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Abstract: Controlling selectivity of reactions is a quest in chemistry. Here, we demonstrate 

reversible and selective bond formation and dissociation promoted by tip-induced reduction-

oxidation reactions on a surface. Molecular rearrangements leading to different constitutional 25 

isomers are selected by the polarity and magnitude of applied voltage pulses from the tip of a 

combined scanning tunneling and atomic force microscope. Characterization of voltage 

dependence of the reactions and determination of reaction rates demonstrate selectivity in 

constitutional isomerization reactions and provide insight into the underlying mechanisms. With 

support of density functional theory calculations, we find that the energy landscape of the 30 

isomers in different charge states is important to rationalize the selectivity. Tip-induced selective 

single-molecule reactions increase our understanding of redox chemistry and could lead to novel 

molecular machines. 

 

One-Sentence Summary: Different bonds within a single molecule can be formed selectively 35 

by atom manipulation through the voltages applied.   
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Controlling selectivity in reactions is a central goal in chemistry. In solution, such control can be 

achieved in steering the valence electrons by the pH-value or the electrochemical potential, for 

example. By these means, however, the reaction conditions are altered in such complexity that 

the basic mechanisms governing selectivity often remain elusive. The exploration of how 

external electrostatic fields and charge-state manipulation affect chemical bonding is still in its 5 

infancy [1]. 

Investigating surface chemistry by means of STM and AFM offers the possibility to study basic 

chemical mechanisms under atomically well-defined conditions. The reaction itself can be even 

directly triggered with the tip of an STM at will [2,3]. Spurred by advances in molecular 

characterization by STM [4] and AFM [5], novel tip-induced reactions and reaction mechanisms 10 

were discovered [6-11]. Typically, in tip-induced chemistry, precursors are designed on which 

specific bonds can be broken, dissociating designated masking groups [3]. The demasking can in 

turn enable or cause other reactions such as intermolecular bond formation [3,11,12], 

intramolecular bond formation [7] or skeletal rearrangements [13].  

Control over configurational switching [14], bond formation and dissociation [15] and hydrogen 15 

tautomerization reactions [16-18] could be achieved by means of charge attachment and charge-

state manipulation. By means of the electric field, control of configurational isomers [19] and 

control of the yield of a Diels-Alder reaction [20] were demonstrated. Furthermore, selectivity 

between molecular translation and desorption, controlled by inelastically tunnelling electrons 

[21] and selective bond dissociation resulting from adsorbate-substrate bond alignment [22] were 20 

achieved. Even tip-controlled artificial molecular machines [23] have been demonstrated. For 

example, a molecule translated by molecular motors driven by inducing alternating 

conformational and configurational isomerization reactions [24]. 

Here, we showcase the potential of tip-induced electrochemistry obtaining chemical selectivity in 

single-molecule reactions, that is, we show that multiple constitutional isomerization reactions 25 

can be controlled and selected by voltage pulses from the tip. Selected by the voltage pulse, we 

formed different transannular covalent bonds. 
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Fig. 1: Reaction scheme. Tip-induced reactions promoted by voltage pulses are indicated with 

the respective sample voltages V. For 3 and 5 different resonance structures are displayed. The 5 

intermediates 1a and 2a might be transiently charged. We also observed other partly 

dehalogenated intermediates than 2 (see fig. S3), indicating several pathways for the initial 

formation of 3, 4 and 5. 

 

As molecular precursor we synthesized 5,6,11,12-tetrachlorotetracene (1, C18H8Cl4, see Fig. 1 10 

and Supplemental Material, Scheme S1 and S2, for details on the synthesis). We deposited 1 by 

thermal sublimation on a Cu(111) substrate partly covered with NaCl islands of one to three 

monolayers (ML) thickness, at a sample temperature of T ≈ 10 K. Experiments were performed 

at T = 5 K, on molecules on 2ML NaCl on Cu(111) unless noted otherwise. All images reported 

were obtained with CO-functionalized tips [5]. All AFM images are recorded in constant-height 15 

mode at a sample voltage of V = 0 V.  
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Fig. 2: AFM images of precursor, intermediate and products. Constant-height, CO-tip AFM 

images of precursor 1 (A), intermediate 2 (B) and products 4 (C), 3 (D) and 5 (E), on NaCl. (A, 

B, D) on 2ML NaCl, (C, E) on 1ML NaCl. Scale bars correspond to 0.5 nm. For images at 

different tip-height offsets and imaging parameters, see fig. S1, S2, S4, S5, S6. 5 

 

Figure 2A shows an AFM image of 1. The differences in brightness of the Cl atoms result from 

steric hindrance between neighboring Cl atoms, causing different adsorption heights see fig. S1. 

