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ABSTRACT: The ability to elucidate the elementary steps of a
chemical reaction at the atomic scale is important for the
detailed understanding of the processes involved, which is key to
uncover avenues for improved reaction paths. Here, we track the
chemical pathway of an irreversible direct desulfurization
reaction of tetracenothiophene adsorbed on the Cu(111)
closed-packed surface at the submolecular level. Using the
precise control of the tip position in a scanning tunneling
microscope and the electric field applied across the tunnel
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junction, the two carbon—sulfur bonds of a thiophene unit are

successively cleaved. Comparison of spatially mapped molecular states close to the Fermi level of the metallic substrate
acquired at each reaction step with density functional theory calculations reveals the two elementary steps of this reaction
mechanism. The first reaction step is activated by an electric field larger than 2 V nm ™', practically in absence of tunneling
electrons, opening the thiophene ring and leading to a transient intermediate. Subsequently, at the same threshold electric
field and with simultaneous injection of electrons into the molecule, the exergonic detachment of the sulfur atom is
triggered. Thus, a stable molecule with a bifurcated end is obtained, which is covalently bound to the metallic surface. The

sulfur atom is expelled from the vicinity of the molecule.
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( : hemical reactions implying the dissociation of carbon—
sulfur bonds are fundamental for understanding the
Moreover,
methods for removing the sulfur atoms from organic molecules,
the desulfurization reactions, are of industrial significance in
processes aimed at cleaning natural fuels.* A popular method is
based on the use of catalysts to diminish the activation energy
of the reaction.” Indeed, when released, sulfur compounds may
have a detrimental effect on the natural environment.® A clear
understanding of the mechanism of the reaction by local
control down to the submolecular level may help to identify
more efficient reaction paths.

Scanning tunneling microscopy (STM) constitutes an
adequate tool to trigger and analyze chemical reactions with
atomic precision. The formation,” ™"’ "7 or deforma-
tion of chemical bonds'®™** and intramolecular atomic
rearrangements’’ >/ have been activated on individual
molecules using the STM. Working at low temperatures,
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transient intermediate states have also been resolved.”®
Chemical reactions can be stimulated by the STM electronically
with the tunneling current, through the applied electric field
between tip and sample or by a combination of both
mechanisms. The tunneling electrons excite molecular states
that participate in the formation of chemical bonds or activate
vibrational modes and, thus, produce molecular changes
associated with chemical reactions.””'""**** The electric
field confined between the tip apex and the substrate has been
shown to stimulate conformational transitions,'®"” complex
movements of molecules,”> ™ or to trigger dissociation
reactions.'®'” Additionally, it was shown recently in a STM-
break junction setup that the electric field can be used to obtain
a catalytic-like effect for the acceleration of a Diels—Alder
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Figure 1. STM investigation of the desulfurization reaction on single TCT molecules adsorbed on Cu(111). (a) STM topographic image (I =
100 pA, V = 100 mV) before the reaction showing two TCT molecules in initial conformation 1. (b) Schematic representation of the STM-
induced desulfurization reaction on a single molecule initiated by the electric field E (the field lines are symbolized by the cyan arrows) and
the tunneling electrons e” (the current flow is symbolized by the black arrow). Bottom panel: chemical structure of the TCT molecule. (c)
STM image after the reaction was induced in the molecule at the right part of panel (a). This molecule is now in the final conformation 2. The
white circles indicate the thiophene group of the molecule before and after the reaction.

reaction,” which highlights the potential of oriented electric
fields to control chemical processes.’

In our study, the electric field is employed to trigger locally a
desulfurization process on a single molecular subunit, a
thiophene ring, part of a tetracenothiophene (TCT) molecule.
The spatial mapping of the molecular states close to the Fermi
energy of the substrate, complemented with density functional
theory (DFT) calculations, enables us to identify the two
elementary steps of the direct desulfurization reaction, i.e., the
successive cleavage of the two C—S bonds.

