Selectivity in singlemolecule reactions by tipinduced redox chemistry

Florian Albrecht *'A Shadi Fatayér?A lago Pozd* Ivano Tavernelli Jascha Refp
Diego Pefid*, Leo Gross*

1IBM ResearctEuropei Zurich, 8803 Riischlikon, Switzerland

2 Applied Physics Program, Physical Science and Engineering Division, King Abdullah
University of Science and Technology (KAUST), Thuwal 238980, Kingdom of Saudi
Arabia

3 Centro Singular de Investigacion en Quimica Bioloxica e Materiais Moleculares 83iQU
and Departamento de Quimica Organica, Universidade de Santiago de Compostela, 15782
Santiago de Compostela, Spain

4 Institute of Experimental and Applied Physics, University of Regensburg, 93053
Regensburg, Germany

#Present addres€hemistryResearch Laboratory (CRL), Department of Chemistry,
University of Oxford, Oxford, OX1 3TA, UK

AThese authors contributed equally to the work

* Corresponding authors. Email: FAL@zurich.ibm.com, diego.pena@usc.es,
LGR@zurich.ibmcom

Abstract: Controlling selectivity of reactions is a quest in chemistry. Here, we demonstrate
reversible and selective bond formation and dissociation promoted-iogltiped reduction

oxidation reactions on a surface. Molecular rearrangements leading to differstitutional

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 reactiordeatesistrate 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
isomers in different charge staissmportant to rationalize the selectivity. Fipduced selective
singlemolecule reactions increase our understanding of redox chemistry and could lead to novel
molecular machines.

One-Sentence SummaryDifferent bonds within @inglemoleculecan beformedselectively
by atom manipulation through the voltages applied



Controlling selectivity in reactions is a central goal in chemistry. In solution, such control can be
achieved in steering the valence electrons by th&gitie or the electrochemical potiah, 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 chasgiate manipulation afté chemical bonding is still in its
infancy[1].

Investigating surface chemistry by means of STM and AFM offers the possibility to study basic
chemical mechanisms under atomically wdfined conditions. The reaction itself can be even
directly triggered with the tip of an STM at wilR[3]. Spurred by advances in molecular
characterization by STMA] and AFM [5], novel tipinduced reactions and reaction mechanisms
were discoveredsf11]. Typically, in tipinduced chemistry, precursors are desayon which
specific bonds can be broken, dissociating designated masking g8hufise demasking can in
turn enable or cause other reactions such as intermolecular bond forr8atiot?,

intramolecular bond formatior’] or skeletal rearrangements3].

Control over configurational switchind4], bond formation and dissociatiohd] and hydrogen
tautomerization reactiond§-18] could be achieved by means of charge attachment and eharge
state manipulation. By means of the electric field, contrabafigurational isomerslp] and

control of the yield of a Dielé\lder reaction 20] were demonstrated. Furthermore, selectivity
between molecular translation and desorption, controlled by inelastically tunnelling electrons
[21] and selective bond dissotian resulting from adsorbatibstrate bond alignmerg] were
achieved. Even thgontrolled artificial molecular machine2d have been demonstrated. For
example, a molecule translated by molecular motors driven by inducing alternating
conformational ad configurational isomerization reactior2<l].

Here, we showcase the potential ofiiduced electrochemistry obtaining chemical selectivity in
singlemolecule reactions, that is, we show that multiple constitutional isomerization reactions
can be contlled 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 schemeTip-induced reactiongromoted by voltage pulses are indicated with
the respective sample voltagésFor3 and5 different resonate structures are displayet@ihe
intermediatedaand2amight be transiently charge/e also observed other partly
dehalogenated intermediates tl2afsee fig. S3), indicating severdthwaydor theinitial
formation of3, 4 and5.

] 09 V<V<17V

As molecular precursor we synthesized 5,6, 1-tetiachlorotetracend (CisHsCls, see Fig. 1

and Supplemental Material, Scheme S1 and S2, for details on the synthesis). We depgsited
thermal sublimation on a Cu(111) substrate partly covered with NaCl islands of one to three
monolayers (ML) thickness, at a sample temperatufedof0 K. Experiments were performed

atT =5K, on molecules on 2ML NaCl on Cu(111) unless noted otherwise. All images reported
were obtained with C@unctionalized tips [5]. All AFM images are recorded in constagitht

mode at a sample voltage\éE 0 V.



