrogenation to create a radical at97

central methylene position, which can be delocalized98

to dimethylphenyl for the subsequent bonding with99

bromophenyl ring to form a pentagonal ring in 1’ via100

demethylation [32–34] (refer to the proposed mechanism101

in SCHEME 1). As shown in Fig. 1a, two C-Br bonds102

of precursor 1 with an angle of 120◦ are expected to103

facilitate the formation of a 6-unit ring based on pure104

geometric analysis [35]. The formation of a pentagonal105

ring in 1’ will enlarge the angle between these two106

coupling sites to around 150◦ (equal to the internal107

angle of dodecagon), thus favouring the formation of108

large-sized macrocycles with reduced steric-hindrance.109

Precursor 1 was synthesized via multiple synthetic steps110

(SCHEME. 2) and then deposited onto Au(111) held at111

room temperature under ultrahigh vacuum conditions.112

Subsequently, annealing of Au(111) substrate at 530113

K for 20 minutes triggers the surface-assisted coupling114

reactions towards the formation of linear polymeric115

chains, curved ring segments, and perfect 12-unit circu-116

lar polymer rings (Fig. 1b). Statistical distribution of117

these curved ring segments and complete 12-unit rings118

via analysis of multiple STM images (Fig. S1) reveals119

that the yield of curved ring segments tends to be120

lower with an increase of the number of building units121

but exhibits one local maximum for the 12-unit rings122

(2.5%). DFT calculations reveal that the formation123

energy divided by the number (n) of building units124

decreases for 6 ≤ n ≤ 12, while increases for n ≥ 12.125

It is noted that a minimum value occurs at n = 12 in126

the plot of formation energies divided by n (Fig. 1c),127

suggesting that the generation of symmetric 12-unit128

rings is energetically favourable. A delicate control129

over the interplay between thermodynamic and kinetic130

factors may allow for achieving a higher yield of the131

symmetric 12-unit ring [29–31].132

An STM image of the symmetric 12-unit ring acquired133

by a metallic tip resolves a sunflower-like topology with134

a pore of 3.86 nm in diameter (Fig. 1b,c). In addition,135

we also performed bond-resolved STM (BR-STM) imag-136

ing using a carbon monoxide functionalized tip (CO-tip)137

to resolve the internal molecular backbone structure of138

this macrocycle [21, 36–39]. The BR-STM imaging was139

conducted in constant height mode in the Pauli repul-140

sion regime, wherein the CO molecule undergoes a lat-141

eral relaxation over the areas with a high electron density142

(chemical bond), which modulates the overall conduc-143

tance in the tunnelling junction, yielding sharp features144

associated with the chemical bond in the tunnelling cur-145

rent channel [40–42]. The corresponding BR-STM image146

of this macrocycle reveals interconnected 12 triangular-147

shaped monomers (Fig. 2a), wherein each building unit148

contains one pentagonal ring resulting from the demethy-149

lation of precursor 1 as discussed above. The formation150

of a pentagonal ring in the building unit breaks the struc-151

tural symmetry and results in the formation of one zigzag152

side (ZS) and one pentagon-decorated side (PS). It is153

noted that the majority of monomers tend to connect154

at the same side (ZS or PS) with neighboring monomers155

(Fig. 1a). We also noted that one or a few of monomers156

in such a 12-unit macrocycle might show the reversed ar-157

rangement of ZS and PS sides due to the presence of158

two possible demethylation sides (Fig. 2a). However,159

such a structural variation in these isomers shows a neg-160

ligible variation in the energy positions of frontier or-161

bitals and associated energy gap of 12-unit macrocycles162

(Fig. 2c and Fig. S4a). The large-sized 12-unit macrocy-163

cles with a circular potential profile are expected to act164

as organic quantum corrals (12-OQC) to engineer the de-165

signer quantum resonance states. In addition, the cova-166

lently bonded nature of 12-OQC exhibits high chemical167

robustness and stability against thermal- or tip-induced168

diffusion (often occurring in the adatom-derived quan-169

tum corrals), making it an ideal candidate to serve as a170

robust quantum corral.171

Electronic structure of organic corrals172

To probe its electronic structure, we performed differ-173

ential conductance spectroscopy (dI/dV ) measurement174

over the 12-OQC on Au(111). Fig. 2c presents the cor-175

responding dI/dV spectra collected over the pentagonal176

ring (blue curve) and the inner edge (red curve) of 12-177

OQC, along with the reference spectrum recorded on178

bare Au(111) (grey dashed curve). The dI/dV spectrum179

collected at the pentagonal ring shows two pronounced180

peaks at +1.3 ± 0.05 V and +1.8 ± 0.05 V. In addition,181

two adjacent peaks at −1.05 ± 0.05 V and −1.45 ± 0.05182

V appear in the dI/dV spectrum acquired at the inner183

edge of 12-OQC. We further probed the spatial distribu-184
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FIG. 1. On-surface synthesis of covalently linked macrocycles. a, Schematic illustrating the synthetic pathway from
precursor (left) to the 12-unit macrocycle (right) with a proposed intermediate (Precursor 1’) with embedded pentagonal ring
(middle). b, Overview STM image after annealing Precursor 1 on Au(111) at 530 K, revealing individual 12-unit macrocycle
(one of them is highlighted with a red arrow) coexisting with curved segments or half rings (highlighted with white arrows) and
polymer chains (V = 1.0 V, I = 200 pA). c, Plot of energy differences between total energy divided by number of units and the
reference energy of 12-unit macrocycle. Inset shows the three-dimensional STM image of one 12-unit macrocycle (V = −0.1 V,
I = 200 pA). The scale bars in b and c are 3 nm and 1 nm, respectively