RESULTS AND DISCUSSION

To address locally the thiophene moiety of the TCT molecules
(chemical structure in Figure 1b), a submonolayer amount of
TCT was deposited on the closed-packed copper Cu(111)
surface held at 200 K. At lower temperatures (6 K), individual
molecules are imaged by the STM as asymmetric “dumbbell”-
shaped protrusions (Figure 1a). The thiophene unit appears
brighter, showing a higher density of states compared to the
tetracene part (for a detailed structural analysis see the
Supporting Information (SI), adsorption conformation). The
desulfurization reaction is activated by precisely positioning the
STM tip apex on top of the thiophene ring and applying as
stimulus a short voltage pulse that creates a strong electric field
in the junction and injects electrons into the system (Figure
1b). Each step of the chemical reaction sequence is imaged by
STM with noninvasive tunneling parameters that do not affect
the molecular configuration. Two irreversible reaction path-
ways, differing by the action of the applied stimulus, are
successfully activated locally converting single molecules from
the initial state 1 to the final state 2 (Figure la,c).

One pathway, which we call R, leads to a direct transition
from the initial state 1 to the final state 2. For the second
pathway we can follow a two-step reaction, where we call the
individual steps RI and RIIL. The end-products of RI + RII and
of R are equivalent as demonstrated in Figure 2, and thus R =
RI + RII, as we will show in detail later. Placing the tip above
the thiophene ring of 1 (Figure 2a) at a large relative tip—
molecule distance of 2—3 nm and applying a voltage above 5.5
V to the sample, an intermediate state 1i is reached. The
definition of the relative tip—molecule distance is described in
the Methods section. The induced reaction results in changes of
the molecular structure corresponding to a reduced density of
states at the thiophene site and, in addition, to the appearance
of a dark spot at the initial position of the sulfur atom (Figure
2a, central panel). For the second step RII, the relative distance
between the tip and the thiophene ring was reduced to values
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Figure 2. Molecular conformations at each stage of the direct
desulfurization reaction obtained by STM investigations and DFT
calculations. (a) Topographic images acquired in constant current
mode. The reaction R represents the reaction that directly
transforms the system from state 1 to the final state 2. The
reactions RI and RII represent the two steps of the desulfurization
process, from the initial state 1 to the intermediate state 1i and
from 1i to the final state 2. (b) Spatial maps of the molecular states
obtained with a functionalized tip, acquired in constant height
mode (I = 100 pA, V= —1 V left image, I = 100 pA, V = 100 mV all
other images). (c) Molecular appearances in the Tersoff—Hamann
approximation obtained from DFT-vdW simulations for each
molecular state. (d) Ball-and-stick representation of the calculated
molecular sequences on the Cu(111) surface (top views).

smaller than 1.25 nm while applying a voltage pulse between
1.5 and 4.5 V, depending on the distance. Again, a drastic
change is observed in the topographic appearance at the reacted
side of the molecules, where the density of states is further
reduced. The images in Figure 2a are acquired with a metal tip
that does not allow resolving the molecular orbitals.

A comparison between STM images taken with a function-
alized tip showing the orbital structure of the molecules and
DFT calculations using van der Waals density functional in
which exchan%e and correlations are described consistently
(vdW-DF-cx)’"** reveals the detailed reaction pathway of the
desulfurization reaction mechanism. Figure 2b shows the spatial
mapping of the molecular state located at the Fermi energy of
the reactant, intermediate, and product of this two-step
reaction. These images are acquired in constant height mode
using a functionalized molecular tip. The functionalization is
performed by standard vertical manipulation to place a TCT
molecule at the tip apex. The initial configuration 1 (Figure 2b,
left panel) resembles the lowest unoccupied molecular orbital
in the gas phase, gas-phase LUMO, of TCT (see SI, electronic
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Figure 3. Experimental evidence for the electric-field-stimulated reaction. (a) I(V) curves recorded at relative distances z from the height
where the feedback loop was switched off and approached by 200 pm. The origin of the z axis corresponds to a tunneling resistance of 16.5 +
1.2 MQ. The sudden change in the current traces at which the reaction occurs is marked by (Iz,Vy). (b) The threshold voltage Vy at which the
reaction pathways R (1-2 transition) and RII (1i-2 transition) are activated, respectively, follows a linear dependence with z, a behavior which
is characteristic of an electric-field-driven reaction. The threshold current, Iy, is depicted in the color map. (c) At larger tip—sample distances,
with the tip withdrawn by more than 2 nm, the electric field stimulates the pathway RI (1-1i transition) only. The current at these large tip—

sample distances is of the order of the noise level of 0.1 pA.