Fig. 2 AFM images of precursor, intermediate and productsConstantheight, CGtip AFM
images of precursdr (A), intermediate (B) and productdg (C), 3 (D) and5 (E), on NaCl. (A,
B, D) on 2ML NaCl, (C, E) on 1ML NacCl. Scale baxgrespond to 0.6m. For images at
different tip-height offsets and imaging parameters, see figS21S4 S5 S6

Figure 2A shows an AFM image &f The differences in brightness of the Cl atoms result from
steric hindrance between neighboring Cl atpoausing different adsorption heights see fig. S1.
By means of voltage pulses from the probe tip located above the molecule, we dissociated ClI
atoms. We observed a threshold voltage of aWout-3.5 V, with tunneling currents on the

order ofl = 1 pA, for the dissociation of the first two Cl atoms franOften, 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 interme#ig@esHsCl2), with two CI

atoms ofl dissocated(seeother partly dechlorinated intermediates observdiir3 and

Table S1)The AFM imageof 2 reveals a teitmembered rin@n the dechlorinated side,
exhibiting characteristic sharp and bright features above the triple bonds [73ufbEst that a
retro-Bergmancyclization reactionq] had taken place with intermedidta as transition
structure. By voltage pulses of +4t&¥ +4.5 V, we dissociated the remaining chlorine atoni in
creating different structures with the chemical formuleHe. We observed constitutional
isomers3, 4 and5, shown in Fig. 2€E (see also fig. & S5 and %) and in rare occasions other
isomerg(see fig. ).

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 fdf ¢ 0.7 V. Tle isomers differ in their central part,

where they either exhibit a tenembered ring i3, a fourmembered ring fused to an eight
membered ring id, or two fused sbmembered rings, yielding a chrysdre carbon backbone



in 5. In most casef62%)we found structure directly after the dissociation of all chlorine
atoms(seeTable ).

Figure 1 shows a plausible synthetic route for the formation of these isomeric strained
hydrocarbons. Probably, the cleavage of two Cl atoms from interm@deitérst, generates
sigmadiradical2a, which could evolve through a Copge rearrangement btain structurg.
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 fonmabf radicalanionic species2p]. While
3is a plausible resonance structure with two cumulene moieties, alternative structures combining
enyne and cumulene grou@(or two enynes30 )@ithin the central temembered ring can

also be considered. Th®nsannular € bond formation between the radicals in strucBdbe
would lead to the formation of diyre while the CC bond formation between radicals3d

would afford the chrysereased bisaryng.

First, we characterize on surface the prod8ctsand5. The STM measured maps of electronic
resonances are shown in Fig. 3 and fig).&companied by DFT calculations. We find that
and5 are charge neutral, with the shape of the imaged frontier orbital densities, of the highest
occupied and lowestoccupied molecular orbital (HOMO and LUMO) in agreement to the
DFT calculations, see Fig. 3R and fig. 9. For4 we did not observe the positive ion resonance
(HOMO) for voltages up t& =-2V, see fig. 0. For3 the experiment shows that the molecul
is in its anionic charge state. This is consistently indicated thesogtbf interfacestate
electrondfig. S11), Kelvin probe force spectroscopydble ) and STM maps of the electronic
resonances (Fig. 3B, C) and their comparison with theory. @2 and S13J.he identification

of structure3 as a radical anioagreeswith theexpectedendencyof sigma radical$o be

reducedin contrast to closesghell compoundd and5.
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Fig. 3. Characterization of products by STM, DFT and AFM. (A-E) STM images at the first
electronic resonances at negative and positive sample vokaié.imulated orbital maps of

the frontier orbitals, considering the finite resolution of thégsge fig. 9). (L-N) AFM images.

All experimental images wereaarded on 2ML NacCl, 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 o8 are shown in the anionic charge state, tha#fand5 in the neutral charge
state.Scale bars correspond to 0.5 nm.

Moreover, our measurements reveal that the ani@uaoflergoes a Jakreller distortion that is

also found by B3LYFbased DFT (see Fig. 3P) and explains the symmetry breaking with respect
to the long molecular axis thiat observed for both electronic resonances (Fig. 3B, C).
Structurally, the Jahifieller distortion of the anio&* features an inward bend on one long side

of the teamembered ring (see Fig. 3P) and can be observed irrésgiution AFM images (see

Fig. 3V 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 an®figMB&reas

the first electronic resonancesitivebias exhibits increased density the side opposite to

the inward bend (see Fig. 3C, | and fig2%hd S1Bin excellent agreement of experiment and
theory.

