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On-Surface Stepwise Double Dehydrogenation for the
Formation of a para-Quinodimethane-Containing

Undecacene Isomer

Suchetana Sarkar,” Berta Alvarez,” Kwan Ho Au-Yeung,® " Agustin Cobas,"
Roberto Robles, Nicolas Lorente, Diego Pefia,*™ Dolores Pérez,*® “ and

Francesca Moresco*!

The on-surface synthesis of an isomer of undecacene, bearing
two four-membered rings and two para-quinodimethane moi-
eties, starting from a tetramethyl-substituted diepoxy precursor,
is presented. The transformation implies a thermal double
deoxygenation followed by a stepwise double dehydrogenation
reaction on the Au(111) surface, locally induced by inelastic
tunneling electrons. This results in the transformation of para-

Introduction

Acenes are polycyclic aromatic hydrocarbons resulting from the
linear cata-fusion of benzene rings, and are considered
privileged compounds in the field of molecular materials."™
However, their practical use is hampered by the decreased
chemical stability associated to the extension of the length of
the acene chain, a feature that can be well rationalized on the
basis of Clar's m-sextet rule Given their highly reactive
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dimethylbenzene moieties into non-aromatic para-quinodime-
thanes. The structures and electronic properties of the
intermediate and final products are investigated at the single
molecule level with high spatial resolution, using both scanning
tunneling microscopy/spectroscopy and non-contact atomic
force microscopy. The experimental results are supported by
density functional theory calculations.

nature,® the synthesis of large acenes only by solution

chemistry methods is problematic, and much remains to be
understood about the electronic ground state of long acenes or
the effect of introducing substituents or dopants. On-surface
synthesis has been effective in the generation of higher acenes,
also allowing to investigate their electronic properties in detail
on a surface”'® Very recently, the synthesis of the 13-ring
acene, i.e. tridecacene, has been independently reported by
two groups,"’'® suggesting a nonmonotonous length-depend-
ent HOMO-LUMO gap"” and proving the predicted open-shell
character™® of extended acenes. Heteroatom substitution in
long acenes has led the way to introducing n-type doping in
their semi-conducting properties."*?? On the other hand,
efforts have been devoted to the development of stable acene
analogs through different strategies,’”” including the installation
of suitable substituents in the periphery of the polycyclic
system,?? the generation of linear species with quinoidal
conjugation,® or the introduction of structural elements which
are able to break or partially interrupt the conjugation along
the molecule, resulting in species with an increased number of
Clar's sextets in the 1D framework. In this regard, the
introduction of four-membered cyclobutadiene (CBD) rings has
led to the solution-phase synthesis of stable CBD-containing
oligoacenes®>" and to the on-surface construction of linear
polycyclic structures containing nonbenzenoid moieties.®2
Less explored is the incorporation of fused six-membered 3,6-
dimethylenecyclohexa-1,4-diene  (para-quinodimethane, p-
QDM) moieties in the acene backbone to disrupt conjugation,
although successful examples of TCNQ-embedded long acenes
(TCNQ=7,7,8,8-tetracyanoquinodimethane) have been
reported.®®

In this work we propose the synthesis of an isomer of
undecacene (1, C,H,), containing two four-membered rings
and two para-quinodimethane moieties in its structure (Fig-
ure 1). Based on the number of Clar sextets (5 vs. 1, as shown in
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(a)

1 (undecacene, C46Ho6; 11 benzene rings, 1 Clar’s sextet)

2 [C46Hog; 7 benzene rings, 5 Clar’s sextets
2 cyclobutadiene rings, 2 para-quinodimethanes (p-QDM)]

(b) on-surface
voltage
pulse

dehydrogenation

p-dimethylarene p-QDM

Figure 1. (a) Top: Structural features of undecacene 1. Bottom: Structural
features of undecacene isomer 2. (b) Postulated generation of a para-
quinodimethane (p-QDM) from a para-dimethylarene by means of on-
surface dehydrogenation.