structure) and is comparable to the calculated STM appearance
obtained within the Tersoff—-Hamann approximation (Figure
2¢, left panel).” This observation is traced back to a strong
hybridization at the interface and to a charge transfer from the
substrate to the molecule, a process which shifts the energy of
this orbital, named here surface-modified LUMO, toward the
Fermi level, similar to the behavior of the chemical analogue
anthradithiophene when adsorbed on Cu(111).** The
simulated STM images are in qualitative agreement with the
experimental topographies (Figure 2b,c, center and right
panels). In the STM images, the intermediate, 1i, and final,
2, conformations appear with a depression in close vicinity of
the molecule (Figure 2ab, center and right panels). This
feature is reproduced by the calculations and is in the location
of the former S position in the intermediate state 1i and the
final state 2. The calculated molecular structures, plotted in a
ball-and-stick representation in Figure 2d, provide snapshots of
the atomic structure of the molecules-substrate system along
the reaction pathway. Based on these experimental and
theoretical evidences, we exclude conformational changes
related to lateral translation or the scission of other chemical
bonds, as described in detail in the SI.

The analysis reveals that the RI reaction consists of the
scission of one of the two carbon—sulfur bonds, opening the
thiophene ring (Figure 2d). The cleaved bond results in a
geometric reorganization of the two carbon atoms of the
thiophene ring, increasing angles between C—C bonds, which
leads to the accommodation of the sulfur atom at a new
position. When the second carbon—sulfur bond is dissociated in
RII, the system releases energy, and, thus, the sulfur is repelled
from the surrounding of the molecule. This step is
accompanied by further repositioning of the two carbon
atoms. Therefore, the entire process encompasses cleavage of
the C—S bonds, new bond formations between the opened
thiophene ring and the surface, distortions, and translation of
the S atom.

Next, we discuss the experimental procedure used to deduce
the nature of the stimuli which trigger the desulfurization
reaction. At large tip—sample distances the dominating stimulus
is the electric field present in the tunneling junction when a bias
voltage is applied. By decreasing the tip—sample distance, the
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tunneling current increases, and, thus, more electrons are
injected into the system. In our analysis we have been able to
correlate the two reaction steps RI and RII with two different
regimes. To trigger and to track the reaction RI, we performed
detailed studies of the experimental parameters required to
initiate the reaction. We first acquired a topographic image of
the molecule in state 1 and then stabilized the tip above the
thiophene moiety at the tunneling parameters I = 100 pA and
U = 100 mV. After disabling the feedback loop that controls the
tip height, we increased the tip-molecule distance z to about 2.2
nm (z = 0 corresponds to a tunnel resistance of 16.5 + 1.2
MQ) and applied a short voltage pulse of S V (minimum
duration 100 ps). At these large tip—sample distances, the
current was in the noise limit of our current amplifier. This
observation leads us to conclude that the dominant stimulus of
RI is the electric field. It transforms the system from the initial
to the intermediate state. The successful transition to the
intermediate state 1li is confirmed afterward by topographic
imaging.