tion of these molecular states via dI/dV mapping with185

a metal tip. The dI/dV maps (Fig. 2d,e) collected at186

the corresponding energies of −1.05 V and +1.3 V re-187

veal the characteristic nodal patterns predominantly lo-188

calized at both inner and outer edges, which can be as-189

signed to the valence band (CB) and conduction band190

(VB), respectively. DFT calculations of a freestanding191

12-OQC reveal three nearly degenerate frontier orbitals192

for both filled and empty states, which yield a band-like193

electronic structure of this macrocycle (the wave func-194

tions of the corresponding frontier orbitals are shown in195

Fig. S3). The calculated dI/dV maps with an s-wave196

tip (Fig. 2f,g) show good agreement with experimental197

patterns observed for VB and CB, respectively. Both ex-198
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FIG. 2. Structural and electronic structure characterization of 12-OQC. a, Corresponding BR-STM image (V = 3
mV, ∆z = −1.2 Å; set point prior to turn off feedback, V = 20 mV, I = 600 pA). b, 3D isosurface of the electronic density
differences with an isovalue of ±0.001 e/Å3 of 12-OQC on Au(111) surface. Red and purple regions in 3D plots represent
charge depletion and accumulation, respectively. c, Point dI/dV spectra acquired over different sites of 12-OQC and Au(111)
substrate. dI/dV curves taken at the pentagonal ring (blue curve), inner edge of 12-OQC (red curve), and taken on Au(111)
(grey dashed curve). d,e, Constant-current dI/dV maps recorded at the energy positions of the VB (−1.05 V) and CB (+1.3
V) of 12-OQC, respectively (I = 2 nA for d,e). f,g, Simulated dI/dV maps acquired at different energy positions corresponding
to different sets of orbitals: f : ψ1−3, g: ψ4−6. Scale bar: 5Å.

perimental and theoretical dI/dV plots reveal a stronger199

intensity localized at the ZS and PS for CB and VB,200

respectively. In addition, we also performed the dI/dV201

measurements over another 12-OQC ring with slightly202

different internal arrangement of building units as shown203

in Fig. S4, which reveal the energetic positions of CB and204

VB similar to that of the 12-OQC shown in Fig. 2. There-205

fore, electronic structures of 12-OQC show a negligible206

variation even in the presence of misaligned monomers207

with the opposite ZS/PS arrangement in these macro-208

cyles, which renders them as robust OQCs with high dig-209

ital fidelity to confine the surface electrons into a series210
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of quantum resonance states as discussed below.211