By means of voltage pulses from the probe tip located above the molecule, we dissociated Cl 

atoms. We observed a threshold voltage of about V = +3.5 V, with tunneling currents on the 10 

order of I = 1 pA, for the dissociation of the first two Cl atoms from 1. Often, the molecule also 

moved on the surface by a few nm when a voltage pulse was applied.  

Figure 2B and fig. S2 show the partly dechlorinated intermediate 2 (C18H8Cl2), with two Cl 

atoms of 1 dissociated (see other partly dechlorinated intermediates observed in fig. S3 and 

Table S1). The AFM image of 2 reveals a ten-membered ring on the dechlorinated side, 15 

exhibiting characteristic sharp and bright features above the triple bonds [7]. This suggests that a 

retro-Bergman-cyclization reaction [7] had taken place with intermediate 1a as transition 

structure. By voltage pulses of +4 V to +4.5 V, we dissociated the remaining chlorine atoms in 2, 

creating different structures with the chemical formula C18H8. We observed constitutional 

isomers 3, 4 and 5, shown in Fig. 2C-E (see also fig. S4, S5 and S6) and in rare occasions other 20 

isomers (see fig. S7). 

These molecules are highly strained, presumably very reactive and none of them had been 

reported previously. Because of the inert NaCl surface and the low temperature they are stable 

under the conditions of our experiment for |V| < 0.7 V. The isomers differ in their central part, 

where they either exhibit a ten-membered ring in 3, a four-membered ring fused to an eight-25 

membered ring in 4, or two fused six-membered rings, yielding a chrysene-like carbon backbone 

in 5. In most cases (62%) we found structure 3 directly after the dissociation of all chlorine 

atoms (see Table S2). 

Figure 1 shows a plausible synthetic route for the formation of these isomeric strained 

hydrocarbons. Probably, the cleavage of two Cl atoms from intermediate 2, at first, generates 30 
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sigma diradical 2a, which could evolve through a Cope-type rearrangement to obtain structure 3. 

Possibly this reaction proceeds in a transiently charged state (see SM text: Details on 

dehalogenations). This would be in accordance with the mechanism previously proposed for 

enediyne cyclizations, which is facilitated by the formation of radical-anionic species [25]. While 

3 is a plausible resonance structure with two cumulene moieties, alternative structures combining 5 

enyne and cumulene groups (3’) or two enynes (3’’) within the central ten-membered ring can 

also be considered. The transannular C-C bond formation between the radicals in structure 3’’ 

would lead to the formation of diyne 4, while the C-C bond formation between radicals in 3’ 

would afford the chrysene-based bisaryne 5. 

First, we characterize on surface the products 3, 4 and 5. The STM measured maps of electronic 10 

resonances are shown in Fig. 3 and fig. S8, accompanied by DFT calculations. We find that 4 

and 5 are charge neutral, with the shape of the imaged frontier orbital densities, of the highest 

occupied and lowest unoccupied molecular orbital (HOMO and LUMO) in agreement to the 

DFT calculations, see Fig. 3A-K and fig. S9. For 4 we did not observe the positive ion resonance 

(HOMO) for voltages up to V = -2 V, see fig. S10. For 3 the experiment shows that the molecule 15 

is in its anionic charge state. This is consistently indicated the scattering of interface-state 

electrons (fig. S11), Kelvin probe force spectroscopy (Table S3) and STM maps of the electronic 

resonances (Fig. 3B, C) and their comparison with theory (figs. S12 and S13). The identification 

of structure 3 as a radical anion agrees with the expected tendency of sigma radicals to be 

reduced, in contrast to closed-shell compounds 4 and 5.  20 

 

 

 

 

Fig. 3. Characterization of products by STM, DFT and AFM. (A-E) STM images at the first 25 

electronic resonances at negative and positive sample voltage. (F-K) Simulated orbital maps of 

the frontier orbitals, considering the finite resolution of the tip (see fig. S9). (L-N) AFM images. 