The second step RII can only be activated at much shorter
distances between tip and thiophene ring. To trigger RII, we
placed the STM tip on top of the thiophene unit at a distance
stabilized by the tunneling parameters (I = 100 pA, U = 100
mV), and we switched the feedback loop off. Subsequently, we
measured at various tip—sample distances z (between 0 and
1.25 nm relative distances) the transitions RII (1i-2 path) that
we could detect in the voltage-dependent current traces by
recording I(V) curves (Figure 3a). At these distances we have a
measurable current, and we can detect a sudden decrease of the
current as a step-like feature in the I(V) traces. This step-like
feature coincides with a change in the local density of states at
the submolecular level. This abrupt change indicates the
transition from state 1li to the final state 2, as identified
subsequently in the STM images. The current and the voltage
values for which the reaction is stimulated are marked with
(In,Vy)- The voltages Vi which trigger the pathway RII follow a
linear dependence with z (Figure 3b solid circles). This is a
characteristic behavior of an electric-field-driven reaction.'®"”
The slope of this linear dependence is about 2 V nm™ and
represents the critical electric field necessary to trigger the
reaction. Hence, the electric field is the stimulus that activates
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the pathway RII, but the necessity to work at short tip-
thiophene distances to run this reaction step ensures the
injection of electrons into the molecular system (see Figure
3b). In Figure 3c the (I, Vy) values at which reaction R1 is
activated are plotted. It is observed that these values follow
exactly the linear dependence extracted in Figure 3b. If we work
in the regime of short tip—sample distances, we can directly
transform the system from the initial state 1 to the final state 2
(pathway R), since we apply at the same time a sufficiently high
electric field and inject a sufficiently high amount of electrons
into the system to break both C—S bonds. On the time scale of
the measurement, we cannot observe the intermediate product.
We observe exactly the same end-product for RI + RII that we
observe for R (see Figure 2). When a functionalized tip was
used (Figure 2b), the molecules in the final state have the same
molecular orbital shape, especially at the reacted side of the
molecule, although the relative intensities of different images
vary slightly due to different conformations of the molecule
attached to the tip apex. In addition, the corresponding (Iy,Vy)
values are very similar to the values obtained for RII (open
squares in Figure 3b). On the basis of these arguments we
conclude that R = RI + RIL

Therefore, a critical field of about 2 V nm™' has to be
overcome to activate the reaction pathways, RI and RIIL A key
difference between the reaction paths lies in the activation
mechanism. From the analysis, we conclude that Rl is triggered
only by the electric field, whereas RII is driven by a
combination of the electric field and the injection of electrons.
The direct desulfurization reaction, including all pathways, can
be activated only with a positive voltage polarity, highlighting
the importance of the electric field.

The adsorption of thiophene, or other molecules containing
the thiophene moiety, on different metallic surfaces is known to
cause a reduction of the activation barrier for the desulfuriza-
tion reaction, which has been shown to be thermally stimulated
at room temperature and above.”>™ In our case, the
adsorption of tetracenothiophene on Cu(111) also lowers
this activation barrier. Here, we have demonstrated the use of
an electric field as stimulus at cryogenic temperatures to
overcome the remaining barrier for the direct desulfurization
reaction.