Figure 1a) and on the presence of nonbenzenoid rings, the
target acene analog 2 is expected to show different electronic
properties compared to undecacene. Particularly interesting is
the introduction of para-quinodimethane (p-QDM) moieties,
which have been scarcely explored in the field of on-surface
synthesis. In principle the p-QDMs might be obtained by
dehydrogenation of para-dimethylarenes (Figure 1b). However,
it is worth noting that despite the early reports on the
generation of the highly reactive, parent p-QDM (p-xylylene) by
pyrolysis of p-xylene,”” to the best of our knowledge, such a
transformation has not been reported either in solution-phase
chemistry or by on-surface synthesis.

Recently, several on-surface dehydrogenation reactions
have been described, including those involving scanning
tunneling microscopy (STM)-induced C—H bond cleavage at
saturated carbon atoms, either for the generation of open-shell
structures®®™*? or for the final aromatization of a partially
saturated acene precursor." Furthermore, tailor-made methyl-
substituted aromatics have been exploited for the on-surface
synthesis of graphene nanostructures with zigzag edges**! or
with five-membered rings’ through processes involving ther-
mally induced dehydrogenative intramolecular coupling reac-
tions. Here, we present the synthesis of the undecacene isomer
2 on Au(111) starting from precursor 3 (Scheme 1), by a double
deoxygenative aromatization followed by a stepwise double
dehydrogenation reaction, involving a new on-surface reaction
based on the transformation of p-dimethylarene moieties into
non-linearly conjugated p-QDM:s.

Results and Discussion
Based on previous successful results on the on-surface synthesis
of acenes from epoxy derivatives,*'® compound 3 (Scheme 1)

was devised as suitable precursor of the targeted compound 2.
Applying the aryne-based methodology for the construction of
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Scheme 1. Aryne-based synthesis of precursor 3 and its on-surface trans-
formation into the novel undecacene isomer 2.

cyclobutadiene-containing oligoacenes recently described by
some of us," the synthesis of 3 was performed as shown in
Scheme 1. Thus, the reaction of 2-benzo[blbiphenylyne 4,
generated from triflate 5, with 2,5-dimethylfuran afforded
adduct 6 in 89% yield. Treatment of 6 with 3,6-bis(pyridin-2-yl)-
1,2,4,5-tetrazine (BPTZ) allowed the insitu generation of the
isobenzofuranoid 7, which was reacted with bistriflate 8 in the
presence of CsF to give bisendoxide 3 in 20% vyield, as the
result of a formal double Diels-Alder reaction of diene 7 with
1,4-benzodiyne 9 (see S| for details and chemical character-
ization).

For the on-surface study, precursor 3 was deposited via
flash/rapid evaporation from a silicon wafer onto a clean
Au(111) surface kept at room temperature. This method allows
the deposition in ultra-high vacuum (UHV) conditions of
unstable or large molecules that would otherwise decompose
before reaching their sublimation temperature."®*” Upon cool-
ing the sample to 5K, we observed in the STM images
individual molecules, most of them with a linear shape and an
apparent length of around 30 A (see SI, Figure S3b). A STM
image of a single molecule is shown in Figure 2a and an
overview image in Sl (Figure S3). We tentatively assigned it to
compound 10, containing a pentacene core, which would result
from the deoxygenative aromatization of bisendoxide 3
(Scheme 1) happening during sublimation, a process that has
been previously observed after flash evaporation of epoxya-
cenes on Au(111)."® The bright protrusions at the center of the
molecule can be attributed to the methyl groups. We also
observed a few bent-shaped molecules (see SI, Figure S3),
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Figure 2. (
ized tip showmg the step by step on-surface dehydrogenation of a single
molecule via voltage pulses. Pulse parameters: 2.5V, 1 nA, 5 seconds. Image

) Constant current STM images taken with a CO functional-

parameters: V=—1V, |=100 pA. (d) - (f) Constant height STM images with
CO functionalized tip taken after each pulse, showing all steps of the
reaction. Image parameters: V=10 mV. Image dimensions: 3.5 nm x 2.0 nm.

which could result from the surface-mediated opening of one
(or two) of the cyclobutadiene rings.*® The assignment was
confirmed by high-resolution non-contact atomic force micro-
scopy (AFM) images, shown in Figure S3c.