All experimental images were recorded on 2ML NaCl, with the molecules next to 3ML NaCl 

islands. (O-Q) DFT calculated structures on NaCl with the bond length indicated by color. The 

DFT calculations of 3 are shown in the anionic charge state, that for 4 and 5 in the neutral charge 30 

state. Scale bars correspond to 0.5 nm. 
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Moreover, our measurements reveal that the anion of 3 undergoes a Jahn-Teller distortion that is 

also found by B3LYP-based DFT (see Fig. 3P) and explains the symmetry breaking with respect 

to the long molecular axis that is observed for both electronic resonances (Fig. 3B, C). 

Structurally, the Jahn-Teller distortion of the anion 3-1 features an inward bend on one long side 5 

of the ten-membered ring (see Fig. 3P) and can be observed in high-resolution AFM images (see 

Fig. 3M and fig. S4). The first electronic resonance at negative bias, shows two lobes of 

increased orbital density on the side of the inward bend (see Fig. 3B, H and fig. S12). Whereas 

the first electronic resonance at positive bias exhibits increased density on the side opposite to 

the inward bend (see Fig. 3C, I and fig. S12 and S13) in excellent agreement of experiment and 10 

theory. 

Next, we study tip-induced reactions between 3, 4 and 5. When we applied pulses of relatively 

large bias, V > +2.5 V with currents I on the order of 10 pA, we could transform molecules 

between all these three structures, however, with limited control of the outcome. A 

rearrangement after a bias pulse of V = +2.5 V resulted mostly in structure 5 (about 50% of the 15 

attempts) and less often in structures 4 or 3 (25% each). Structure 5 was stable for |V| < 2 V. 

However, voltage pulses of |V | < 2 V, when applied to 3 and 4, resulted in different reactions 

depending on the applied voltage.  

 

 20 
 

Fig. 4. Tip-induced transitions between 3 and 4. Histograms (A, B) show the outcome in 

dependence of V applied for t = 10 s, at constant current I = 0.5 pA above molecule 3 (A) and 4 

(B) on 2ML NaCl. (C) Reaction rate as a function of tunneling current. Transitions α and β were 

probed at V = -1.3 V, transition γ was probed at V = 1.1 V. The extracted slopes are for α = 25 
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1.86 ± 0.18, β = 1.90 ± 0.26, γ = 1.61 ± 0.76. (D) Many-body electron picture for V ≈ 0 V, 

associated with the observed charging and structural transitions between 3 and 4, assuming equal 

free energies of 40 and 3-1. 

 

Histograms showing the outcome of voltage pulses with currents of I = 0.5 pA applied above 3 5 

and 4 as initial structures are shown in Fig. 4A, B, respectively (see also fig. S14 and fig. S15). 

Our findings are summarized as: (i) At |V| < 0.7 V, 3 and 4 are stable. (ii) At -1.7 V < V < -0.9 V, 

bidirectional switching occurs between 3 and 4. That is, 3 can be converted into 4 (transition 

labelled α) and vice versa (transition β), and only with a small probability (< 10 %) structure 5 is 

formed. (iii) At +0.9 V < V < +1.7 V, unidirectional switching from 4 to 3 occurs. That is, 4 is 10 

converted into 3 (transition γ), but 3 is stable at these voltages. (iv) At V ≈ -1.9 V structure 3 is 

transformed into 5 with a high yield and structure 4 either into 3 or 5.  