Next, we study tignduced reactions betwe&n4 and5. When we applied pulses of relatively
large biasy > +2.5 V with current$ 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&/af +2.5 V resulted mostly in structusgabout 50% of th
attempts) and less often in structudes 3 (25% each). Structufgwas stable fo| <2 V.
However, voltageulses ofV | < 2 V, when applied t8 and4, resulted in different reactions
depending on the applied voltage.
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Fig. 4. Tip-induced transitions between 3 and 4Histograms A, B) show the outcome in
dependence of applied fort = 10 s, at constant curreint 0.5pA above molecul8 (A) and4
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Histograms showing the outcome of voltage pulses with currehts @f5 pA applied abov8
and4 as initial structures are shown in Fig. 4A, B, respectively (see also #arfsllfig. SB).
Our findings are summarized aB: At |V| < 0.7 V,3 and4 are stable.i) At -1.7V <V<-09V,
bidirectional switching occurs betwe8rand4. That is,3 can be converted int# (transition
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formed. {ii) At +0.9 V <V < +1.7 V, unidirectional switching froshto 3 occurs. That is4 is
converted int@ (trans t i o n 3igstable abthese voltages) (At V& -1.9 V structure8 is
transformed int® with a high yield and structureeither into3 or 5.

Switching between the structures was possible on 1, 2 and 3 ML NacCl islands with similar
threshold vales. The data shown in Fig. 4 was measuredh RlaCl. The observed voltage
dependence allows us to select outcomes ahtdpced rearrangements. We can select which
transannular € bond is formed within the temembered ring of structu@ We dominarly
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generated structurewith pulses in the range ef.1 V to-1.7 V, but structuré with V=-1.9V,
demonstrating selectivity in singhlaolecule constitutional isomerization reactions.

For the transitions betwe@&wand4 we investigated the respectikeaction rates, see Fig. 4C.

These were measured\at-1 . 3 V. f or t r3dodstinggativer) s alh d( #io o rh r o m

3at negative/), and atv=+1.1V f or 4duo 3@tfpasitiveV), as a function of current by
using different tigheights. The slopes of the linear fits in the double logarithmic plot are 1.86
+t0. 18 fomm.26 ¥T.o090HBN and 1.61 N O0.76 for o.

two-el ectron processes. For o theomandatwe i S t oo

electron process

Figure4D visualizes the transitions betwe2and4. The transi ti on U and o
onset of ionic resonances of the initial structures, as probed by STM (Fig. 3B, A, respectively),
suggesting that these tsatons involve (de)charging the initial structuNote 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 NaCl the molecular chargedjstate is
restored by charge transfer between molecule and metal substrateg4}ructural relaxation

that follows a charge transition can oscillate for several 1Q6)s [

For Fig. 4D we calculated on a NaCl surface the ground state ener8iaaa4 in different

charge states and t he rM)I[2d.tTeedelatively laxge anergyooh ener

the intermediat&%eo for the transition fron8 is rationalized by the Jakreller distortion of

3. The calculated energies for ttigarge transitions are in good agreement with the resonances
measured by STM when assuming similar energie4’fand3. A partial voltage dropcross

NaCl of about 20% can be considered for this junction geon&tfy [

The observedtwe | ect ron process for U indicates that

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

(IET) processZ8] . I n contrast, transition b4bmvol ves

probably only by IET processes a transitiodtoccurs, which is subsequently charged from the
substrate t@?, the charge grounstate of stucture3. I n transit i4esmwrnin t he
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 bdntaaolitating its rupture

[29] and thus the transition & Note that at smallcurrentsbh 0. 5 pA t he reacti

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 elettemmhment, rather than by the

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 plied by the tip is orthogonal with respect to the substrate and the
reaction coordinates.