The first step RI is triggered by the electric field oriented
from the sample toward the tip, practically in the absence of
tunneling electrons. The induced electron density of the
adsorbed molecule in the initial state 1 (Figure 4a) shows an
electron transfer from the surface to the entire molecule that
corresponds approximately to one additional electron populat-
ing the LUMO of the adsorbed molecule, i.e., essentially a TCT
anion. This surface-modified LUMO, shown in Figure 4b, does
not show typical bonding character with respect to the C—S—C
bonds, as it is reflected in the absence of electronic charge at
the position of the S atom. The interaction with the applied
electric field disturbs this arrangement in the vicinity of the tip
position and may lower the energy barrier of the reaction. In
addition, it acts on the C—S dipole of the TCT anion while
leading to a weakening of the sulfur—carbon bond. According
to a Bader charge analysis,38_40 the positive charge on the S
atom is +0.2 e, and the negative charges on the two neighboring
C atoms are —0.29 e and —0.16 e. The positively charged S
atom is attracted toward the tip, while the two negatively
charged neighboring C atoms are repelled under the applied
electric field, leading to an elongation of the C—S bonds and,
eventually, to the breakdown of one of them. The exact process
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Figure 4. Effect of the electric field on the reaction mechanism. (a)
Induced electron density, p;,q, in the initial (left panel) and
intermediate states (right panel) calculated as p;ng = Protal — Pmol —
Psuct With p. the charge density of the entire system, p. the
charge density of the molecule and p,, the charge density of the
clean surface slab. Isovalues are 2 X 1072 e/bohr® and —2 X 10™* e/
bohr?, respectively, displayed in red and blue. (b) Surface-modified
LUMO and HOMO of the initial (left panels) and intermediate
states (right panels). (c) Energetic pathway of the desulfurization
reaction considering the total energy of each molecular con-
formation with respect to the initial state. In the final state, the
expelled S atom is considered adsorbed in its equilibrium site on
Cu(111) without interaction with the TCT molecular part. Insets:
Ball-and-stick representation superposing the molecular structures
at the thiophene side before (light-gray) and after (dark-gray) the
reaction RI, left panel, and RII, right panel, respectively. The bond
cleavage and the modifications of the position are drawn with
dotted lines. The electric field and the tunneling current are
schematized as a colored arrow (blue) and solid-black arrow,
respectively. The charge distribution of the initial state and the
forces acting on the system due to the presence of the electric field
are indicated by green arrows.

might be similar to the breaking of a C—S bond in a
nonradiative decay of excited thiophenes.”'

The corresponding energies of the initial, intermediate, and
final states are shown in Figure 4c. An energy barrier for RI of
about 0.9 eV has been estimated using an improved nudged
elastic band minimization (NEB) method called the climbing
image method.*”** Indeed, this finding is consistent with DFT
calculations reporting modifications of C—S bonds under
electric fields** and experimental evidence of processes induced
by an electric field.'*~"***7%7

The second reaction step RII is also driven with the same
bias polarity. However, as already mentioned, it occurs only if
both the electric field and the injection of electrons are present.
Thus, the reaction is triggered by a combination of electronic
excitations and electric field effects. The electric field with the
correct polarity induces changes of the local charge distribution
and modifies the energy barrier of the reaction, as in reaction
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RI. Additionally, the injection of electrons increases the
population of the molecular orbital visualized at the Fermi
level of the metal (Figure 2b). This orbital has clear
antibonding character (Figure 4a,b) and, therefore, increases
the reaction rate for the scission of the remaining C—S bond
and the removal of the S atom. Alternatively, the injected
electrons might couple to vibronic states of the molecule which
consequently could cleave the remaining C—S bond. This
reaction is exothermic by about 0.89 eV (Figure 4c), which
means that the sulfur atom has sufficient energy, compared to
diffusion barriers of about 0.25 €V for S/Cu(111)," to diffuse
on the surface before reaching its equilibrium adsorption state
on the Cu surface.

CONCLUSION

Our investigations reveal the two-step chemical pathway of the
direct desulfurization of tetracenothiophene molecules ad-
sorbed on a Cu(111) surface. The dissociation reaction is
triggered locally by an electric field applied to the confined
tunnel junction between the STM tip and the thiophene unit.
Experimental control at the atomic level and comparison with
theoretical calculations resolve the two elementary steps of this
direct desulfurization reaction. The detailed experimental
analysis of the stimuli involved to initiate the chemical reaction
suggests that the first step, dissociation of one of the two C—S
bonds, is activated solely by the electric field, whereas the
second step, the breaking of the remaining C—S bond, is a
consequence of the two driving forces electric field and
injection of electrons. Triggering chemical processes by
applying an electric field to a specific molecular moiety
highlights the high potential of oriented external electric fields
for single-molecule chemistry.”