Quantum resonance states in the 12-OQC212

Interfacial charge redistribution often occurs between213

molecular adsorbents and metallic surfaces [43, 44], re-214

sulting in local potential variation over the macrocycle215

compared to the bare surface. Our DFT calculations216

also reveal that the charge redistribution leads to the217

formation of a circular negative potential profile at the218

organic backbone (Fig. 2b and Fig. S2) that can induce219

scattering of surface electrons, leading to the formation220

of quantum states. We then performed dI/dV mea-221

surements to probe the energy-dependent local density222

of states (LDOS) inside 12-OQC. As shown in Fig. 3a,223

the dI/dV spectrum (blue curve) acquired at the cen-224

tre of 12-OQC reveals additional features including a225

sharp peak at −0.26 ± 0.05 V (labelled as P1), and two226

broad peaks centred at +0.46 ± 0.1 V (labelled as P3)227

and +1.56±0.1 V (labelled as P5). Moreover, the dI/dV228

spectrum (red curve) acquired 0.75 nm away from the229

centre reveals another resonance state at +0.91 ± 0.1230

V (labelled as P4). In addition, a weak resonance at231

+40 ± 20 mV (labelled as P2) along with molecular CB232

state were revealed in the spectrum (orange curve) ac-233

quired near the inner edge of 12-OQC (1.25 nm away234

from the centre of 12-OQC). We then carried out dI/dV235

mapping to probe the spatial distribution of these new236

electronic states inside the ring. As shown in Fig. 3d-237

g, the P1 state exhibits a domelike pattern inside the238

12-OQC, in contrast to the dark region right over the239

12-OQC at the same sample bias. The P3 state displays240

a bright dot surrounded by a dark ring, concentrically241

followed by a bright ring merging with the inner edge of242

12-OQC (which can be seen more clearly in simulated243

spectral function maps in Fig. 3i-k). The dI/dV map244

of the P5 state is characterized by a protrusion in the245

centre concentrically surrounded by a darker inner and246

brighter outer ring-like feature. In addition, the dotted247

pattern observed over the ring at this sample bias ener-248

getically close to that of CB can be assigned to the con-249

tribution from the CB state of 12-OQC. Moreover, the250

dI/dV map of the P4 state reveals a doughnut-shaped251

pattern. Unfortunately, the spatial distribution of the252

P2 state cannot be resolved clearly by dI/dV mapping253

at constant current mode near Fermi energy due to the254

presence of molecular topographical variation (Fig. S6).255

The P2 state can be expected to exhibit a doughnut-256

shaped pattern (similar to that of P4 state) located near257

the inner edge of 12-OQC as evidenced from the 2D con-258

tour plot of dI/dV spectra acquired across the pore of259

12-OQC (Fig. 3b).260261

Quantum resonance states in the Cassini262

oval-shaped OQCs263

We also observed the formation of regular Cassini oval-264

shaped OQC (COS-OQC) (Fig. 4a), which can be viewed265

as two 6-unit half rings connected by two monomer link-266

ers pointing to the centre, as verified by the correspond-267

ing BR-STM image (Fig. S7). The COS-OQC with an268

open channel at the centre allows for the strong elec-269

tronic coupling between adjacent quantum states which270

otherwise live in two isolated half-rings. Such a de-271

sired topology with electronic coupling is expected to272

mimic the orbital hybridization effect in homo-diatomic273

molecules. Unlike isolated 12-OQC, a pair of electronic274

states (Fig. 4b) were observed at −0.32 ± 0.05 V and275

−0.18 ± 0.05 V, predominately located at the neck of276

COS-OQC (blue cross) and the centre of two half rings277

(red cross), respectively. dI/dV maps acquired at the278

energies corresponding to these two emerging electronic279

states reveal that the low energy state (−0.32 V) (Fig. 4e)280

has an oval shape with stronger intensity localized at the281

neck of COS-OQC. In contrast, the high energy state282

(−0.18 V) (Fig. 4f) shows an hourglass-like shape with283

stronger intensity localized at the centre of half rings with284

a node pattern at the neck. Such a spatial pattern resem-285

bles the characteristic bonding and anti-bonding states286

of H2-like molecular orbitals, which is presumably due287

to the orbital hybridization between adjacent quantum288

states in two coupled half rings. This will be further289

discussed in the next section.290

DISCUSSION291

Probing the origin of quantum resonance states in292

OQCs293

Introducing any perturbation to a 2D electron gas sys-294

tem breaks the translational invariance, giving rise to a295

position-dependent LDOS. In this study, the gold surface296

states are perturbed by OQCs. To investigate the nature297

of such a perturbation, we first performed ab initio cal-298

culations, demonstrating that there is virtually no direct299

charge transfer between gold and 12-OQC. However, the300

orbital repulsion between the two components forms an301

interfacial dipole between the nanoring and the metal-302

lic substrate [43, 44], resulting in a short-range repulsive303

potential to which the surface electrons respond (Fig. 2b304

and Fig. S2).305

Despite the presence of a circular potential barrier re-306

sembling a 2D well, this system does not contain bound307

states, which can be understood as follows. The poten-308

tial profile experienced by the surface electrons is limited309

to the region right below the OQC. The potential inside310

the OQC is identical to that outside, which can be set to311

zero. Hence, for an electron inside the corral, the corral312
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FIG. 3. Characterization of quantum resonance states trapped in a 12-OQC. a, Point dI/dV spectra acquired over
different sites inside a 12-OQC and Au(111) substrate. dI/dV curves taken at the centre (blue curve), 0.75 nm away from the
centre of 12-OQC (red curve), 1.25 nm away from the centre of 12-OQC (orange curve), and taken on Au(111) (grey dashed
curve). b, Color-coded dI/dV spectra (spaced by 0.15 nm) taken across the pore of 12-OQC. The actual positions where the
dI/dV spectra were taken are indicated by gray dots in the inset STM image in a. c, Color-coded simulated spectral function
curves (spaced by 0.15 nm) taken across the pore of potential corral in gold unit cells (Fig. S11). d-g, Constant-current dI/dV
maps recorded at different energy positions (I = 1 nA for d, e; I = 1.5 nA for f, g). Panels d-g refer to the P1 (−0.26
V), P3 (+0.46 V), P4 (+0.91 V), and P5 (+1.56 V) of resonance states, respectively (The chemical structure of 12-OQC is
superimposed on panel d to indicate its position). h-k, Simulated spectral function maps acquired at different energy positions
close to the energetic positions of these quantum resonance states observed experimentally. Panels h-k refer to the P1 (−0.34
eV), P3 (+0.49 eV), P4 (+0.92 eV), and P5 (+1.64 eV) of resonance states, respectively. Scale bar: 1 nm.

boundary represents a potential barrier with finite width313

and height between two regions of equal potential. This314

barrier structure guarantees a finite tunnelling probabil-315

ity for the electron, in contrast to a bound state with an316

infinite lifetime. In fact, solving the Schrödinger equation317

for a 2D parabolic dispersion with such a barrier does318

not yield solutions that decay exponentially outside the319

corral. Instead, one obtains radially propagating Bessel320

functions, representing free states. Moreover, the model321

of bound states cannot be used to explain the stand-322

ing wave patterns (Fig. S9) outside the potential barrier323

where the surface electrons are totally free.324

Although the corral does not produce true confined325

states, it does give rise to resonances, which can be326

viewed as hybridizations of true bound states of a circular327

well with the free-propagating surface electrons [45]. The328
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FIG. 4. Characterization of coupled quantum resonance states in COS-OQCs. a, STM image of a symmetric COS-
OQC (V = −0.32 V, I = 1.5 nA). b, Point dI/dV spectra acquired over different sites inside a symmetric COS-OQC and
Au(111) substrate. dI/dV curves taken at the neck (blue curve) and 1.23 nm away from the neck of symmetric COS-OQC
(red curve). c, STM image of an asymmetric COS-OQC (V = −0.3 V, I = 1.5 nA). d, Point dI/dV spectra acquired over
different sites inside an asymmetric COS-OQC and Au(111) substrate. dI/dV curves taken at the neck (blue curve) and 1.4 nm
away from the neck of an asymmetric COS-OQC (red curve). e,f, Constant-current dI/dV maps recorded at different energy
positions over a symmetric COS-OQC (I = 1 nA for e,f). Panels e,f refer to the bonding (−0.32 V) and antibonding (−0.18 V)
states, respectively. g,h, Constant-current dI/dV maps recorded at different energy positions over an asymmentric COS-OQC
(I = 1 nA for g,h). Panels g,h refer to the bonding (−0.3 V) and antibonding (−0.15 V) states, respectively. i,j, Simulated
spectral function maps of a symmetric COS-OQC acquired at different energy positions corresponding to bonding (-0.36 eV)
and antibonding states (-0.25 eV), respectively. k,l, Simulated spectral function maps of an asymmetric COS-OQC acquired at
different energy positions corresponding to bonding (-0.34 eV) and antibonding states (-0.24 eV), respectively. Scale bar: 5Å.