On-surface calculations (see fig.@Xhow that in both the neutral and negative charge State,
has a lower energy th@&wand4, explaining the observed dominamtithing to5 at larger biases
and its stability for\f] < 2.0 V. Gagphase calculations (see fig.@Indicate that the reaction
barriers (both in neutral and negative charge statésate higher than the ones betw&sand

4, explaining the increasealtages needed to switch$pcompared to switching betwedmand
4. The high barrier betweehand5 in the neutral and negative charge states (see f&§). S1
suggests that the observed transformation #dob atV =-1.9 V (see Fig. 4B) proceeds via
structure3 as intermediate.
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The switching at higher biag||> 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 tludé scope
this work. Because of the large bias, several successive and branching charge transitions and
structural rearrangements must be considered. Also, current induced catalytic reduction of the
barrier might play a role30]. In addition, the switching betwea all three structures ¥t= 2.5V

could include higher excited states, e.g., occupation of the LUMO+1, whighd@ccessed at
V=25V, (see fig. ST). It might proceedia dianionic charge states, which show similar

ground state energies for diree structures (see fig. §Lland the transient occupation of the
dianion is observed f@ by resonant tunneling in Fig. 3C\atE 1.1 V.

Our experiment shows that for a molecule on a surface, several chemical transformations
between multiple constitisinal isomers can be controlled by-tiluced redox chemistry. With
different voltages and polarities, we selectively activated one, two or all three transitions
between three different isome®; 4, 5). We demonstrated directed and reversible switching
between two noground state isomer8,(4) and selectively formed transannular covalent bonds
deliberately transforming to either4 or 5. We learned that the selectivity of the reactions is
facilitated by changes of the energy landscape as a functtbe tinsient charge state,
accessed by the bias applied. The charge ground states can in general be adjusted via the
substrateds3lwor k function [

The insights obtained in redox reactions studied byntipiced electrochemistry, will be useful
to beter understand redox reactions that are important in organic synB8#sas@ nature33].

For future artificial molecular machine2d, controlled, reversible and selected switching
between more than two different constitutional isomers, as demonsiratedwork, could

enable novel functionalities. In addition, increased workload and operation at elevated
temperatures could be facilitated by the relatively high energy barriers, on the order of 1 eV,
involved in constitutional isomerization reactions.
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Solution synthesis of 5,6,11, 1 &trachlorotetracene (1)

5,6,11,12Tetrachlorotetracend) was obtained in two steps (Schemes S1 and S2) from
commercially availabl®,11-dihydroxy-5,12tetracenediones] following a previously reported
procedure [34].

To a mixture of PGI(50 mg) and compoungl(Scheme S1, 200 mg) in a flardded round

bottom flask, POGI(2.6 mL) was slowly added using a dropping funnel. The red mixture was
refluxed (approximately 110 °C) for 5 h until the red color had dissipated. The reaction mixture
was cooled to room temperature and filtered through a fritted glass filter. The tptecias

washed sequentially with glacial acetic acid and hexanes. The residue was collected and dried
under vacuum to givé as a white powder (240 mg, 80% NMR (300 MHz,CDCY) : U 8. 69
(dd,J= 3.3, 6.6 Hz, 2H), 8.14 (dd,= 3.3, 6.3 Hz, 2H), 7.80i¢l,J = 3.3, 6.6 Hz, 2H), 7.55 (dd,

J=3.3, 6.3 Hz, 2H) ppm.

OH O Cl ¢l ¢l
COO0) ——= ¢
5h A
OH O 80% Cl CICl
6 7

Scheme S1Synthesis of 5,5,6,11,12 A#exachlore5,12dihydrotetracené€r).

A solution of7 (200 g, Scheme S2) and Nal (295 mg) in DMF (2.7 mL) was refluxed under Ar
atmosphere for 30 migpoled to 80 °C, and filtered warm through a fritted glass filter. The

precipitate was washed sequentially with ethanol, water, and acetone. The residue was dried

under vacuum to givé as a red solid (130 mg, 79%H NMR (300 MHz,CDCJ) : U 8. 60 ( d
= 3.3, 6.9 Hz, 4H), 7.62 (dd,= 3.3, 6.9 Hz, 4H) ppm. Spectroscopic data matched with those

reported in the literature.