METHODS

Synthesis. Tetraceno[2,3-b]thiophene (TCT) was synthesized
from tetraceno[2,3—b]thiophene—5,12—dione.46 First, thiophene-2,3-
dicarbaldehyde was obtained from thiophene-3-carbaldehyde (0.98 g,
7 mmol) and then condensed with 1,4-dihydroxyanthracene (1.46 g, 7
mmol), obtained from 1,4-anthracenedione, to yield the corresponding
tetracenothiophene quinone. The aldol condensation reaction was
conducted in a mixture of ethanol and tetrahydrofuran using 15%
aqueous solution of sodium hydroxide as a base. The quinone (1.0 g,
3.18 mmol) was then reduced to tetraceno[2,3-b]thiophene using
sodium borohydride (NaBH,, 1.2 g 31.85 mmol, 10 equiv) in
anhydrous tetrahydrofuran (60 mL) for the reduction to the diol,
followed by deoxygenation with tin(II)chloride (SnCl,, 3.59 g, 15.9
mmol, $ equiv)/10% aqueous solution of HCI. Finally, tetraceno[2,3-
b]thiophene was purified by sublimation.

Experimental Details. The experiments were performed under
ultrahigh-vacuum (UHV) conditions. The Cu(111) substrate was
cleaned by standard procedures of Ar+ ion bombardment and
subsequent annealing at 800 K. The TCT molecules were thermally
sublimated from a ceramic crucible at 485 K onto the Cu(111) surface
held at 200—-250 K during the deposition. Subsequently, the sample
was transferred in situ into the STM operating at low temperature (6
K). The STM measurements were carried out by applying the bias
voltages to the sample in both constant-current and constant-height
modes. Submolecular resolution imaging was achieved by placing a
TCT molecule at the apex of the tip in a vertical manipulation
procedure. The relative tip—sample distance is referred to the
following set point. The STM tip was stabilized at 100 pA, 100 mV
above the thiophene ring of the molecules in the initial state 1. Then,
the feedback loop was switched off, and the tip was approached toward
the surface by 200 pm. The tunneling resistance at this position is 16.5
+ 1.2 MQ. This new tip—sample distance was defined as the origin of
our z-axis.
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Computational Details. DFT-vdW calculations were performed
using the VASP code.*”*® To model the TCT/Cu(111) system, a 4
layer slab 8 X 6 periodic supercell was employed. Ion—electron
interaction was described with the projector augmented-wave (PAW)
method,*® and exchange—correlation was modeled within the
generalized gradient approximation (GGA).”® The van der Waals
dispersion forces were included using the vdW-DF-cx method.>"** We
considered a 500 eV energy cutoff in the plane wave expansion, with a
2 X 3 k-point mesh in the 1 X 1 unit cell as sampling of the Brillouin
zone reciprocal space. Electronic convergence criterion was 1 X 107*
for all static calculations, and convergence on forces in the relaxations
was 0.0S eV/A. STM appearance simulations were computed in the
Tersoff—Hamann approximation.33
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Adsorption conformation

Tetracenothiophene (TCT) molecules and anthradithiophene (ADT) are structural analogs of
pentacene, with one and two thiophene rings, respectively, at each molecular extremity as
depicted in Figure S1a. When adsorbed on Cu(111) held at about 200 K, the molecules lie almost
flat on the surface showing a “dumbbell”-like appearance in the STM images (Figure S1b). The

height profiles along the molecules (Figure S1c) are acquired for the same tunneling conditions



(/=100 pA, V=100 mV). For pentacene, a symmetric line profile with two apparent elevations
at both extremities is observed. The thiophene side in the TCT molecule appears brighter and,
thus, it results in an asymmetric line profile with a higher apparent elevation on the thiophene
part. ADT with its two thiophene rings appears again as symmetric “dumbbell”-like structure
with two equally high elevations that are much high than the one of the pentacene molecule. This

analysis allows us to clearly identify the thiophene position within the TCT molecules.
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Figure S1. Adsorption of pentacene, TCT, and the ADT on Cu(111). a) Chemical sketch of each
molecular structure. b) STM images acquired in constant current mode (/ = 100 pA, V' = 100

mV). ¢) Apparent height profiles along each molecule.

