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The chemical versatility of carbon imparts manifold properties to organic compounds, 

wherein magnetism remains one of the most desirable but also elusive1. Intrinsic mag-

netism in carbon offers the promises of long spin relaxation and decoherence times2, 

long spin correlation lengths3 and feasibility of electric field control of spin transport4, 

which make carbon nanomaterials superior to their transition metal-based counterparts 

for spintronic applications. Finite-sized graphene flakes, or nanographenes, show criti-

cal dependence of electronic structure on the topologies of the edges and the π-electron 

network, which makes them model systems to engineer unconventional properties in-

cluding magnetism. Nearly fifty years ago, Erich Clar envisioned a nanographene5,6 

where topological frustration in the π-electron network renders it impossible to assign a 

classical Kekulé structure without leaving unpaired electrons, driving the system into a 

magnetically non-trivial ground state7. We report the first experimental realization and 

in-depth characterization of this emblematic nanographene known as Clar’s goblet. 

Scanning tunneling microscopy and spin excitation spectroscopy of individual molecules 

on a gold surface reveal a robust antiferromagnetic order with a large exchange cou-

pling of 23 meV, exceeding the Landauer limit of minimum energy dissipation at room 

temperature8. Through atomic manipulation, we realize switching of magnetic ground 

state in molecules with quenched spins. Our results provide direct evidence of carbon 

magnetism in a hitherto unrealized class of nanographenes9, and prove a long-predicted 

paradigm where topological frustration entails unconventional magnetism, with implica-

tions for room-temperature carbon-based spintronics10. 
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Figure 1 │ Synthesis and structural characterization of Clar’s goblet. a, Conceptual 

routes toward magnetism in graphene and NGs. b, Schematic illustrating the difference be-

tween a SI-NG (top) and a TF-NG (bottom) in terms of sublattice imbalance and resulting to-

tal spin from Lieb’s theorem. Filled and empty circles represent A and B sublattice atoms, re-

spectively. c, Combined in-solution and on-surface synthetic route toward 1. d, Overview 

STM topography image after annealing 2 on Au(111) at 300 °C, revealing individual mole-

cules (one of them is highlighted with a square) coexisting with linear (highlighted with ar-

rows) and branched oligomers (V = -30 mV, I = 150 pA). e, HR-STM image of 1 acquired 

with a CO-functionalized tip (V = -100 mV, I = 100 pA). f, Corresponding Laplace-filtered 

UHR-STM image of 1 showing its bond-resolved structure (V = -5 mV, I = 50 pA, Δz = -0.95 

Å). Scale bars: 5 nm (d), 0.5 nm (e, f). 

The current paradigm in carbon magnetism revolves around two main concepts. The first con-

cept involves NGs and graphene nanoribbons (GNRs) with zigzag edge topologies, that are 

predicted to host low-energy edge-localized states. With increasing system size, these states 

approach the Fermi level, and Coulomb repulsion between valence electrons may trigger spin 

polarization11,12. Although evidence of edge states in zigzag GNRs has been found13,14, a firm 

proof of magnetism therein is lacking, and only recently, magnetic response in certain fused 

GNR junctions has been reported15. However, toward the ultimate aim of realizing robust mo-

lecular-scale spintronic devices, there is an impending need for rational and atomically-

precise fabrication of magnetic NGs with large magnetic coupling strengths. The second and 

conceptually simpler route toward carbon magnetism involves inducing sublattice imbalance 

in the bipartite graphene lattice, which translates to a spin imbalance as per Lieb’s theorem16. 



This scenario has been realized through creation of atomic defects that remove a single pz or-

bital17–20, or in NGs with specific shapes where sublattice imbalance is structurally inherent21–

26, such that it is impossible to assign a classical Kekulé structure (i.e. alternating single and 

double bonds) to the NG without leaving unpaired electrons. We refer to such non-Kekulé 

NGs as sublattice-imbalanced NGs (SI-NGs, Fig. 1a, b), and their magnetic nature in solution 

has been elucidated through electron spin resonance22,23 or thermochromism27,28 studies. Fur-

thermore, while presence of spin-split states in these systems has also been detected in scan-

ning tunneling microscopy and spectroscopy (STM/STS) measurements, direct magnetic re-

sponse, however, has not been reported. Finally, it must be mentioned that evidence of 

ferromagnetism driven by enhanced electron correlations in twisted bilayer graphene has been 

recently found29, which further extends the repertoire of concepts in carbon magnetism. 