Cl cl1 cl Cl Cl
CO0 ——— e
30 min, A
¢l CI Cl 79% e
7 1

Scheme S2Synthesis of 5,6,11,trachlorotetracend.)
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Experimental details for on-surface experiments

On-surface experiments were carried out in a homebuilt-bigta vacuum, combined STM and

AFM operated at a temperature of 5 K. The Cu(111) surface was cleaned by several sputtering

and annealing cycles and the NaCl films were deposited at a sampleaemgpbetween 230 K

and 330 K resulting in islands of one to three monolayer thickness. Preduwsmes thermally

deposited ontothecold@ 10 K) surface using an oxidized
current heating. CO molecules for tip fuctalization were dosed from the gas phase onto the

cold sample. The scanner was equipped with a gPlus sensor [35] and operated in frequency
modulation mode [36] with a constant oscillation amplituddef 0. 5 . Thv/avasbi as v
applied to the santp with respect to the tip. AFM images were recorded in the corseagitt

mode,aV= 0 V, wi t hzapphed with regpecotd thesSEM corgyolled setpoint

above the bare NaCl / Cu( 1 2cbrjespendstd aadececase Negat i ve
(increase) in tippample distance with respect to the setpoint. All AFM and STM images reported

were obtained with C@unctionalized tips [5].

To investigate the reaction rates of the chemical transitions as a function of current (see

manuscript Fig. 4C)yve recorded current traces withafeedback observinly = 440 chemical
transformations. We recorded 195 times a tran
probed less transitions, because the experimental effort is significantly highestorgpthis

transition. Because at positivethe reaction is unidirectional fromto3( t r ansf or mat i on
had to apply a reset pulse at negatite reset tal before probing another event of

t r ansf o Howaver tlkemesed pulse at negativeavalge can i nduce both r
requiring highr es ol uti on AFM measurements to 4€4onfirm
For one of the molecules, we observed switching without lateral displacement. In this case, we

could record currenttracé§) at negati ve bias voltage with n
fig. S14).

Details on dehalogenations

In contrast to the selected, directed and reversible reactions between st&jctuaned5, their
initial formation from1 is more challenging tanderstand. This is because the initial formation
is not reversible and required pulses of larger voltages allowing many possible charge and
structure transitions and is therefore less controlled. In this section we discuss the reaction
pathway froml towards3, 4 and5, based on 163 completed dehalogenatioris of

In addition to the intermediat® several other partly dehalogenated intermediates were observed
after applying voltage pulses of +3.5 V to +4.5 V abbysee fig. S3. Observing these different
intermediates indicates that there exist several reaction pathways for the creatibanaf5

from 1 on the surface, in addition to the reaction pathway via interme2igitewn in Fig. 1.

During the experiments in tothl = 48 partly dehalogenated intermediates were observed and we
detected partly dehalogenated intermediates with threeatwlopne Cl atoms still attached, with
relative occurrences of 6%, 81% and 13%, respectively. The occurrences indicate that the ClI
atoms are in most casebut not exclusively dissociated pairwise. This indicates smaller

16



energy barriers for the removdlthe second (fourth) Cl atom, compared to the first (third) CI
atom.

There are four different possible intermediates observed with two Cl atoms, see fig. S2 and fig.
S3 A, B, C, that is, structur@s 1a, 1b, 1c, respectively. The most frequently observed
intermediate wa&c. This could be a result 4t being the dominantly formed intermediate,
however, it could also be the resultlafhaving the highest barrier for the reaction to proceed.
That is, intermediateka, 1b, and2 might have transformed withigher probabilities thahc

directly into3, 4 or 5 without the need of a second voltage pulse. In about 60% of thelcases
was transformed int8, 4 or 5 by a single voltage pulse of 3.5 to 4.5 V, without observing a

partly dehalogenated intermediate.

For the intermediateka, 1b, 1cand2, we calculated the energies in the gas phase in different
charge states, see Table S1. We observe thas the lowest energy in the neutral and negative
charge state, arth has the lowest energy in the doubly negatiharge state. The most
frequently observed intermediate with two Cl atdnss the highest in energy in all three charge
states. The transformation frahato 2 is exothermic in all three charge states, with the energy
gain being the largest in the el charge state and the lowest in the doubly negative charge
state. From the experiment we cannot deduce the charge state in which the skeletal
rearrangement frorhato 2 occurred.

After N = 163 complete dehalogenationslaising voltage pulses of up to 4.5 V we observed
the products, 4, and5 with occurrences of 101 (62%), 24 (15%) and 32 (20%), respectively,
and in 6 cases (4%) we observed other products, shown in fig. S7. For $it@tranriggered

on 3, 4, and5 with voltage pulses of up to +2.5 V, we did not observe other product8,than
and>.