Switching between the structures was possible on 1, 2 and 3 ML NaCl islands with similar 

threshold values. The data shown in Fig. 4 was measured on 2 ML NaCl. The observed voltage 

dependence allows us to select outcomes of tip-induced rearrangements. We can select which 15 

transannular C-C bond is formed within the ten-membered ring of structure 3. We dominantly 

generated structure 4 with pulses in the range of -1.1 V to -1.7 V, but structure 5 with V = -1.9 V, 

demonstrating selectivity in single-molecule constitutional isomerization reactions.  

For the transitions between 3 and 4 we investigated the respective reaction rates, see Fig. 4C. 

These were measured at V = -1.3 V for transitions α (from 3 to 4 at negative V) and β (from 4 to 20 

3 at negative V), and at V = +1.1 V for γ (from 4 to 3 at positive V), as a function of current by 

using different tip heights. The slopes of the linear fits in the double logarithmic plot are 1.86 

± 0.18 for α, 1.90 ± 0.26 for β, and 1.61 ± 0.76 for γ. This indicates that transitions α and β are 

two-electron processes. For γ the error is too large to differentiate between a one- and a two-

electron process.  25 

Figure 4D visualizes in a many-body electron picture the transitions between 3 and 4. The 

transition α and γ coincide with the onset of ionic resonances of the initial structures, as probed 

by STM (Fig. 3B, A, respectively), suggesting that these transitions involve (de)charging the 

initial structure. Note that at electronic resonance, the charge state is transiently changed by 

charge transfer between tip and molecule, after a typical lifetime on the order of few ps on 2ML 30 

NaCl the molecular charge ground state is restored by charge transfer between molecule and 

metal substrate [4]. The structural relaxation that follows a charge transition can oscillate for 

several 10 ps [26].  

For Fig. 4D we calculated on a NaCl surface the ground state energies of 3 and 4 in different 

charge states and the related relaxation energies Δ (see SM) [27]. The relatively large energy of 35 

the intermediate 30 for the transition from 3-1 is rationalized by the Jahn-Teller distortion of 3-1. 

The calculated energies for the charge transitions are in good agreement with the resonances 

measured by STM when assuming similar energies for 40 and 3-1. A partial voltage drop across 

NaCl of about 20% can be considered for this junction geometry [27]. 

The observed two-electron process for α indicates that in addition to the charge transition a 40 

second charge carrier is needed to provide additional energy in an inelastic electron tunneling 

(IET) process [28]. In contrast, transition β involves no charging of the initial structure 40, but 

probably only by IET processes a transition to 30 occurs, which is subsequently charged from the 

substrate to 3-1, the charge ground-state of structure 3. In transition γ, the LUMO of 4, shown in 
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Fig. 3G, is transiently occupied. This orbital exhibits a nodal plane along the long axis of the 

molecule, thus is an antibonding state with respect to the central bond of 4, facilitating its rupture 

[29] and thus the transition to 3. Note that at small currents of I ≈ 0.5 pA the reaction rates are on 

the order of minutes, and thus orbital density images can be obtained, see Fig. 3A, B, C. Our 

results indicate that these reactions are triggered by electron attachment, rather than by the 5 

electric field alone. That the effect of the latter is small can be rationalized by the reaction 

coordinates, i.e., the molecular plane and the movement of atoms, being parallel to the substrate, 

whereas the electric field applied by the tip is orthogonal with respect to the substrate and the 

reaction coordinates. 

On-surface calculations (see fig. S16) show that in both the neutral and negative charge state, 5 10 

has a lower energy than 3 and 4, explaining the observed dominant switching to 5 at larger biases 

and its stability for |V| < 2.0 V. Gas-phase calculations (see fig. S16) indicate that the reaction 

barriers (both in neutral and negative charge states) to 5 are higher than the ones between 3 and 

4, explaining the increased voltages needed to switch to 5, compared to switching between 3 and 

4. The high barrier between 4 and 5 in the neutral and negative charge states (see fig. S16) 15 

suggests that the observed transformation from 4 to 5 at V = -1.9 V (see Fig. 4B) proceeds via 

structure 3 as intermediate.  