Departing from the above notions of carbon magnetism, certain benzenoid topologies have 

long been hypothesized to result in non-Kekulé NGs despite the absence of sublattice imbal-

ance9. This non-trivial feature is a genuine consequence of topological frustration in the un-

derlying π-electron network, which renders it impossible to concomitantly pair all pz orbitals 

to form π-bonds, thus generating uncompensated radicals7. We refer to this class of NGs as 

topologically-frustrated NGs (TF-NGs, Fig. 1a, b), and they can only be constructed for h ≥ 

11 (where h refers to the total number of hexagons in a NG); with graph-theoretical chemical 

analyses having shown that in relation to the total number of NGs for a given value of h, TF-

NGs constitute an exceedingly small fraction with percentage abundancies < 0.1%9,30. TF-

NGs are predicted to exhibit large magnetic coupling strengths and peculiar magnetic state-

dependent spatial distribution of frontier states, which has important implications in fault-

tolerant spin logic devices and molecular switches7,31,32. However, their synthesis has never 

been achieved to date due to their high reactivity and lack of synthetic protocols, and they re-

mained a theoretical construct. Here, we present the rational synthesis of Clar’s goblet (1, Fig. 

1c), one of the eight smallest TF-NGs with h = 11 and structural formula C38H18, first predict-

ed by Erich Clar in 19725,6. 

The synthesis of 1 involves precursor compound 2 (Fig. 1c), wherein the methyl groups con-

nected to the central benzene ring serve as pre-selected reactive sites that are expected to un-

dergo surface-catalyzed oxidative ring closure against the anthracene moieties to form 1. To 

reach the highly sterically-hindered precursor 2, a multi-step organic synthesis was performed 

(see Supplementary Information). In particular, an intramolecular Friedel-Crafts-type cycliza-

tion of the key intermediate compound 9 under Lewis acid conditions was employed to form 

the two flanking anthracenyl substituents on the six-fold substituted benzene core. 2 was ob-

tained after silica column chromatography in 15% yield, and unambiguously characterized via 

nuclear magnetic resonance spectroscopy and mass spectrometry. 2 was then sublimed on a 

Au(111) surface held at room temperature, and annealed to 300 °C to promote on-surface re-

actions. The choice of Au(111) stems from its inert nature compared to other coinage metal 

surfaces, which allows probing the intrinsic electronic properties of molecular adsorbates  



 

Figure 2│Electronic and magnetic characterization of Clar’s goblet. a, b, Nearest-neigh-

bor TB (a) and MFH (b) energy spectrum of 1. c, Schematic representation of frontier states. 

ΨL,↑/↓ and ΨR,↑/↓ indicate spin-polarized wave functions localized on the left and right sides of 

1, respectively. d, Calculated wave functions of occupied frontier states. Red/green isosurfac-

es denote opposite signs of wave function. e, MFH-calculated spin density distribution of 1. 

Blue/red isosurfaces denote spin up/spin down density. f, dI/dV spectra acquired on 1 (V = -2 

V, I = 300 pA, Vrms = 16 mV). Labels correspond to orbital resonances as explained in the 

text. Inset: HR-STM image of 1. g, dI/dV maps acquired at the peaks/regions labeled H-1, SO, 

SU, L+1 and L+2 in (f). h, TB-LDOS maps of the HOMO-1, SOMO, SUMO, LUMO+1 and 

LUMO+2 of 1. i, Energies of the HOMO-1 to LUMO+1 orbital resonances of 1 on Au(111) 

shown for GW+IC calculations and STS experiments, with corresponding Coulomb gaps 

indicated in red. Energies of the calculated and experimental levels are aligned at HOMO-1. j, 

k, dI/dV ((j), V = -50 mV, I = 500 pA, Vrms = 400 μV) and d2I/dV2 ((k), V = -50 mV, I = 1.5 

nA, Vrms = 4 mV) spectrum acquired on 1 in the vicinity of the Fermi level revealing inelastic 

spin excitation features at ±23 mV. l, dI/dV maps acquired at ±23 mV. m, Schematic repre-

sentation of spin excitation process. Tip positions for spectra shown in (f, j, k) are marked by 

filled circles in (f). All dI/dV spectra shown in individual panels herein and in rest of the fig-

ures are vertically offset for visual clarity. For the dI/dV maps, I = 250 pA–350 pA, with Vrms 