Voltage pulses of +3.5 V and higher are likely sufficient to put the molecules transiently into the
anionic and dianionic charge stat Note thaB is transiently charged doubly negative already at
+1.1V, see Fig. 2c. The intermediafesand2aand other possible intermediates formed

directly after dehalogenation could be formed in charged states and subsequent skeletal
rearrangemestmight have proceeded in the charged molecules. The ground charge states of the
products, i.e.2 neutral,3 anion,4 neutral,5 neutral, would then form after the structural
transformation by charge transfer between substrate and molecule. Note thgtrtesl states

are deduced experimentally.

We calculated the energies of different fully dehalogenated products in different charge states,
see Table S2, and found that the transformation #ato 3, 4 and5 is exothermic in all three

charge states. Wabserved in the experiment that in most of the cases after complete
dehalogenation we fin8 as the initial product (62%, see Table S2), althdughlower in

energy in neutral and negative charge statedaadower in energy tha8 in the neutral chaey

state. However, in the doubly negative charge sBatethe energetically favorable structure.

The dominant formation & as initial dehalogenated product might therefore be explained by

the intermediat@abeing doubly negatively charged by the vgéigoulse and transforming inBo
while it is in the dianionic charge state. It has been shown that the formation of sigma diradicals
is thermodynamically favorable by onar two-electron reduction [25, 37].
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In the experiment structurds (fig. S3A) and?a (fig. S7A) have been observed (very rarely).
Although2awas found to be neutral on the surface, this does not imply that the intermédiates

and2ain the reaction pathway proposed in Fig. 1 are neutral. The reaction might have proceeded
in transientlycharged states. From the experiment we cannot unambiguously deduce the charge

states of the shalived intermediates.

Neutral diradicals such ds, 1b, 1c, 2are expected to be highly polarizable and possess latent
zwitterionic charactef38, 39] Locd electrostatic fields from Na cations and Cl anions of the
environment might contribute to stabilizing these structures. Because of the large voltages
needed and the irreversibility of the dehalogenation, a more detailed understanding of the
reaction pattvay from1to 3, 4 and5is very challenging and out of the scope of this work.

Details on DFT calculations

Density functional theory (DFT) was employed using the-BHIIS code [40]. Each molecule,

in different chargestate configurations, wasvestigated in gaphase and on the surface. The
geometries were optimized wi t-AIMS. Thehylirid eal | vy
functional B3LYP was applied [41] with van der Waals correction [42] for structural relaxation.
For the different chrge states, the total charge was constrained.

The convergence criterion was set at 8¥/A for the total forces and £V for the total

energies. All calculations were performed in the gmtarized (unrestricted) framework. The
structures shown in ghmain text in Fig. 3 O, P, Q refer to results obtained on the surface. In fig.
S16 we report gaghase energies corresponding to the different structures including transition
structures for the gas phase. The transition structures where the atom pobitamed as the
average between the initial and final molecular configurations.

t

For neutral molecules and dianions the lowest energy spin states were mostly singlets, apart from

3%, which was found in a triplet ground state, both on surface and in gas (the singlet & is

higher in energy then the triplet by 0.83 eV in the gas phase and by 0.85 eV on the surface). The

transition structures of neutral molecules and anions were singlets apart from the transition
structure betwees® and5°, which wasfound in a triplet ground state (the singlet of is higher in
energy by 0.58 eV in the gas phase). For all singly charged anions the ground states were

doublets.

On the surface, we calculated the grogtate energies of the different structures in thietint

charge states. The NaCl slab was 4 layers thick. We found the same spin multiplicities as in the

gas phase. On surfa@" shifts further down in energy with respectit compared to the gas
phase. On surface, the molecular energies strongbndepn the adsorption site, which are not

experimentally accessible for the transition structures. Calculations of the transition structures for

these systems on surface are extremely demanding, requiring sophisticated methods for the
localization of all pssible transition structures on the different potential energy surfaces (with

different charges and spin multiplicities) and therefore could not be performed in this study. For

the ground state structures, i&, 4° 5°, we experimentally determineldet adsorption sites.
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They were used as input for the-surface calculations and the calculated structurally relaxed
adsorption sites agreed with the experimentally determined ones.

Note, that we also performed calculations with the computationally lpenigixe PBE
functional, however, this functional did not find the Jamtler distorted ground state 8f
(neither in gas phase, nor on surface) and therefore the PBE derived results are not further
discussed in this work.