Next, we focused on the linear molecules (Figure 2a) to
further investigate the proposed on-surface dehydrogenation.
After applying a voltage pulse with the STM tip (typically V=
2.5V, =1 nA) the molecule of Figure 2a can be converted to a
first product shown in Figure 2b, where the central bright
protrusion appears split in two separated maxima with different
intensities. A further voltage pulse causes the complete
planarization of the molecule to obtain the symmetric species
imaged in Figure 2c. This suggests that a stepwise process
involving, in each step, the transformation of two peripheral
C(sp’)-hybridized methyl substituents into two C(sp?)-hybridized
methylidene groups has happened, that is, the sequential
conversion of the para-dimethylarene moieties into p-QDMs.
The pulsing sequence can be found in the SI (Figure S4).

We investigated in more detail the three observed molec-
ular species by recording high resolution STM images in
constant height mode using a CO functionalized tip (Figur-
es 2d-f). The pronounced maximum around the central part
observed in the STM images of the unpulsed molecule (Fig-
ure 2a) appears in the constant height CO-tip image (Figure 2d)
formed by separated bright symmetric protrusions that we
tentatively assign to the four methyl groups. After the first
pulse, the intermediate product (Figures2b,e) shows an
asymmetry in the central lobes, i.e. one of the two lobes has a
lower intensity after the pulse, suggesting the loss of two
hydrogen atoms (one from each of two para-located methyl
groups) while the other two remain unchanged. After the
second pulse the molecule is symmetric and both lobes are flat
(Figures 2¢,f). We therefore tentatively assign the unpulsed
molecule of Figures 2a,d to 10, the intermediate species in
Figures 2b,e to compound 11 and the final product (Figur-
es 2¢,f) to compound 2.

We studied the intermediate and final products by bond-
resolved non-contact AFM with a CO functionalized tip, as
presented in Figure 3. The intermediate species appears asym-
metric also in the AFM images (Figure 3a), showing a slight
non-planarity and two local bright features indicating the two
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Figure 3. (a) Laplace filtered nc-AFM image with CO functionalized tip of the
partially reacted species, assigned as 11. (b) Laplace filtered nc-AFM image
with CO functionalized tip of the final product, assigned as 2. (c) Image 3a
with the structure of 11 superimposed. (d) Image 3b with the structure of 2
superimposed. Scanning parameters: (a) Amplitude =300 pm, V=1 mV,
size=4.0 x 1.7 nm (b) Amplitude =150 pm, V=1 mV, size 40 nm x 1.7 nm.

remaining methyl groups.””’ The symmetric final molecule, with

well-resolved four-membered rings, is shown in Figure 3b. The
pulse induced dehydrogenation is apparent when comparing
Figures 3a,b, thus supporting the assignment of the intermedi-
ate to species 11 and of the final product to compound 2 (see
Figures 3c,d).

Additionally, we investigated the proposed compounds 10,
11 and 2 on the Au(111) surface by DFT calculations and image
simulations. A preliminary computational study of the structures
and properties of the molecules in the gas phase was also
performed, including the analysis of the global and local
aromaticity of the targeted oligoacene derivative 2 and of
pentacene 10 by NICS-XY scan®® and ACID plot®"*? calculations
(see Sl section 7, Figures S10-S12 for details), showing the local
nonaromatic character of the p-QDM rings in compound 2.

The adsorption geometries of 10, 11, and 2 calculated by
DFT on the Au(111) surface are shown in Figure 4a-c. The
corresponding simulated STM images are presented in Fig-
ure 4d-f, showing a very good agreement with the experimen-
tal STM images of Figure2, and therefore supporting the
proposed reaction sequence and structure assignment. The
enhanced surface interaction of the molecule with the p-QDM
moieties as compared to the methylated species, as shown in

Figure 4. DFT calculations of molecular species on Au(111) (a) Top view and
sideview of adsorption geometry of 10. (b) Top view and sideview of
adsorption geometry of 11. (c) Top view and sideview of adsorption

geometry of 2 and calculated STM topography. (d)-(f) Calculated STM

images of 10, 11 and 2.
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Figure 4b and Figure 4c, is also observed experimentally in the
AFM images as a slight lowering of contrast (see Figure 3).