= 22 mV (g) and 10 mV (l). The scale bar of 0.5 nm in the inset of (f) also applies to (g, h, l). 



without significant perturbation. Figure 1d presents an overview STM image of the surface af-

ter the annealing step, showing individual molecules, and linearly- and irregularly-fused oli-

gomers. High-resolution (HR) STM image of an individual molecule (Fig. 1e) reveals an 

overall uniform topography with five distinct lobes at the termini. To obtain the bond-

resolved structure of the molecule, ultrahigh-resolution (UHR) STM imaging was conducted 

with a CO-functionalized tip in the regime of tip-molecule Pauli repulsion33,34, which con-

firms the successful formation of 1 (Fig. 1f, also see Supplementary Fig. 1). 

To comprehensibly capture the fundamental electronic structure of 1, we employ the nearest-

neighbor tight-binding (TB) and mean-field Hubbard (MFH) models, which provide an ap-

propriate balance between a clear understanding and relevant description of the low-energy 

electronic structure of sp2 carbon nanomaterials1. Concurrently, our results are also supported 

by ab-initio methods where relevant. The salient features in the TB energy spectrum of 1 are 

two zero-energy states populated by two electrons (Fig. 2a). To describe magnetism, electron-

electron interactions are included through on-site Coulomb repulsion within the MFH model, 

which lifts the degeneracy of the zero-energy states via spin polarization and opens an energy 

gap (Fig. 2b). The MFH solution predicts an antiferromagnetic (open-shell singlet) ground 

state of 1 (Fig. 2c), which is in agreement with our spin-polarized density functional theory 

(DFT) calculations, wherein for 1 both in the gas phase and adsorbed on Au(111), the open-

shell singlet state is the ground state, with the ferromagnetic open-shell triplet state 25.4 meV 

(gas phase) and 13.2 meV (on-surface) higher in energy (Supplementary Fig. 2); duly sup-

ported by previous theoretical reports35–37. The spin-polarized wave functions of the singly 

occupied and unoccupied molecular orbitals (SOMOs and SUMOs) are spatially-separated 

and sublattice-polarized (Fig. 2d). Figure 2e shows the spin density distribution of 1 and illus-

trates spin polarization of the system – although the total spin S = 0, spin up and spin down 

population are sublattice-polarized and localized on opposite parts of 1, thus maintaining a lo-

cal spin polarization. 

The electronic structure of 1 was experimentally characterized using dI/dV spectroscopy (Fig. 

2f), where a series of reproducible features are found at -1.15 V (H-1), -300 mV (SO), +1.00 

V (SU), +1.80 V (L+1) and +2.20 V (L+2). dI/dV maps recorded at the respective energies 

(Fig. 2g) exhibit excellent correspondence to the TB local density of states (LDOS) maps of 

HOMO-1, SOMO, SUMO, LUMO+1 and LUMO+2 of 1 (Fig. 2h, HOMO/LUMO refer to the 

highest occupied/lowest unoccupied molecular orbitals, respectively), which confirms the fea-

tures in dI/dV spectra and maps as molecular orbital (MO) resonances. Spectroscopic detec-

tion of MOs with single occupation (i.e. SOMOs/SUMOs), exhibiting the same LDOS distri-

bution in dI/dV maps, implies spin splitting of the frontier orbitals, and therefore suggests a 

magnetic ground state of 1 on the surface. The experimental Coulomb gap of 1 is deduced to 

be 1.30 eV based on the energies of the SOMOs and SUMOs resonances (Supplementary Fig. 