greater the barrier produced by the corral, the weaker329

the tunnelling (hybridization) and the more the elec-330

tronic density inside the corral resembles the confined331

states (Fig. S10). We, therefore, can describe the forma-332

tion of these new quantum resonances states in 12-OQC333

and COS-OQC within an electron scattering potential334

framework, which employs nearly-free electron model to335

describe the surface states of Au(111). This approach336



8

yields a 2D isotropic parabolic dispersion with an effec-337

tive electronic mass of 0.27 me [46, 47], where me is the338

mass of an electron, and the Fermi energy is located at339

0.46 eV above the band minimum [48, 49].340

To include the local potential variation, we first parti-341

tion the gold surface into a grid of unit cells, each hosting342

a single orbital of the single-band model. We then include343

a positive (repulsive) potential term for the unit cells in-344

fluenced by the dipole from OQCs. Because the dipole345

potential decays quickly with distance, we only include it346

for the unit cells directly under OQC (Fig. S11). The re-347

pulsive potential contour generated by a OQC produces348

a “corral” for surface electrons.349

Introducing a point-like potential perturbation to a350

metallic system with isotropic dispersion creates the well-351

known Friedel oscillations in the electronic density with352

the period determined by the Fermi momentum kF [50–353

52]. Moreover, electrons at each momentum k < kF354

also produce oscillations in the density with longer wave-355

lengths which can be visualized experimentally in dI/dV356

maps [53]. Including multiple scatterers in the system357

produces interference, which can be treated as a superpo-358

sition of the scattering patterns from each point scatter359

considered individually. Alternatively, one can employ360

a non-perturbative approach and calculate the resultant361

density variation for a collection of scatterers simultane-362

ously. In this study, we make use of the latter approach,363

as discussed in the Supplementary Information.364

To compare theoretical results to the experimental365

data, we first “draw” the corral of the appropriate366

shape by introducing local repulsive potential to the367

gold unit cells located below the OQC. Next, we cal-368

culate the position-dependent spectral function following369

the procedure described in Supplementary Information370

(Analytical Theory). The spectral function gives the371

density of states at a particular unit cell at a given en-372

ergy. Because the differential conductance at some bias373

V is related to the number of states available for tun-374

nelling at that energy, we use the spectral function as a375

proxy for the dI/dV data. By fixing the energy at which376

the spectral function is computed, it is possible to ob-377

tain spectral function spatial maps like the ones shown378

in Fig. 3h-k and Fig. 4i-l. On the other hand, if the379

position is kept constant, varying the energy yields the380

dI/dV -like curves (Fig. S5), corresponding to horizontal381

slices of Fig. 3c. Because of the generality of our formal-382

ism, we can study the highly symmetric circular OQC383

and the more challenging COS-OQC.384

The spectral function depends on the electronic dis-385

persion and the scattering potential. Assuming that the386

potential produced by OQC is restricted to the region di-387

rectly below the polymer, our theoretical treatment only388

requires a single fitting parameter: the magnitude of this389

potential because we already know the effective mass of390

the surface-state electrons. As was discussed above, the391

greater the potential barrier separating the interior of392

the OQC from the rest of the surface, the more the res-393

onances resemble the true bound states. Reducing the394

potential broadens the states, as shown in Fig. S10.395

With a repulsive potential of 0.6 eV, the simulated396

spectral function curves and 2D contour plot of spectral397

function curves (Fig. 3c) show good agreement with ex-398

perimental data. Such a value, lower than the typical399

amount of charge transferred in the molecular systems400

with the occupation and depletion of molecular states,401

can therefore be rationalized in our system only with in-402

terfacial charge polarization, consistent with our DFT403

predictions. We also noticed several mild discrepancies404

between experimental dI/dV data (Fig. 3b) and the the-405

oretical simulations (Fig. 3c). First, at the high sam-406

ple bias (∼ 1.5 V), the experimental results contain the407

signature of the CB of 12-OQC that is not included in408

the theoretical model. Additionally, the peaks in the ex-409

perimental data are shifted towards slightly higher bias410

compared to the theoretical ones. This mild quantitative411

disagreement is not unexpected because, as was stated412

above, the spectral function is a proxy for the dI/dV413

signal with the latter depending also on the electronic414

convolution with the tip. The key features, such as the415

dI/dV peaks and the oscillating signal rings in the dI/dV416

maps, however, are robust and show good agreement be-417

tween theory and experiment.418

Next, we discuss the hybridization phenomenon in419

COS-OQCs. The two-dimensional electron gas (2DEG)420

with discrete resonance states could be viewed as an ar-421

tificial “hydrogen atom” constructed by the circular cor-422

ral. In principle, artificial homo-diatomic H2-like molec-423

ular orbitals can be realized in COS-OQC, wherein two424

adjacent “H atoms” can undergo orbital hybridization.425

Firstly, the energy halfway between the two emerging426

electronic states in COS-OQC (−0.25 eV) is close to the427

energy position of P1 state (−0.26 eV) in a 12-OQC be-428

cause of their comparable diameters. It could be envi-429

sioned that the original “atomic” orbitals constructed in430

the two half rings with open neck channel can effectively431

hybridize and split into one bonding state at lower en-432

ergy and one antibonding state at higher energy (inset433

of Fig. 4b), analogous to the hybridization of two neigh-434

bouring resonance states arising from vacancies in molec-435

ular self-assembly [54]. The theoretical results, shown in436

Fig. 4i-j, exhibit a very similar behavior with the ener-437

gies of the single-hot spot and the hourglass-like states438

sandwiching the P1 peak of the circular OQC.439

In addition, we also investigated an asymmetric COS-440

OQC including a larger half-ring with one more monomer441

than an adjacent smaller half ring (Fig. 4c). In this442

case, an artificial “hetero-diatomic molecule” would443

be constructed due to the energy level mismatch be-444

tween the original “atomic” orbitals from the two half445

rings with different sizes. One pair of bonding (−0.3446

V)/antibonding (−0.15 V) states and their correspond-447

ing dI/dV maps are shown in Fig. 4d,g,h, respectively.448
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It is noted that the bonding and antibonding states show449