The electronic properties of the three species were inves-
tigated by scanning tunneling spectroscopy (STS) and density
functional theory (DFT) simulations, as shown in Figure 5 for the
final product that we assign to compound 2. The STS spectrum,
taken at the position marked in the inset STM topography
image, is shown in Figure 5a. Below the Fermi energy, a broad
and weak resonance peak starting at V=—1.0 V appears, while
above the Fermi energy, a more intense broad resonance peak
centered around V=2V is observed.

The broadening of the peaks can be ascribed to the
interaction of the molecule with the metal surface. To improve
the energy resolution, and eventually observe the single
resonances, it is possible to record constant current dl/dV maps
at bias increments around the peak positions. By an increment
of about 0.1V, the highest contrast images are shown in the
left column of Figure 5b while intermediate cases are reported
in the SI (Figure S9). At negative bias, the highest contrast is
observed at V=(—1.05+0.10) V and shows a clear localization

(a)

15 10 -05

di/dV (a.u.)

Bias (V)

>
-
<
~
o
[e]
m
~N

EXP. CALC.

Figure 5. STS and constant current dI/dV maps: (a) STS of fully reacted
molecule 2; the spectrum was recorded at the position shown in the STM
image of the inset. (b) dI/dV maps taken at specified bias values and
corresponding calculated conductance maps. All images: 3.5 nmx1.7 nm.

HOMO

LUMO

LUMO+2 LUMO+1
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around the quinodimethanes, while weakly extending over the
molecule."® Repeating this bias sweep on the positive side
shows three distinct localizations. At V=(1.84+0.10) V, the
electronic contrast is restricted between the four-membered
rings, with additional contrast around the central benzene ring.
At V=(2.04£0.10) V on the other hand, the contrast is localized
around the neighboring benzenoid rings with diminished
contribution from the central ring. Finally, at V=(2.30+0.10) V
the localization is centered strongly around the cyclobutadiene-
fused benzenes. The experimental differential conductance
maps are in very good agreement with the calculated ones
presented in the right column of Figure 5b, confirming the
assignment of the final reaction product and the contribution
of the single orbitals to the observed resonances, with a HOMO-
LUMO gap E;=2.940.10 eV. Widening of the electronic gap of
acene analogs due to the inclusion of cyclobutadiene units has
been previously reported®****' and here we observe an even
more pronounced effect as a result of the presence of the non-
aromatic p-QDM moieties. Compared to undecacene, which has
a gap E,=1.09 eV, our values are in the range of tetracene”
(E;=2.9 eV) due to the disruption of conjugation caused by the
cyclobutadiene (partial) and p-QDM units.

We also studied by STS the electronic properties of the
initial, unpulsed molecule, and of the intermediate product
obtained after one voltage pulse. We found the experimental
dl/dV maps in excellent agreement with the DFT simulations of
the conductance maps for 10 and 11 (see SI, Figures S5, S6 and
S7). These results indicate that the observed resonances are
well described by the molecular orbitals of the adsorbed
molecules and support the proposed structure of the initial
compound as bis(naphthocyclobuta)-fused pentacene 10, and
the intermediate species as the single p-QDM-containing
oligoacene 11. The experimentally estimated energy gap for
intermediate 11 is Eg=2.74+0.10 eV (see Figure S6). The slight
opening of the bandgap of 2 in comparison with that of 11 is
qualitatively expected due to the presence of an additional p-
QDM moiety. However, DFT calculations show a large broad-
ening and a strong hybridization of the electronic resonances
on the gold surface, making a comparison of the HOMO-LUMO
gap of intermediate and final products difficult.

Conclusions

In summary, our study delved into the synthesis of an isomer of
undecacene featuring unconventional cyclobutadiene and
para-quinodimethane structural motifs, by combining solution-
phase and on-surface chemistry. Exploiting aryne cycloaddition
reactions, we synthesized a diepoxyacene derivative that served
as a precursor for fabricating the targeted undecacene isomer
on the Au(111) surface. The key on-surface process involved the
sequential generation of para-quinodimethane moieties from
para-dimethylarenes via a controlled double dehydrogenation
reaction triggered by voltage pulses. We thoroughly character-
ized the intermediate product resulting from a single dehydro-
genation step. Accurate assignment of both intermediate and
final products was facilitated by high-resolution scanning probe
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microscopy and spectroscopy experiments, complemented by
computational model simulations. Our findings provide a novel
molecular transformation to the dynamic field of on-surface
chemistry, while showcasing the potential to modulate the
electronic properties of acenes through the incorporation of
nonbenzenoid rings.