3). For accurate theoretical assignment of the Coulomb gap and energies of MO resonances, 

we performed eigenvalue self-consistent GW calculations including image charge screening  



 

Figure 3 │ Spin decoupling in a fused dimer. a, Schematic representation of the formation 

of di-1 via linear fusion of 1. Gray filled parts highlight spin-bearing moieties. b, HR-STM 

image of di-1 acquired with a CO-functionalized tip (V = -100 mV, I = 50 pA). c, d, Corre-

sponding UHR-STM image of di-1 (c) and its Laplace transform (d) showing large LDOS ac-

cumulation at the termini (V = -5 mV, I = 50 pA, Δz = -0.40 Å). e, dI/dV spectra acquired in 

the vicinity of the Fermi level revealing Kondo resonances localized at the terminal triangular 

motifs of di-1 (tip positions are marked by filled circles in (c)). f, Temperature evolution of 

the Kondo resonance with fit to the experimental data with Frota function. g, Extracted half 

width at half maximum (HWHM) of the Kondo resonance as a function of temperature, with 

corresponding fit using Fermi-liquid model. h, Magnetic field evolution of the Kondo reso-

nance at T = 1.6 K with corresponding fit with Frota function. A Zeeman splitting is clearly 

resolved at 10 T as indicated by two arrows. i, Extracted Zeeman splitting of the Kondo reso-

nance as a function of magnetic field with corresponding linear fit. j, MFH-calculated spin 

density distribution of di-1. Open feedback parameters for dI/dV spectra: V = -20 mV, I = 300 

pA, Vrms = 400 μV (e, f) and V = -20 mV, I = 1 nA, Vmod = 200 μV (h). Scale bars: 0.5 nm. 



effects from the underlying surface (GW+IC) for the open-shell singlet state of 1. Figure 2i 

presents a comparative energy spectrum of the HOMO-1 to LUMO+1 resonances of 1 for 

GW+IC calculations and STS experiments, where both the GW+IC Coulomb gap of 1.20 eV 

and the relative energies of the charged excitations corresponding to HOMO-1 to LUMO+1 

resonances match excellently with the experimental data. Finally, unambiguous evidence of 

intrinsic magnetism in 1 is detected as low-energy spectral features in the vicinity of the Fer-

mi level, in the form of peaked steps symmetrically located at ±23 mV (Fig. 2j, k). In contrast 

to resonant tunneling of electrons through MOs, which reflect as peaks in dI/dV spectrum, 

symmetric stepped spectral features around the Fermi energy indicate inelastic excitations. 

Moreover, dI/dV maps recorded at ±23 mV agree well with the computed spin density distri-

bution of 1 (Fig. 2l). Based on the S = 0 ground state of 1, we ascribe these spectral features to 

singlet-triplet spin excitations38 (S = 0 to S = 1, Fig. 2m), confirming a magnetic order in 1 ad-

sorbed on Au(111) .The value of 23 meV, which reflects the exchange coupling strength of 

the constituent spins in 1, exceeds the Landauer limit8 of minimum energy dissipation, kBT 

ln2 ≈ 18 meV, at T = 300 K, promising for spin logic operations near room temperature. We 

note that while the delocalized π-radical system of 1 confers it with sufficient stability such 

that the spins are not quenched upon adsorption on the metal surface, the broad and peaked 

profile of the excitation spectrum possibly indicates finite Kondo scattering of the individual 

spins with the underlying surface39. 

The simple picture that emerges from the spectroscopic analyses of 1 is that of two spins that 

are exchange-coupled antiferromagnetically, with an effective exchange parameter Jeff = 23 

meV. According to this picture, increasing the separation of the spin-bearing moieties should 

lead to electronic decoupling of the spins, such that Jeff = 0 and the spins behave as free para-

magnetic centers with S = ½. It is then plausible that screening of the individual spins by itin-

erant conduction electrons of the surface should result in a many-body Kondo ground state40. 

A straightforward route to confirm such a scenario is outlined in Fig. 3a, wherein linear fusion 

of 1 to generate a dimer (di-1) is envisaged, such that the spins in di-1 are separated through a 

large non-magnetic aromatic unit. We find that such linearly-fused oligomers coexist with 1 

(Fig. 1d) and constitute larger members of TF-NGs. Figure 3b shows the HR-STM image of 

di-1, where the termini retain the five-lobed appearance of 1 and no distinctive LDOS feature 

is seen at the central part. The corresponding UHR-STM image (Fig. 3c, d) clearly shows the 

bond-resolved structure of di-1, and importantly, reveals considerable accumulation of LDOS 

near zero bias at the termini – a feature absent in 1. dI/dV spectroscopy in the vicinity of the 