asymmetric spatial distribution in the two half rings450

which agree with the theoretical results in Fig. 4k-l.451

Therefore, an artificial giant “homo-diatomic molecule”452

and “hetero-diatomic molecule” can be constructed by453

engineering the topology of OQCs. Moreover, the tip ma-454

nipulation can be used to close and open up the OQC to455

engineer multiple quantum resonance states by control-456

ling their dimensions and geometries (Fig. S12). A series457

of resonance states with hot-spots and ring-like patterns458

were revealed by dI/dV measurements of the irregular459

rings before and after tip manipulation. As expected, we460

also observed that these resonance states shift towards461

higher energy positions as the ring is closed up by tip462

manipulation, equivalent to the reduction of the lateral463

dimensions of the OQCs. This opens up virtually unlim-464

ited opportunities for engineering the desired quantum465

resonance states inside chemically robust organic quan-466

tum corrals.467

CONCLUSION468

In summary, we have demonstrated a bottom-up atom-469

ically precise synthesis of chemically robust OQCs with470

topology-controlled new quantum resonance states, aris-471

ing from a collective interference of scattered electron472

waves inside the quantum corrals. Individual OQCs with473

a series of resonance states behave like artificial atomic474

orbitals. The effective coupling of artificial atomic or-475

bitals leads to the formation of artificial homo-diatomic476

and hetero-diatomic molecular states in OQCs with de-477

sired topologies corroborated by a joint ab initio and an-478

alytic calculations. The fabrication of covalently linked479

large-sized OQCs with atomic precision not only grants480

access into the quantum nature of these systems with481

intrinsically digital fidelity but also enables the precise482

engineering of desired quantum states with high chemi-483

cal robustness for technological applications ranging from484

nanophotonics to quantum information processing.485
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[42] O. Krejč́ı, P. Hapala, M. Ondráček, and P. Jeĺınek, Phys.599
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P. Mutombo, P. Jeĺınek, A. Arnau, U. Schlickum, and643

K. Kern, Angewandte Chemie - International Edition 59,644

6207 (2020).645

[61] C. Joachim, J. K. Gimzewski, R. R. Schlittler, and646

C. Chavy, Phys. Rev. Lett. 74, 2102 (1995).647

METHODS648

Synthesis of molecular precursor. The detailed649

chemical synthesis procedure of precursor 1 and solu-650

tion characterization data are shown in SCHEME. 2 and651

Fig. S13-Fig. S14.652

Sample preparation and STM/STS Measure-653

ments. The STM experiments were conducted in UHV654

conditions (base pressure, < 2 × 10−9 mbar) at 4.4 K655

using a Scienta Omicron LT-STM system. Au(111) sin-656

gle crystal (MaTeck GmbH) was cleaned by multiple cy-657

cles of Ar+ sputtering (1 × 10−5 mbar) and annealing658

(710 K, 10 min). The precursor 1 was deposited from659

Knudsen cell (MBE-Komponenten GmbH) at 360 K onto660

clean Au(111) surface held at room temperature. Af-661

ter the deposition of the precursor molecules, the sample662

was annealed at 530 K for 20 min for the fabrication of663

OQCs. Subsequently, the sample was transferred into664

the STM/AFM head held at 4.5 K for STM imaging and665

characterization. All the BR-STM images were collected666

in constant height mode. The tip-sample distance with667

respect to an STM set point is indicated in the figure668

caption for each BR-STM image. The tip apex was func-669

tionalized with a CO molecule by picking up CO from670

Au(111) surface. The dI/dV spectra were collected using671

an internal lock-in amplifier with a modulation frequency672

of 693 Hz and amplitude of 20 mV.All the dI/dV maps673

were collected in a constant-current mode.674

DFT simulations. The large scale total energy DFT675

calculations were performed using the Fireball pack-676

age [55]. All geometry optimizations and electronic struc-677

ture analyses were performed using BLYP exchange-678

correlation functional [56] with D3 corrections [57] and679

norm-conserving pseudopotentials with a basis set of op-680

timized numerical atomic-like orbitals [58]. Atomic con-681

https://doi.org/10.1002/chem.202000486
https://doi.org/10.1038/s41467-020-19834-2
https://doi.org/10.1038/s41467-020-19834-2
https://doi.org/10.1038/s41467-020-19834-2
https://doi.org/10.1103/PhysRevLett.124.147206
https://doi.org/10.1103/PhysRevLett.124.147206
https://doi.org/10.1103/PhysRevLett.124.147206
https://doi.org/10.1021/jacs.9b09212
https://doi.org/10.1021/jacs.9b09212
https://doi.org/10.1021/jacs.9b09212
https://doi.org/10.1038/ncomms14765
https://doi.org/10.1038/nnano.2017.155
https://doi.org/10.1038/nnano.2017.155
https://doi.org/10.1038/nnano.2017.155
https://doi.org/10.1126/sciadv.aaq0582
https://doi.org/10.1126/sciadv.aaq0582
https://doi.org/10.1126/sciadv.aaq0582
https://doi.org/10.1103/PhysRevLett.124.177201
https://doi.org/10.1021/jacs.0c05337
https://doi.org/10.1103/PhysRevB.90.085421
https://doi.org/10.1103/PhysRevB.90.085421
https://doi.org/10.1103/PhysRevB.90.085421
https://arxiv.org/abs/1406.3562
https://doi.org/10.1103/PhysRevLett.113.226101
https://doi.org/10.1103/PhysRevLett.113.226101
https://doi.org/10.1103/PhysRevLett.113.226101
https://arxiv.org/abs/1409.3405
https://doi.org/10.1103/PhysRevB.95.045407
https://doi.org/10.1103/PhysRevB.95.045407
https://doi.org/10.1103/PhysRevB.95.045407
https://arxiv.org/abs/1609.09462
https://doi.org/10.1002/(SICI)1521-4095(199906)11:8<605::AID-ADMA605>3.0.CO;2-Q
https://doi.org/10.1002/(SICI)1521-4095(199906)11:8<605::AID-ADMA605>3.0.CO;2-Q
https://doi.org/10.1002/(SICI)1521-4095(199906)11:8<605::AID-ADMA605>3.0.CO;2-Q
https://doi.org/10.1002/adma.200802893
https://doi.org/10.1002/adma.200802893
https://doi.org/10.1002/adma.200802893
https://doi.org/10.1002/adma.200802893
https://doi.org/10.1002/adma.200802893
https://books.google.com.sg/books?id=xzSgZ4-yyMEC
https://doi.org/10.1103/PhysRevLett.80.1469
https://doi.org/10.1103/PhysRevLett.89.176801
https://doi.org/10.1103/PhysRevLett.89.176801
https://doi.org/10.1103/PhysRevLett.89.176801
https://doi.org/10.1088/1367-2630/10/4/043016
https://doi.org/10.1103/PhysRevB.79.195409
https://doi.org/10.1103/PhysRevB.58.7361
https://doi.org/10.1103/PhysRevLett.93.056103
https://doi.org/10.1021/nl403459m
https://doi.org/10.1002/pssb.201147259
https://doi.org/10.1002/pssb.201147259
https://doi.org/10.1002/pssb.201147259
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1016/j.commatsci.2006.09.003
http://www.siam.org/journals/sirev/59-1/100067.html
https://doi.org/10.1002/anie.201915200
https://doi.org/10.1002/anie.201915200
https://doi.org/10.1002/anie.201915200
https://doi.org/10.1103/PhysRevLett.74.2102