Experimental Section

General Synthetic Methods

All reactions were carried out under argon using oven-dried
glassware. Anhydrous CH,Cl, and CH;CN were taken from a MBraun
SPS-800 Solvent Purification System. Finely powdered CsF was dried
under vacuum at 100°C, cooled under argon and stored in a glove-
box. 3-(Trimethylsilyl)benzo[b]biphenylen-2-yl triflate (5)“¢ and
bis(trimetilsilyl)phenynele-1,6-diyl bistriflate (8)** were prepared
following previously described procedures, the latter being also
commercially available from ABCR GmbH. Other commercial
reagents were purchased from ABCR GmbH, Sigma-Aldrich or
Fluorochem, and were used without further purification. TLC was
performed on Merck silica gel 60 F254 and chromatograms were
visualized with UV light (254 and 360 nm). Column chromatography
was performed on Merck silica gel 60 (ASTM 230-400 mesh). 'H and
3C NMR spectra were recorded at 300 and 75 MHz, respectively, in
a Varian Mercury-300 instrument. Atmospheric pressure chemical
ionisation (APCl) HRMS were obtained on a Bruker Microtof, using
either Flow Injection Analysis (FIA) for sample introduction. UV-Vis
and fluorescence spectra were obtained on a Jasco V-630 and on a
Fluoromax-2 spectrophotometers, respectively.

Synthesis of Compound 6

To a solution of 5“9 (67 mg, 0.16 mmol) in dry CH,CN (3.2 mL)
placed in a Schlenk flask under argon, 1,5-dimethylfuran (230 mL,
3.17 umol) and anhydrous CsF (218 mg, 1.40 mmol) were succes-
sively added. The reaction mixture was stirred at room temperature
for 14 hours. The solvent was evaporated and the residue was
suspended in CH,Cl, and passed through a SiO, plug to isolate 6 as
pale yellow solid (42 mg, 89%). '"H NMR (300 MHz, CDCl;), &: 7.40
(dt, J=7.1, 3.5 Hz, 2H), 7.22 (dt, J=5.9, 3.5 Hz, 2H), 6.82(s, 2H), 6.77
(s, 2H), 6.74 (s, 2H), 1.88 (s, 6H). *C NMR-DEPT (75 MHz, CDCl,), &:
155.1 (C), 148.1 (C), 146.5 (CH), 146.3 (C), 135.2 (C), 128.5 (CH), 126.1
(CH), 113.7 (CH), 111.8 (CH), 88.8 (C), 15.4 (CH;). HRMS(APCI-FIA-
TOF) for Cy,H;,0 (IM+H]1*) Caled.: 297.1274; Found: 297.1271.

Synthesis of Compound 3

A solution of epoxyacene 6 (40mg, 0.13mmol) and 3,6-
bis(pyridine-2-yl)-1,2,4,5-tetrazine (BPTZ) (35 mg, 0.15 mmol) in
CH,Cl, (4 mL) was stirred at 45°C until complete consumption of
the starting epoxyacene (TLC monitoring, 1.5 h), generating iso-
benzofuran 7 in situ. To this solution, kept at room temperature in a
Schlenk flask, a solution of the 1,4-benzodiyne precursor 8 (35 mg,
0.07 mmol) in CH;CN (4 mL) was added, followed by finely
powdered, anhydrous CsF (123 mg, 0.81 mmol; addition of the solid
under a positive flow of argon). The mixture was stirred at room
temperature for 14 h, then the solvent was evaporated under
reduced pressure and the desired bisendoxide was isolated by
quick chromatography on NEt;-deactivated silica gel (hexane/
AcOEt; 9:1 to 3:2 gradient), to yield compound 3 as a yellow solid
(8 mg, 20%). '"H NMR (300 MHz, CDCl,), &: 7.32 (dd, J=6.1, 3.2 Hz,
4H), 7.15 (dd, J=6.2, 3.3 Hz, 4H), 6.98 (s, 2H), 6.76 (s, 4H), 6.67 (s,
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4H), 2.02 (s, 12H). C NMR-DEPT (75MHz, CDCly), & 153.7(C),
150.1(C), 148.8(C), 146.1(C), 135.2(C), 128.5(CH), 126.2(CH),
114.0(CH), 111.7(CH), 110.4(CH), 87.1(C), 14.2(CHs). HRMS(APCI-FIA-
TOF) for CygH3,0, (IM+HI") Caled.: 615.2319; Found: 615.2316. UV-
vis. (CHCLS), Amae 272,302, 312, 320, 362, 381, 403 nm.