Fermi level reveals pronounced zero-bias peaks (ZBPs) that are localized at the terminal tri-

angular motifs, and are notably absent at the central part (Fig. 3e). The resonance linewidth of 

the ZBPs exhibits an anomalous broadening with increasing temperature, and follows the 

characteristic trend of a Kondo-screened state with the Kondo temperature 𝑇𝐾 = 37 ± 4 K 

(Fig. 3f, g). Furthermore, the ZBPs exhibit pronounced attenuation and eventual Zeeman 

splitting with increasing magnetic field (Fig. 3h, i), which unambiguously proves these spec-



tral features to be Kondo resonances. The extracted Landé factor 𝑔 = 2.3 ± 0.2 is close to the 

value for a free electron, 𝑔0 = 2 (see Supplementary Information for fit procedures). The de-

tection of Kondo resonance hence establishes that spins localized at the termini of di-1 are 

electronically decoupled and effectively behave as independent paramagnetic centers. MFH-

calculated singlet-triplet (ST) gaps of 1 and di-1 support this viewpoint, wherein over a wide 

 

Figure 4 │ Spin quenching and switching of magnetic ground state in 1´ and 2H-1. a, 

HR-STM image of 1´ acquired with a CO-functionalized tip (V = -400 mV, I = 50 pA). The 

arrow highlights a missing central lobe at the end bound to the elbow. b, Corresponding 

UHR-STM image revealing considerable LDOS accumulation at the unbound end and loss of 

resolution at the central hexagon apex of the bound end (V = -5 mV, I = 50 pA, Δz = -1.00 Å). 

c, Schematic representations of 1, 1´ and 2H-1. d, DFT-calculated spin density distribution 

(isovalue: ±0.003 a.u.) of 1 chemisorbed to a gold atom (left panel); and the magnified side 

view of the system, with the carbon atom bound to the gold atom indicated by an arrow (right 

panel). Carbon, hydrogen and gold atoms are colored gray, white and yellow, respectively. e, 

f, STM image of 1´ ((e), V = -100 mV, I = 150 pA), and corresponding dI/dV spectra showing 

Kondo resonance at the unbound end (f). g, h, STM image after lateral manipulation of 1´ to 

create 1 ((g), V = -100 mV, I = 100 pA), and dI/dV spectra showing recovery of spin excita-

tions (h). i, STM image of a 1 and 2H-1 molecule (V = -30 mV, I = 300 pA). j, dI/dV spectra 

showing Kondo resonance at the pristine end and a featureless signal at the dihydrogenated 

end of 2H-1. k, l, STM image after voltage pulse-induced manipulation of 2H-1 to create 1 

((k), V = -30 mV, I = 300 pA), and dI/dV spectra demonstrating recovery of spin excitations 

(l). Tip positions for spectra shown in (f, h, j, l) are marked by filled circles in (e, g, i, k), re-

spectively. Open feedback parameters for dI/dV spectra: V = -50 mV, I = 500 pA, Vrms = 400 

μV. Scale bars: 0.5 nm (a, b), 1 nm (e, g, i, k). 



range of the on-site Coulomb repulsion (𝑈), the ST gap of 1 presents a finite value with a 

monotonic increase with increasing 𝑈, while that of di-1 remains zero indicating no spin cou-

pling (Supplementary Fig. 4). The computed spin density distribution of di-1 (Fig. 3j) reveals 

negligible spin density at the central part of the molecule, in support of the spatial extent of 

the LDOS near zero bias seen experimentally (Fig. 3c, also see Supplementary Fig. 5 for 

Kondo maps). Further spectroscopy data on di-1 are reported in Supplementary Fig. 6 and 7. 