The switching at higher bias |V| > 2.0 V and increased currents on the order of 10 pA is less 

controlled and more challenging to understand and its detailed description is beyond the scope of 

this work. Because of the large bias, several successive and branching charge transitions and 20 

structural rearrangements must be considered. Also, current induced catalytic reduction of the 

barrier might play a role [30]. In addition, the switching between all three structures at V = 2.5 V 

could include higher excited states, e.g., occupation of the LUMO+1, which for 5 is accessed at 

V = 2.5 V, (see fig. S17). It might proceed via dianionic charge states, which show similar 

ground state energies for all three structures (see fig. S16), and the transient occupation of the 25 

dianion is observed for 3 by resonant tunneling in Fig. 3C at V = 1.1 V.  

Our experiment shows that for a molecule on a surface, several chemical transformations 

between multiple constitutional isomers can be controlled by tip-induced redox chemistry. With 

different voltages and polarities, we selectively activated one, two or all three transitions 

between three different isomers (3, 4, 5). We demonstrated directed and reversible switching 30 

between two non-ground state isomers (3, 4) and selectively formed transannular covalent bonds 

deliberately transforming 3 to either 4 or 5. We learned that the selectivity of the reactions is 

facilitated by changes of the energy landscape as a function of the transient charge state, 

accessed by the bias applied. The charge ground states can in general be adjusted via the 

substrate’s work function [31].  35 

The insights obtained in redox reactions studied by tip-induced electrochemistry, will be useful 

to better understand redox reactions that are important in organic synthesis [32] and nature [33]. 

For future artificial molecular machines [23], controlled, reversible and selected switching 

between more than two different constitutional isomers, as demonstrated in our work, could 

enable novel functionalities. In addition, increased workload and operation at elevated 40 

temperatures could be facilitated by the relatively high energy barriers, on the order of 1 eV, 

involved in constitutional isomerization reactions. 

 

References and Notes 



9 

 

[1] S. Ciampi, N. Darwish, H. M. Aitken, I. Díez-Pérez, M. L. Coote, Harnessing 

electrostatic catalysis in single molecule, electrochemical and chemical systems: a rapidly 

growing experimental tool box, Chem. Soc. Rev. 47, 5146–5164 (2018). 

[2] B. Stipe, M. Rezaei, W. Ho, S. Gao, M. Persson, B. Lundqvist, Single-molecule 

dissociation by tunneling electrons, Phys. Rev. Lett. 78, 4410–4413 (1997). 5 

[3] S.-W. Hla, L. Bartels, G. Meyer, K.-H. Rieder, Inducing all steps of a chemical reaction 

with the scanning tunneling microscope tip: Towards single molecule engineering, Phys. 

Rev. Lett. 85, 2777–2780 (2000). 

[4] J. Repp, G. Meyer, S. M. Stojkovic, A. Gourdon, C. Joachim, Molecules on Insulating 

Films: Scanning-Tunneling Microscopy Imaging of Individual Molecular Orbitals, Phys. 10 

Rev. Lett. 94, 026803 (2005). 

[5] L. Gross, F. Mohn, N. Moll, P. Liljeroth, G. Meyer, The Chemical Structure of a 

Molecule Resolved by Atomic Force Microscopy, Science 325, 1110–1114 (2009). 

[6] J. Repp, G. Meyer, S. Paavilainen, F. E. Olsson, M. Persson, Imaging Bond Formation 

Between a Gold Atom and Pentacene on an Insulating Surface, Science 312, 1196–1199 15 

(2006). 

[7] B. Schuler, S. Fatayer, F. Mohn, N. Moll, N. Pavliček, G. Meyer, D. Peña, L. Gross, 

Reversible Bergman cyclization by atomic manipulation, Nat. Chem. 8, 220–224 (2016). 

[8] J. N. Ladenthin, T. Frederiksen, M. Persson, J. C. Sharp, S. Gawinkowski, J. Waluk, 

T. Kumagai, Force-induced tautomerization in a single molecule, Nat. Chem. 8, 935–940 20 

(2016). 

[9] E. Kazuma, J. Jung, H. Ueba, M. Trenary, Y. Kim, Real-space and real-time observation 

of a plasmon-induced chemical reaction of a single molecule, Science 360, 521–526 

(2018). 