Desulfurization reaction

Here, we use a STM to induce and to investigate a direct desulfurization reaction of single TCT
molecules adsorbed on the Cu(111) surface. The stimulus is a strong electric field confined at the

tunneling junction. The reaction is triggered by positioning the STM tip apex above the



thiophene unit and applying a threshold electric field of approximatively 2 V/nm . In Figure S2a
the STM topographic images acquired with a metal tip of the molecules before the reaction (state
1) and after the desulfurization reaction (state 2) are represented. The reaction implies the
removal of the sulfur atom and the formation of a molecular derivative, covalently bonded to the
surface. The apparent height of the molecules changes drastically at the thiophene side from the

initial to the final state, but no change is revealed at the acene moiety (Figure S2b).

b)

apparent height (nm)
=
2

0.10

0.05

6 1 2 3 4
distance (nm)

Figure S2. STM analysis of the desulfurization reaction. a) Topographic images (4 nm x 2.4 nm)
acquired with a metallic tip (/ = 100 pA, V' = 100 mV) of TCT molecules before (state 1) and
after (state 2) the desulfurization reaction. b) Line profiles, marked with the correspondent color

in panel (a), showing the apparent height of the molecules in the initial and final state.

Electronic structure

In order to investigate TCT molecule adsorption on Cu(l111), DFT-vdW calculations were
performed varying the adsorption distance of the molecule with respect to the surface. For each
calculation the geometry of the molecule was relaxed allowing the S atoms to move in (X, Y, Z)
coordinates and the C and H atoms to move only in the plane defined by X and Y. The
calculations reveal a broad and pronounced minimum at an adsorption distance z = 2.50 A of the

molecule above the surface (Figure S3a). Experimentally, only a single adsorption conformation



was found and, therefore, we performed a full relaxation of our minimal conformation allowing
all molecular atoms to move in the X, Y, and Z coordinates. The projected density of states
(PDOS) for the equilibrium conformation, obtained initially from the adsorption distance at 2.50
A, is compared in Figure S3b with the PDOS for adsorption distances at 2.70 A and 3.00 A. The
molecular state related to an adsorption distance of 2.50 A shows a strong hybridization with the
Cu(111) substrate. There is also a significant amount of charge transfer of about one electron to
the lowest unoccupied molecular orbital (LUMO), which broadens and shifts the LUMO to
lower energies, i. ., closer to the Fermi energy. Therefore, when imaged close to the Fermi level

with a functionalized tip, the LUMO orbital of the TCT molecules becomes visible (Figure

S3c,d).
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Figure S3. Electronic structure of TCT adsorbed on Cu(111). a) Adsorption energy (—E,q) of the
TCT as a function of the adsorption height z on Cu(111) from vdW-DF-cx calculations. b) PDOS
calculated for the TCT initial state equilibrium geometry (z = 2.50 A), at molecular adsorption
distances of z = 2.70 and 3.00 A, and for the intermediary reaction state 1i shows a partial filling
of the LUMO for decreasing distance z. ¢) STM image acquired with a functionalized tip
resolving the orbital structure of TCT. d) Calculated molecular appearance of TCT on Cu(111)

in the Tersoff-Hamann approximation and LUMO of the TCT free molecule in gas phase.



DFT calculations of the C-C bond scission.

To eliminate the possibility of a different interpretation of the experimental results, we
performed DFT calculations considering the scission of the other bonds of the thiophene group.
In Figure S4a and S4b the models for the dissociation of the C-C bonds are represented. These
structures are single point energy calculations. Geometrical relaxations have been further
performed for the left and middle structures from Figure S4, leading to the ring closure (the
return to TCT geometry) or C-S bond breaking (giving a separated S-CH fragment), respectively.
No geometrical relaxation has been performed for the structure in the right panel, but in the
eventuality such relaxation would not lead to previously mentioned outcomes, a very different

appearance from the experimental data is expected.
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Figure S4. Calculated molecular appearances in the Tersoff-Hamann approximation considering
different possibilities for the dissociation of the C-C bonds as represented in panel (a) in ball-

and-stick models and in panel (b) in the simulated images.