Experimental Methods for the On-Surface Study

The Au(111) crystal was cleaned by subsequent cycles of Ar*
sputtering and annealing to 450°C. STM experiments were
performed using a custom-built instrument operating at a low
temperature of T=5K under ultra-high vacuum conditions (p
~1x107'° mbar). The precursor molecules 3 were evaporated from
an Si wafer that had been cleaned via direct heating. The Au(111)
surface was kept at room temperature (25°C) and following
deposition, post-annealed to 200 °C. All STM images were recorded
in constant-current mode, unless otherwise mentioned, with the
bias voltage applied to the sample. All AFM experiments were
conducted in the constant-height mode by using a g-Plus tuning
fork (a resonance frequency f, ~27 kHz and a quality factor Q >
47,000) with a CO terminated tip and images were obtained via
frequency modulation.

To trigger the sequential reaction from 10 to 2, the STM tip was
positioned at a fixed height above a molecule (non-contact) with
the feedback loop switched off and a voltage V was applied within
a fixed time window. STM images were recorded both before and
after each pulsing event.

All spectroscopy measurements were conducted in constant height
mode, while dI/dV maps were obtained in constant current mode.
Spectra and maps were measured using lock-in detection with a
modulation frequency of 833 Hz and a modulation amplitude of
40 mV. Only those tips showing the Au(111) surface state were
used for spectroscopy measurements on the molecules.

Computational Methods

Calculations in the gas phase were performed using the Gaussian
16 program package.®” Geometries were optimized at the density
functional level using the B3LYP functional® and 6-311 G(d) basis
set. Vibrational frequency calculations were performed at this level
to confirm the nature of the stationary points (minima, transition
structures or saddle points) and to obtain the thermal and entropic
contribution to the free energy. NICS-XY scans®” were calculated
with the Aroma package at the GIAO—B3LYP/6-311+ G(d) compu-
tational level.”**” The NICS-XY scans contain only the n-contribution
by employing the c-only model.*® The vertical excitation energies
were calculated from the ground state geometries using time-
dependent density functional theory (TDDFT) at the b3lyp/6-311+
+G(d,p) level of theory. To compute the anisotropy of the induced
current density (ACID), the NMR shielding tensors were computed
with the CSGT method at the same level of theory. The ACID plots
were prepared with the ACID 3.0.4 software provided by the
Herges’ group.”*? The magnetic field vector was set perpendicular
to the plane of the molecules. All surfaces are displayed with an
isovalue of 0.04 a.u.

Model DFT calculations of the molecules adsorbed on Au(111) were
performed with the VASP code,*” using the PAW method®” and
the PBE exchange-correlation functional.®” Missing long-range
dispersion interactions in this functional were included following
the Tkatchenko — Scheffler method.®” A plane-wave basis set was
used with an energy cutoff of 400 eV. The Au(111) surface was
simulated by a four-layer slab and a (13x4./3) surface unit cell. The
coordinates of all atoms except the two bottom layers were
optimized until forces were below 0.01 eV/A. Geometry relaxations
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were performed using the Gamma point, while STM images were
simulated using a denser 2x4x1 k-grid mesh. STM images were
computed using the Tersoff-Hamann approximation®®! as imple-
mented in the STMpw code.”®”

Supporting Information Summary

Further experimental and computational details are given in the
Supporting Information file.
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