11

figuration was allowed to relax until the remaining atomic682

forces reached below 5×10−2 eVÅ−1. We employed slabs683

model consisting of 60×60 unit cell of Au(111) surface684

with 2 layers and 12-ring molecule, in total 1368 atoms.685

The last Au layer was kept fixed in the bulk position.686

Brillouin reciprocal zone was sampled by only Γ k-point.687

The theoretical dI/dV simulations were carried out using688

probe particle STM code [40, 42] using electronic struc-689

ture of free-standing 12-OQC. Metallic-tip was mimicked690

by s-like orbital without tip relaxation.691

QFT calculations. The derivation of the field-692

theoretic formalism is provided in the Supplementary In-693

formation. The numerical calculations were performed694

using JULIA programming language [59].695
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SUPPLEMENTARY INFORMATION731

Analytical Theory732

To describe the Au(111) surface states, we employ the single-band nearly-free electron model with the dispersion733

εq = h̄2|q|2/(2mem
∗), q is the crystal momentum, me is the electron mass and m∗ = 0.27 is the effective mass. The734

polymer induces a local potential so that the second-quantised Hamiltonian can be written as735

Ĥ =
∑

q

c†q(εq − µ)cq +
∑

r

c†rUrcr = c†Q (HQ − µ) cQ + c†RUcR . (1)

In the first term, c†q(cq) are fermionic creation (annihilation) operators associated with the single-band eigenstates736

and µ is the chemical potential. Because we are considering a single band, each unit cell at coordinate r contains a737

single state whose creation (annihilation) operator is c†r (cr). Ur is the polymer-induced potential variation at r. To738

make the expression more compact, we collect all cq and cr into vectors of operators cQ and cR, respectively. From739

this, HQ is a diagonal matrix of εq, while U is a diagonal matrix of Ur.740

Because cR and cQ are related by the unitary transformation cR = ΘcQ, where Θjk = eirj ·qk/
√
N and N is the741

number of states in the system. This results in742

Ĥ = c†R
[

Θ(HQ − µ)Θ† +U
]

cR . (2)

This Hamiltonian can be transcribed into the imaginary-time action743

S =
∑

ωn

φ̄n

[

Θ(HQ − µ− iωn)Θ
† +U

]

φn , (3)

where φn is a vector of Grassmann numbers corresponding to the fermionic operators and ωn are the fermionic744

Matsubara frequencies. Exponentiating the action and integrating over the fields yields the partition function745

Z =
∏

ωn

∣

∣β
[

Θ(HQ − µ− iωn)Θ
† +U

]∣

∣ =
∏

ωn

∣

∣β
(

−Ξ−1
iωn+µ +U

)∣

∣ =
∏

ωn

∣

∣−βG−1
iωn+µ

∣

∣ , (4)

where Giωn+µ is the full real-space Green’s function, while Ξiωn+µ is the same for a system without the polymer-746

induced potential perturbation U and β = 1/(kBT ). Explicitly,747

Giωn+µ = Ξiωn+µ + Ξiωn+µU (1− Ξiωn+µU)
−1

Ξiωn+µ . (5)

By taking the diagonal elements of Giωn+µ and replacing iωn → ω + i0+ allows us to write down the spectral748

function:749

Aω (rj) = −2Im
[

Ξω+µ + Ξω+µU (1− Ξω+µU)
−1

Ξω+µ

]

jj
, (6)

where the energy ω is measured from the Fermi level.750

Note that at this point, Ξ and U are N × N matrices. Naturally, as N → ∞, the problem becomes intractable
numerically. However, we now show that the expression simplifies considerably when one takes into account the
structure of U. We write

[

Ξω+µ + Ξω+µU (1− Ξω+µU)
−1

Ξω+µ

]

jj
= [Ξω+µ]jj +

∑

klm

[Ξω+µ]jk Ukl [1− Ξω+µU]
−1
lm

[Ξω+µ]mj
. (7)

One can see here that k and l in the summation only include states that have non-vanishing elements in U. In
addition, expanding [1− Ξiωn+µU]

−1
lm

as a geometric series, makes it clear that m also must correspond to a state
with a finite elements in U. This allows us to write

[

Ξω+µ + Ξω+µU (1− Ξω+µU)
−1

Ξω+µ

]

jj
= Ξjj

ω+µ +
(

Ξj1
ω+µ Ξj2

ω+µ . . .
)

Ũ
(

1− Ξ̃ω+µŨ
)−1







Ξ1j
ω+µ

Ξ2j
ω+µ

...