Because the charge attachmamdl electronic relaxation happen on a significantly faster time
scale than the geometric structure relaxation of the nuclei, we also calculated for the observed
electronic resonances 8fand4 the energies of the (transiently) charged structures in the
geometry of the respective charge ground state, i.e., the initial state. In the geometry of the
negative charge state (geof 3 we calculated the energy of the neu8%and the anio3? i.e.,

3ge0 and3Zgeo, respectively. In the geometry of the neutfglwe calculated the energy of the
anion4?, i.e.,4%e00 The difference of such energy to that of the respective relaxed geometry

corresponds to the r espedtwefindasori’aaxripleti on ener

ground state (the singlet was 0.81 eV higher in energy).
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Supplementary figures

fig. S1 Different conformations of compouridrecorded at different tipeight offsets: On each

long side of the molecule, one Cl atom is imaged with dark contrast and one with bright contrast
in AFM. The AFM contrast is related to the adsorption height [43]. We deduce that on each long
side, one Chdopts a decreased adsorption height (Cl down, imaged with dark contrast), and the
other Cl adopts an increased adsorption height (Cl up, imaged with bright contrast), with respect
to the tetracene backbone. This is explained by steric hindrance betugtdronag Cl atoms

resulting in their oubf-plane arrangement. We obsefvim different conformations. Either the

Cl atoms attached to the same carbon ring both displaced in the same direction: both Cl up on
one ring and both CI down on the other ring,,achiral-1, orin different directions: one Cl up

and one Cl down on each ring, i.€hjral-1. While achiral-1 is amesoconformation with a

mirror plane of symmetry and therefore ndniral, the latter results in a molecule with
conformational chiratly. (A) Structural drawing oéchiral-1. (B 17 E) Constantheight AFM

images ofachiral-1recorded attgh ei ght zefis@e0s m 0. 80 , 0.75
respectively, with respect to a STM setpoint ef1 pA andv = 0.1 V. ¢, G) Structural

drawings ofchiral-land a correspondi ngz=A0F.M 5 ma gwi trhe croe sdpe
the STM setpoint of = 0.5 pA andvV = 0.2 V. The two molecules imaged are enantiomers. All

scale bars are 0.5 nm.
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fig. S2 Additional AFM data on partly dehajenated intermediat (A) Structural model o2.
(BT D) Intermediat® imaged attigh ei ght zef 0 s 6&8s O 3P z=02a8n,d @

respectively with respect to a setpoint 6f 1.0 pA andv = 0.2 V on 2ML NaCl. Scale bars are
0.5 nm.

"

o D oo

fig. S3 AFM images of additional, partly dehalogenated intermediates observed after applying
voltage pulses of +3.5 V to +4.5 V abalieOccurrences of the observed species are indicated in
the lower lef of each image. Intermedia2avas observed 9 times. In totdl= 48 partly

dehalogenated intermediates were observed. The scheme on the right shows the assigned
respective structures. Fipei ght zmA-Fwet s @. 3 ,031, 01.n@ 1, Oa

0.5 , respectivel y,l=W0pAbBndi=0.2Y @a@VL Na@. Seales et poi
bars are 0.5 nm.
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neutral charge| negative chargg doubly negative| Occurrence in experiment
state [eV] state[eV] charge state N = 39 intermediates
[eV] observed with two ClI
la 0. 67 ( 0.27 ( 0.33 (S) 4
1b 1.30 () 0. 06 ( 0.00(S) 2
1c 1.14 ( 0.64 ( 0.61 (S) 24
2 0.08) 0. 00D) 0.23 (S) 9

Table SI Energies of different doubly dehalogenated intermediates calculated in neutral,

negative and doubly negative charge states in the gas phase with B3LYP. For each charge state,
the structure with the lowest energy defines 0 eV and is used as referethes dhiarge state,

i.e., for that column. The respective ground
S for singlet, D for doublet or T for triplet.