[10] S. Kawai, O. Krejc, T. Nishiuchi, K. Sahara, T. Kodama, R. Pawlak, E. Meyer, T. Kubo, 25 

A. S. Foster, Three-dimensional graphene nanoribbons as a framework for molecular 

assembly and local probe chemistry, Sci. Adv. 6, eaay8913 (2020). 

[11] Q. Zhong, A. Ihle, S. Ahles, H. A. Wegner, A. Schirmeisen, D. Ebeling, Constructing 

covalent organic nanoarchitectures molecule by molecule via scanning probe 

manipulation, Nat. Chem. 13, 1134–1139 (2021). 30 

[12] K. Kaiser, L. M. Scriven, F. Schulz, P. Gawel, L. Gross, H. L. Anderson, An sp-

hybridized molecular carbon allotrope, cyclo[18]carbon, Science 365, 1299–1301 (2019). 

[13] N. Pavliček, P. Gawel, D. R. Kohn, Z. Majzik, Y. Xiong, G. Meyer, H. L. Anderson, 

L. Gross, Polyyne formation via skeletal rearrangement induced by atomic manipulation, 

Nat. Chem. 10, 853–858 (2018). 35 

[14] B.-Y. Choi, S.-J. Kahng, S. Kim, H. Kim, H. W. Kim, Y. J. Song, J. Ihm, Y. Kuk, 

Conformational molecular switch of the azobenzene molecule: a scanning tunneling 

microscopy study, Phys. Rev. Lett. 96, 156106 (2006). 

[15] F. Mohn, J. Repp, L. Gross, G. Meyer, M. S. Dyer, M. Persson, Reversible Bond 

Formation in a Gold-Atom–Organic-Molecule Complex as a Molecular Switch, Phys. 40 

Rev. Lett. 105, 266102 (2010). 



10 

 

[16] P. Liljeroth, J. Repp, G. Meyer, Current-Induced Hydrogen Tautomerization and 

Conductance Switching of Naphthalocyanine Molecules, Science 317, 1203–1206 

(2007). 

[17] W. Auwärter, K. Seufert, F. Bischoff, D. Ecija, S. Vijayaraghavan, S. Joshi, 

F. Klappenberger, N. Samudrala, J. V. Barth, A surface-anchored molecular four-level 5 

conductance switch based on single proton transfer, Nat. Nano. 7, 41–46 (2012). 

[18] T. Kumagai, F. Hanke, S. Gawinkowski, J. Sharp, K. Kotsis, J. Waluk, M. Persson, 

L. Grill, Controlling intramolecular hydrogen transfer in a porphycene molecule with 

single atoms or molecules located nearby, Nat. Chem. 6, 41–46 (2014). 

[19] M. Alemani, M. V. Peters, S. Hecht, K.-H. Rieder, F. Moresco, L. Grill, Electric field-10 

induced isomerization of azobenzene by STM, J. Am. Chem. Soc. 128, 14446–14447 

(2006). 

[20] A. C. Aragonès, N. L. Haworth, N. Darwish, S. Ciampi, N. J. Bloomfield, G. G. Wallace, 

I. Diez-Perez, M. L. Coote, Electrostatic catalysis of a Diels-Alder reaction, Nature 531, 

88–91 (2016). 15 

[21] J. I. Pascual, N. Lorente, Z. Song, H. Conrad, H.-P. Rust, Selectivity in vibrationally 

mediated single-molecule chemistry, Nature 423, 525–528 (2003). 

[22] K. Anggara, K. Huang, L. Leung, A. Chatterjee, F. Cheng, J. C. Polanyi, Bond selectivity 

in electron-induced reaction due to directed recoil on an anisotropic substrate, Nat. 

Comm. 7, 1–6 (2016). 20 

[23] S. Erbas-Cakmak, D. A. Leigh, C. T. McTernan, A. L. Nussbaumer, Artificial molecular 

machines, Chem. Rev. 115, 10081–10206 (2015). 

[24] T. Kudernac, N. Ruangsupapichat, M. Parschau, B. Maciá, N. Katsonis, S. R. 