, (8)
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where the tilde indicates that only the unit cells with the potential perturbation are included and

Ξjk
z =

∑

lm

[Ξz]jk =
∑

lm

Θjl (z −HQ)
−1
lm

Θ†
mk =

∑

l

Θjl (z −HQ)
−1
ll

Θ†
lk =

1

N

∑

q

eiq·(rj−rk)

z − εq
. (9)

The momentum sum can be turned into an integral

1

N

∑

q

eiq·R

z − h̄2q2/(2mem∗)
=

A

(2π)2

∮

dθ

∫

dq q
eiqR cos θ

z − Ry × a20q
2/m∗

=
1

Ry

A

2π

∫

dq q
J0(qR)

z/Ry − a20q
2/m∗ =

√
m∗

Ry

A/a20
2π

∫

duu
J0(

√
m∗uR/a0)

z/Ry − u2
, (10)

where K0 is the modified Bessel function, A is the area of the unit cell, Ry is the Rydberg energy, and a0 is the Bohr751

radius.752

If R 6= 0, we set the limits of u integration as [0,∞) to yield753

ΞR 6=0
z =

√
m∗

Ry

Ã

2π

∫ ∞

0

duu
J0(

√
m∗uR̃)

z/Ry − u2
= −

√
m∗

Ry

Ã

2π
K0

(√
m∗R̃

√

− z

Ry

)

, (11)

where Ã = A/a20 and R̃ = R/a0.754

For R = 0, the integral diverges and we introduce a cutoff so that u ∈ [0,
√
C] so that755

ΞR=0
z =

√
m∗

Ry

Ã

2π

∫

√
C

0

du
u

z/Ry − u2
= −1

2

√
m∗

Ry

Ã

2π
ln

(

1− C

z/Ry

)

. (12)

As the final step, we determine the value of C. Using the fact that −2Im[ΞR=0
ω+i0] is the spectral function for the756

pristine system whose integral on ω ∈ (−∞,∞) yields 2π, we get757

∫ ∞

−∞
dωIm

[√
m∗

Ry

Ã

2π
ln

(

1− C × Ry

ω + i0

)

]

=

√
m∗

Ry

Ã

2π
× C × Ry × π (13)

leading to C = 4π
Ã
√
m∗

. This yields758

ΞR 6=0
z = − 2

CRy
K0

(√
m∗R̃

√

− z

Ry

)

,

ΞR=0
z = − 1

CRy
ln

(

1− CRy

z

)

. (14)
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Supplementary note 1. Proposed mechanism of the formation of pentagonal ring.759

The precursor 1 is expected to undergo the thermally-triggered dehydrogenation, leading to the formation of one760

radical at the central methylene (2). It can be delocalized to dimethylphenyl site for the subsequent bonding with761

bromophenyl ring to form pentagonal ring (from 3 to 6) via demethylation. A further dehydrogenation on the other762

methyl group and the other bromophenyl generates planar 7. The high chemical activity of monoradical 2 is expected763

to be the driving force towards the formation of closed-shell compound 7 with planar structure [39].764

SCHEME 1. Proposed reaction pathway for the formation of pentagonal ring via the demethylation
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FIG. S1. Statistic analysis of regular curved ring segments with different numbers (n) of building units (regular curved ring
segments and complete rings with n > 12 were not observed).

FIG. S2. DFT-calculated charge redistribution of a 12-OQC on Au(111). a, Projection of the charge redistribution
of 12-OQC on Au(111) along the z-axis (∆ρ = ρtotal − ρsurface − ρmolecule). b, 3D isosurface of the electronic density differences
with an isovalue of ±0.001 e/Å3 of 12-OQC on Au(111) surface (upper panel and bottom panel are side and oblique view,
respectively). Red and purple regions in 3D plots represent charge depletion and accumulation, respectively.
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FIG. S3. Orbital structure of a freestanding 12-OQC. a, The projected density of states (PDOS) of 12-OQC calculated
by BLYP functional. b, Spatial distribution of ψ1−6 orbitals of 12-OQC.

FIG. S4. Electronic structure characterization of a second 12-OQC. a, Point dI/dV spectra acquired over different
sites of 12-OQC and Au(111) substrate. dI/dV curves taken at the pentagonal ring (blue curve), inner edge of 12-OQC (red
curve), and taken on Au(111) (grey dashed curve). b,c, Constant-current dI/dV maps recorded at the energy positions of the
VB (−1.0 V) and CB (+1.3 V) of 12-OQC, respectively. d,e, The corresponding STM images of b,c collected simultaneously
with constant current dI/dV maps (I = 2 nA for b-e). Scale bar: 1 nm.
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FIG. S5. Calculated position-dependent spectral function over different sites inside 12-OQC (left). Blue and red curve taken
at the centre and 0.6 nm away from the centre of simulated model. Color-coded simulated spectral function curves (spaced by
0.15 nm) taken across the pore of potential corral in gold unit cells (right).

FIG. S6. Resonance state (P2) inside the 12-OQC. a, The corresponding STM image of b collected simultaneously with
constant-current dI/dV map (V = +40 mV, I = 1 nA) of 12-OQC. b, Constant-current dI/dV map recorded at +40 mV.
Scale bar: 1 nm.
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FIG. S7. BR-STM image of a symmetric COS-OQC (V = 10 mV, ∆z = −1.5 Å; set point prior to turn off feedback, V = 20
mV, I = 600 pA). Scale bar: 1 nm.
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FIG. S8. Characterization of quantum resonance states in symmetric and asymmetric COS-OQC. a-c, Constant-
current dI/dV maps of a symmetric COS-OQC recorded at different energy positions (I = 1 nA for a; I = 1.5 nA for b,c).
d-f, Constant-current dI/dV maps of an asymmetric COS-OQC recorded at different energy positions (I = 1 nA for d; I = 1.5
nA for e,f). Scale bar: 1 nm.
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FIG. S9. Scattered wave patterns surrounding the 12-OQC. a, The corresponding STM image of b collected simulta-
neously with constant-current dI/dV map (V = +0.46 V, I = 1.2 nA) of 12-OQC. b, Constant-current dI/dV map recorded
at +0.46 V (P3). Scale bar: 1 nm.