The presence of unpaired spins renders 1 susceptible to spin quenching via site-specific chem-

isorption on the Au(111) surface. While at moderate to high coverage, 1 is mostly adsorbed 

on the fcc sites, it is found pinned to the elbows of the herringbone ridges at low coverage 

(Supplementary Fig. 8, we refer to these species as 1´), that are known to be reactive sites due 

to a lower atomic coordination. Figure 4a presents a HR-STM image of 1´, which reveals a 

missing central lobe at the end bound to the elbow41 (highlighted with an arrow). The corre-

sponding UHR-STM image (Fig. 4b, also see Supplementary Fig. 9) shows two noticeable 

features: (i) a significant loss of resolution at the central hexagon apex of the end bound to the 

elbow, and (ii) pronounced accumulation of LDOS near zero bias at the unbound end – both 

features absent in 1. This large LDOS manifests as ZBPs at the unbound end, which exhibit 

temperature-dependent characteristics of a Kondo resonance (Supplementary Fig. 10). Since 

the external carbon atom of the terminal central hexagon in 1 hosts the largest spin density 

(Fig. 2e), we speculate that bonding to an under-coordinated gold atom at the elbow quenches 

the spin at that site, such that 1´, whose tentative chemical structure is represented in Fig. 4c, 

can be described as an effective spin-½ system. To model this scenario, we consider the DFT-

computed structure shown in Fig. 4d, wherein a gold atom is chemisorbed to 1 at one of its 

ends. Firstly, it is seen that the carbon atom bound to the gold atom (indicated by an arrow) 

shows a slight out-of-plane displacement toward the gold atom, explaining the corresponding 

loss of resolution in the UHR-STM image. Secondly, the computed spin density distribution 

of the structure reveals complete quenching of magnetic moments at the bound end, with spin 

localization only at the unperturbed end (i.e. a spin-½ system), in agreement with the experi-

mental Kondo map (Supplementary Fig. 5). To confirm our assumption we perform lateral 

manipulation of 1´. As 1´ is manipulated away from the elbow site, a noticeable change in to-

pography (Fig. 4e, g) accompanies recovery of spin excitations (Fig. 4f, h), indicating a S = ½ 

to S = 0 switching of the magnetic ground state. Additional spectroscopy measurements on 1´ 

are reported in Supplementary Fig. 11. Furthermore, we also find species on the surface where 

the central carbon atom at one end is passivated by two hydrogen atoms (2H-1 in Fig. 4c). 

Figure 4i shows a 1 (left) and 2H-1 (right) molecule, where the upper end of 2H-1 exhibits a 

featureless appearance due to the central carbon atom saturated with two hydrogen atoms. 

Contrary to 1, which exhibits spin excitations at both ends, we find a flat dI/dV signal at the 

upper end of 2H-1 and a pronounced ZBP at the lower (pristine) end (Fig. 4j). Conceptually, 

this is the same scenario as in 1´, where the spin density at the upper end is quenched via 

bonding to two hydrogen atoms (Supplementary Fig. 2), while the surviving S = ½ at the low-



er end is screened by the surface electrons, associating the ZBP to Kondo resonance. Dissoci-

ation of the extra hydrogen atom in 2H-1 through a voltage pulse results in the formation of 1 

(Fig. 4k) and leads to recovery of spin excitations (Fig. 4l). 

We have provided direct and unambiguous evidence of robust magnetic order in the sp2-

carbon system of Clar’s goblet, the first experimentally-realized member of TF-NGs whose 

magnetic properties have been theoretically predicted since nearly fifty years. The antiferro-

magnetic ground state, distinguished by the large effective coupling strength of 23 meV that 

surpasses those of transition metal atom assemblies38, remarkably survives contact with a 

metal electrode. Our studies provide a firm basis for investigation of larger members of TF-

NGs that are predicted to exhibit magnetic coupling strengths well beyond the thermodynamic 

threshold7, raising hopes of fault-tolerant spin logic operations at room temperature42, thereby 

ushering in carbon-based spintronics10. 

Methods 

Synthesis of molecular precursor: The detailed chemical synthesis of molecular precursor 2 

along with solution characterization data is reported in Supplementary Information (Supple-

mentary Schemes 1-8 and Supplementary Figures 12-37). 