Harutyunyan, K.-H. Ernst, B. L. Feringa, Electrically driven directional motion of a four-

wheeled molecule on a metal surface, Nature 479, 208–211 (2011). 25 

[25] I. V. Alabugin, M. Manoharan, Radical-Anionic Cyclizations of Enediynes: Remarkable 

Effects of Benzannelation and Remote Substituents on Cyclorearomatization 

Reactions. J. Am. Chem. Soc. 125, 4495–4509 (2003). 

[26] T. L. Cocker, D. Peller, P. Yu, J. Repp, R. Huber, Tracking the ultrafast motion of a 

single molecule by femtosecond orbital imaging, Nature 539, 263–267 (2016). 30 

[27] S. Fatayer, B. Schuler, W. Steurer, I. Scivetti, J. Repp, L. Gross, M. Persson, G. Meyer, 

Reorganization energy upon charging a single molecule on an insulator measured by 

atomic force microscopy, Nat. Nano. 13, 376–380 (2018). 

[28] P. A. Sloan, R. Palmer, Two-electron dissociation of single molecules by atomic 

manipulation at room temperature, Nature 434, 367–371 (2005). 35 

[29] A. Erpenbeck, Y. Ke, U. Peskin, M. Thoss, Current-induced dissociation in molecular 

junctions beyond the paradigm of vibrational heating: The role of antibonding electronic 

states, Phys. Rev. B 102, 195421 (2020). 

[30] A. A. Dzhioev, D. S. Kosov, F. Von Oppen, Out-of-equilibrium catalysis of chemical 

reactions by electronic tunnel currents, J. Chem. Phys. 138, 134103 (2013). 40 



11 

 

[31] F. E. Olsson, M. Paavilainen, M. Persson, J. Repp, G. Meyer, Multiple Charge States of 

Ag Atoms on Ultrathin NaCl Films, Phys. Rev. Lett. 98, 176803 (2007). 

[32] M. Yan, Y. Kawamata, P. S. Baran, Synthetic organic electrochemical methods since 

2000: on the verge of a renaissance, Chem. Rev. 117, 13230–13319 (2017). 

[33] H. Beinert, R. H. Holm, E. Münck, Iron-sulfur clusters: nature’s modular, multipurpose 5 

structures, Science 277, 653–659 (1997). 

[34] E. Yagodkin, Y. Xia, V. Kalihari, C. D. Frisbie, C. J. Douglas, Synthesis, solid state 

properties, and semiconductor measurements of 5, 6, 11, 12-tetrachlorotetracene, J. Phys. 

Chem. C 113, 16544–16548 (2009). 

[35] F. J. Giessibl, High-speed force sensor for force microscopy and profilometry utilizing a 10 

quartz tuning fork, Appl. Phys. Lett. 73, 3956–3958 (1998). 

[36] T. R. Albrecht, P. Grütter, D. Horne, D. Rugar, Frequency modulation detection using 

high-Q cantilevers for enhanced force microscope sensitivity, J. Appl. Phys. 69, 668–673 

(1991). 

[37] P. W. Peterson, N. Shevchenko, B. Breiner, M. Manoharan, F. Lufti, J. Delaune, M. 15 

Kingsley, K. Kovnir, I. V. Alabugin, Orbital crossings activated through electron 

injection: opening communication between orthogonal orbitals in anionic C1–C5 

cyclizations of enediynes. J. Am. Chem. Soc. 138, 15617–15628 (2016). 

[38] P. W. Peterson, R. K. Mohamed, I. V. Alabugin, How to lose a bond in two ways? The 

diradical/zwitterion dichotomy in cycloaromatization reactions. Eur. J. Org. Chem. 2013, 20 

2505–2527 (2013). 

[39] Q. N. N. Nguyen, D. J. Tantillo, When To Let Go - Diradical Intermediates from 

Zwitterionic Transition State Structures? J. Org. Chem. 81, 5295–5302 (2016). 

[40] V. Blum, R. Gehrke, F. Hanke, P. Havu, V. Havu, X. Ren, K. Reuter, M. Scheffler, Ab 

initio molecular simulations with numeric atom-centered orbitals, Comput. Phys. 25 

Commun. 180, 2175–2196 (2009). 