FIG. S10. Comparison between resonance states in quantum corrals with different barrier heights and bound
states. Calculated spectral function curves taken at the centre of simulated 12-OQC model with barrier heights of 1.0 eV
(black curve), 5.0 eV (red curve) and 10.0 eV (blue curve), respectively. The dashed lines present the energy positions of bound
states in the quantum well with the same geometry when the angular momentum l = 0 (green dashed lines) and 2 (orange
dashed lines).
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FIG. S11. The positions of repulsive potential scatters placed over Au unit cells. a, STM image of 12-OQC
(V = −0.26 V, I = 1 nA). b, STM image of a symmetric COS-OQC (V = −0.32 V, I = 1.5 nA). c, STM image of an
asymmetric COS-OQC (V = −0.3 V, I = 1.5 nA). d-f, Corresponding simulation models of repulsive potential scatter placed
over Au unit cells for 12-OQC, COS-OQC and asymmetric COS-OQC, respectively (the unit cells in orange color indicate the
positions where we included the repulsive potential scatters). Scale bar: 5 Å.
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FIG. S12. Control the geometries of OQC via tip manipulation to tune their resonance states. a, STM image of
open OQC before manipulation (V = −0.37 V, I = 1 nA). b, Point dI/dV spectra acquired over different sites of OQC and
Au(111) substrate. dI/dV curves taken at the position of red cross in a (red curve), blue cross in a (blue curve), orange cross
in a (orange curve), and taken on Au(111) (grey dashed curve). c, STM image of closed OQC after manipulation (V = −0.432
V, I = 1 nA). d, Point dI/dV spectra acquired over different sites of closed OQC and Au(111) substrate. dI/dV curves taken
at the position of red cross in c (red curve), blue cross in c (blue curve), orange cross in c (orange curve), and taken on Au(111)
(grey dashed curve). e-j, Constant-current dI/dV maps recorded at the energy positions of the P1 (−0.435 V), P2 (−0.4 V),
P3 (−0.37 V), P4 (−0.35 V), P5 (−0.25 V) and P6 (−0.19 V) of OQC, respectively (I = 1 nA for e-h; I = 800 pA for i,j). k-p,
Constant-current dI/dV maps recorded at the energy positions of the P1 (−0.432 V), P2 (−0.39 V), P3 (−0.36 V), P4 (−0.3
V), P5 (−0.2 V) and P6 (−0.18 V) of closed OQC, respectively (I = 1 nA for k-n; I = 800 pA for o,p). Scale bar: 1 nm.

Supplementary note 2. Tuning the quantum resonance states via tip manipulation.765

To conduct tip manipulation [60, 61], we first positioned the STM tip over the terminus of OQC with a set point of766

V = 1 mV, I = 100 pA and then switched off the feedback loop. The tip-sample distance was subsequently reduced by767

1.5 Å, at which an abrupt increase in tunnelling current occurs, suggesting the contact of tip apex with the terminus768

of OQC. After retracting the tip by 200 pm, a controllable STM lateral manipulation was conducted by moving769

the tip along a defined trajectory (Fig. S12c). We then performed dI/dV measurements to probe the resonance770

states before and after tip manipulation. As shown in Fig. S12b,d, a series of resonance states were revealed in the771

corresponding dI/dV spectra acquired at the positions indicated by the crosses with different colors in Fig. S12a,c,772

which are labelled as P1-P6 from low energy to high energy. We then carried out dI/dV mapping to probe the spatial773

distribution of these resonance states. By comparing the patterns of dI/dV maps of original OQC in Fig. S12e-j774

with their corresponding dI/dV maps after manipulation in Fig. S12k-p, the similar hot spots (P1, P5 and P6) and775

ring-like features (P2, P3 and P4) observed in these two OQCs suggest they are originated from the same resonance776

state. As expected, the energetic positions of these states all shift to higher energy after tip manipulation. This is777

because a smaller size of corral after tip manipulation is expected to produce the quantum resonance states at high778
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energy position. This proves that quantum states in OQCs could be further engineered via tip manipulation.779
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SCHEME 2. Synthetic route of precursor 1

Synthetic route.780

n-BuLi (1.0 ml, 2.0 mmol, 2M) was added dropwise into the solution of 2-bromo-1,3-dimethylbenzene (0.30 ml,781

2.2 mmol) in dry THF (20 ml) at -78 ◦C, and the solution was stirred at this temperature for 2 hrs. Then, bis(4-782

bromophenyl)methanone (750 mg, 2.2 mmol) was added into the solution. After stirring for 2 hrs at -78 ◦C, the783

mixture was gradually warmed up to room temperature. Another 2 hrs later, dilute aqueous HCl solution (5 ml, 1M)784

was added to quench the reaction. Then, diethyl ether (30 ml) was added and the organic layer was washed with brine785

for three times and dried over anhydrous sodium sulfate. The crude product was directly used for next step after786

evaporating off the solvent. The crude product was dissolved in dry dichloromethane (DCM, 30 ml), and BF3·Et2O787

(0.30 ml, 2.3 mmol) was added into the solution. 30 mins later, triethylsilane (0.35 ml, 2.2 mmol) was dropwise into788

the mixture. 1 hr later, the reaction was quenched with triethylamine (0.5 ml) and the solution was washed with789

brine for three times and dried over anhydrous sodium sulfate. After removing the solvent, the crude product was790

purified by column chromatography with DCM/hexane as eluent (1/8, v/v) to afford precursor 1 (350 mg) in 41%791

yield.792

1H NMR (500 MHz, CDCl3): δ (ppm) 7.40 (d, J = 8.5 Hz, 4H), 7.12 (t, J = 7.5 Hz, 1H), 7.03 (d, J = 7.5 Hz,793

2H), 6.94 (d, J = 8.6 Hz, 4H), 5.89 (s, 1H), 2.01 (s, 6H);794

13C NMR (125 MHz, CDCl3): δ 140.73, 138.81, 137.46, 131.37, 130.91, 129.55, 127.11, 120.07, 50.25, 22.06.795

HRMS analysis (EI): calcd for C19H15NBr (M)+: 427.977; found: 427.9775 (error: 1.17 ppm).796
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FIG. S13. 1H NMR spectrum of precursor 1 (500 MHz, CDCl3).
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FIG. S14. 13C NMR spectrum of precursor 1 (125 MHz, CDCl3).
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FIG. S15. HR mass spectrum (EI) of precursor 1.
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