Sample preparation and STM/STS measurements. STM measurements were performed 

with two commercial low-temperature systems operating at base pressures below 1×10−10 

mbar: a Scienta Omicron LT-STM operating at 4.5 K, and a Unisoku USM-1300 STM operat-

ing at 1.6 K with a maximum out-of-plane magnetic field of 11 T. Au(111) single crystal sur-

faces were prepared via iterated cycles of sputtering with Ar+ ions at p = 6×10−6 mbar, and 

annealing to 750 K for 10 min under p < 1×10-9 mbar. Prior to the deposition of precursor 

molecules, STM was used to check the quality and cleanliness of the surface. Precursor 2 was 

contained in a quartz crucible and sublimed from a home-built evaporator at 450 K on 

Au(111) surface held at room temperature. STM images and dI/dV maps were recorded in 

constant-current mode. Unless otherwise stated, gold-coated tungsten tips were used for STM 

imaging and spectroscopy measurements. Indicated tunneling bias voltages are provided with 

respect to the sample. dI/dV and d2I/dV2 spectra, and dI/dV maps were obtained with a lock-in 

amplifier (f = 860 Hz), wherein a signal proportional to dI/dV (d2I/dV2) was obtained from the 

first (second) harmonic of the tunneling current. Modulation voltages for individual meas-

urements are provided in the respective figure captions, wherein Vmod and Vrms refer to the 

peak-to-peak and root mean square values of the modulation amplitude. UHR-STM images 

were acquired in constant-height mode with CO-functionalized tips, at tunneling biases close 

to the Fermi energy, and the current signal was recorded. Open feedback parameters and sub-

sequent lowering of the tip height (i.e. Δz) for each UHR-STM image are provided in the re-

spective figure captions. CO molecules were deposited on a cold sample (T < 13 K) contain-

ing bilayer NaCl(001) islands, and CO-functionalized tips were prepared by picking up 

individual CO molecules from NaCl islands. STM voltage pulse-induced manipulation was 

conducted by positioning the STM tip at the center of the molecule at V = 100 mV and I = 2 



pA, and the feedback loop was turned off. Thereafter, the tip was retracted by Δz ≈ 5 Å to lim-

it the tunneling current, and the tunneling bias was gradually ramped to a range between 3.7-

4.0 V, wherein an abrupt change in the tunneling current was reproducibly observed, indicat-

ing a manipulation event. This bias range is consistent with the dissociation of an H atom 

from a –CH2 group24. STM lateral manipulation was conducted by moving the tip along a de-

fined trajectory over the molecule at V ≤ 100 mV and I ≥ 5 nA. All data shown in this study 

were acquired at a sample temperature of 4.5 K, unless otherwise stated. The data were pro-

cessed with Wavemetrics Igor Pro or WSxM43 software. 

Tight-binding calculations of electronic structure. The tight-binding calculations of the 

molecular π-electron systems have been performed by numerically solving the Mean-Field-

Hubbard Hamiltonian with first nearest-neighbor hopping: 

�̂�𝑀𝐹𝐻 = −𝑡 ∑ 𝑐𝛼,𝜎
†

〈𝛼,𝛽〉,𝜎

𝑐𝛽,𝜎
− + 𝑈 ∑〈𝑛𝛼,𝜎〉𝑛𝛼,�̅�

𝛼,𝜎

− 𝑈 ∑〈𝑛𝛼,↑〉〈𝑛𝛼,↓〉

𝛼

 

Here, 𝑐𝛼,𝜎
†

 and 𝑐𝛽,𝜎
−  denote the spin selective (𝜎 ∈ {↑, ↓}) creation and annihilation operator at 

neighbouring sites 𝛼 and 𝛽, 𝑡 the nearest-neighbour hopping parameter (with 𝑡 = 2.7 eV used 

here), 𝑈 the on-site Hubbard parameter, 𝑛𝛼,𝜎 the number operator and 〈𝑛𝛼,𝜎〉 the mean occu-

pation number at site α. Orbital electron densities of the nth-eigenstate with energy 𝐸𝑛 have 

been simulated from the corresponding state vector 𝑎𝑛,𝑖,𝜎 by:  

𝜌𝑛,𝜎(𝑟) = |∑ 𝑎𝑛,𝑖,𝜎𝜙2𝑝𝑧
(𝑟 − 𝑟𝑖)

𝑖

|

2

 

where 𝑖 denotes the atomic site index, and 𝜙2𝑝𝑧
 denotes the Slater 2pz orbital for carbon (Z = 

6). 

Data availability. The data that support the findings of this study are available from the cor-

responding authors on reasonable request. 

Code availability. The tight-binding calculations were performed using a custom-made code 

on the WaveMetrics Igor Pro platform. Details of the tight-binding code can be obtained from 

O.G. on reasonable request. 
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