[41] A. D. Beck, Density-functional thermochemistry. iii. the role of exact exchange, J. Chem. 

Phys. 98, 5648–6 (1993). 

[42] A. Tkatchenko, M. Scheffler, Accurate molecular van der Waals interactions from 

groundstate electron density and free-atom reference data, Phys. Rev. Lett. 102, 073005 30 

(2009). 

[43] B. Schuler, W. Liu, A. Tkatchenko, N. Moll, G. Meyer, A. Mistry, D. Fox, L. Gross, 

Adsorption geometry determination of single molecules by atomic force microscopy, 

Phys. Rev. Lett. 111, 106103 (2013). 

[44] N. Pavliček, A. Mistry, Z. Majzik, N. Moll, G. Meyer, D. J. Fox, L. Gross, Synthesis and 35 

characterization of triangulene, Nat. Nano. 12, 308–311 (2017). 

[45] J. Repp, G. Meyer, F. E. Olsson, M. Persson, Controlling the charge state of individual 

gold adatoms, Science 305, 493–495 (2004). 

[46] L. Gross, F. Mohn, P. Liljeroth, J. Repp, F. J. Giessibl, G. Meyer, Measuring the Charge 

State of an Adatom with Noncontact Atomic Force Microscopy, Science 324, 1428–1431 40 

(2009). 



12 

 

[47] T. Leoni, O. Guillermet, H. Walch, V. Langlais, A. Scheuermann, J. Bonvoisin, 

S. Gauthier, Controlling the charge state of a single redox molecular switch, Phys. Rev. 

Lett. 106, 216103 (2011). 

[48] C. Uhlmann, I. Swart, J. Repp, Controlling the orbital sequence in individual cu-

phthalocyanine molecules, Nano Lett. 13, 777–780 (2013). 5 

[49] L. L. Patera, F. Queck, P. Scheuerer, J. Repp, Mapping orbital changes upon electron 

transfer with tunnelling microscopy on insulators, Nature 566, 245 (2019). 

 

 

Acknowledgments: We thank Rolf Allenspach, Shantanu Mishra, Enrique Guitián and Zhiyong 10 

Zhu for discussions. This work was supported by the ERC Synergy Grant MolDAM (no. 

951519), the ERC Consolidator Grant AMSEL (no. 682144) and the European FET-OPEN 

project SPRING (no. 863098), the Spanish Agencia Estatal de Investigación (PID2019-

107338RB-C62, PID2019-110037GB-I00 and PCI2019-111933-2), Xunta de Galicia (Centro de 

Investigación de Galicia accreditation 2019–2022, ED431G 2019/03) and the European Regional 15 

Development Fund-ERDF. For some of the calculations, this research used the resources of the 

Supercomputing Laboratory at King Abdullah University of Science & Technology (KAUST) in 

Thuwal, Saudi Arabia. 

 

Funding:  20 

ERC Synergy Grant MolDAM (no. 951519) 

ERC Consolidator Grant AMSEL (no. 682144)  

European FET-OPEN project SPRING (no. 863098) 

Spanish Agencia Estatal de Investigación (PID2019-107338RB-C62) 

Spanish Agencia Estatal de Investigación (PID2019-110037GB-I00) 25 

Spanish Agencia Estatal de Investigación (PCI2019-111933-2)  

Xunta de Galicia (Centro de Investigación de Galicia accreditation 2019–2022, ED431G 

2019/03)  

 

Author contributions:  30 

On-surface experiments: FA, SF, LG 

Synthesis of precursor molecules: IP, DP 

DFT calculations: SF, IT, IP, FA, LG 

Writing: LG, FA, SF, IP, IT, JR, DP 

 35 

Competing interests: Authors declare that they have no competing interests. 

 



13 

 

Data and materials availability: All data are available in the main text or the supplementary 

materials.  

 

Supplementary Materials 

Materials and Methods 5 

Supplementary Text 

Figs. S1 to S17 

Table S1 to S3 

References (33–49) 

 10 