bond length [A] .
1 25 1.3 1.35 1.4 1.45 1.5

6.1 NIGENSN]] 6. 4 8 7 03]

fig. S4 Additional AFM data or8. (A) Structural model 08, (B i E) Constantheight AFM
images of3 adsorbed on 2ML NaCl recorded at differenthie i g ht ze0.XAS®0t s
A, -0.1 A and-0.2 A, respectively, with respect to a setpoint ®f0.5 pA andv = 0.2 V. Scale
bars correspond to Orn.
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bond length [A]
1 25 1.3 1.35 1.4 1.45 1.5

fig. S5 Addtional AFM data or¥. (A) Structural model of. (B 1 F) Constartheight AFM
images o# adsorbed on 1ML NaCl on Cu(111) recorded at differerbeiight offsets
qr=-1.2A, -1.4 A,-1.6 A -1.7 A and-1.8 A with respect to the setpointlof 1 pA andV = 0.2
V. Scale bars correspond to Gus.

cvb..

bond length [A]
1 25 1.3 1.35 1.4 1.45 1.5

e ) 2

fig. S6 Additional AFM data orb. (A) Structural model 0b. (B 1 F) Constartheight AFM
images ob adsorbed on 1ML NaCl on CL{1) recorded at different tipeight offsets

@=-13 -1.5-1.6-1.7 -1.a8nd with resplefbpAtamd t he set
V=0.2 V. All scale bars correspond to Q5.
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fig. S7: AFM images ofadditional products found after complethdlogenation. The schemes
to the right show the proposed respective structures. Struaesi2d have been observed
only once and are assigned only tentatively. Possibly hydrogens have been dissociated or
migrated in the reactions forming these stoes. Occurrences of the observed species are
indicated in the lower left of each image. Structi,edand5 were observed as initial product
after dehalogenation with occurrences of 101, 24 and 32, respectively.€lip g h t
A-Dwer e

and 1.

andV =0.2 V on 2ML NaCl. Scale bars are 0.5 nm.

2 ,

neutral charge negative doubly negative| Occurrence in experiment g
state [eV] charge state | charge statgeV] initial dehalogenated
[eV] structure inN = 163 events
2a 2.60 1.97 | 1.38 (S) 2
2b 3.64 (Q) 2.73 (D) 2.46 (S) 2
not relaxed not relaxed
2d 1.09 (S) 1.17 (D) 1.08 (S) 1
3 1.19 (T) 0.77 (D) 0.00(S) 101
4 1.06(S) 0.81 (D) 0.45 (S) 24
5 0.00(S) 0.00(D) 0.29 (S) 32

Table S2 Energies of different fully dehalogenated products calculated in neutral, nesgadive
doubly negative charge states in the gas phase with B3LYP. For each charge state, the structure
with the lowest energy defines 0 eV and is used as reference for that charge state, i.e., for that
respect i ve isgndicatedhinl braskieta wite ® fer sisgfeti n
D for doublet, T for triplet or Q for quintuple2b transformed int@ in the negative and doubly

col

umn.

The

zmf f set s
redpkeOpAi vel vy,

mu

negative charge state and in these charge states was calculated without structural relaxation in the
geometry ofl with all Cl atoms removed.
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fig. S8 AFM and STM images af (A7 D) and5 (E 7 H) adsorbed on 2ML NacCl (top row) and

1ML NacCl (bottom row). The contrast of the molecules shows very small differences comparing
images on 2ML NaCl and on 1ML NaCl. Adsorbates (Cl adatoms, 3ML NaCl islands) near the
molecules on 2ML NaCl can induce smdibnges in the molecular adsorption geometry; see

faint asymmetry in (E) indicating an eat-surface tilt of the molecular plane by a few degrees

[43]. In (C),4 switchedta3, i .e., transition 92, while record
contrast in the lver part of the image, slow scan direction was from top to bottom). Imaging
parameters: Molecuk (A) const . hei ghs0.0AffoM SDvhset@ointML Na Cl|
=02pAV= 0.2 V: (B) const . h=i6ffram SAWMtpanh= 1 ML N
1.0 pA,V=0.2V,; (C) const. current STM on 2 ML NaCk 0.2 pA,V = 1.0 V; (D) const.

current STM on 1 ML NaCl,= 0.2 pA,V=1.0 V. Moleculé: (E) const. height AFM on 2 ML

N a C Iz5 0.0d4 from STM setpoint = 0.5 pA,V = 0.2 V; (F) const. ight AFM on 1 ML

Na Clzz-1.98 from STM setpoint = 0.5 pA,V = 0.2 V; (G) const. current STM on 2 ML

NaCl,I = 0.5 pA,V =1.9 V; (H) const. current STM on 1ML NaCk= 0.5 pA,V=1.7 V. Scale

bars correspond to 0.5 nm.
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