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ABSTRACT: We present the on-surface reduction of diepoxyte-
tracenes to form genuine tetracene on Cu(111). The conversion is
achieved by scanning tunneling microscopy (STM) tip-induced
manipulation as well as thermal activation and is conclusively
demonstrated by means of atomic force microscopy (AFM) with
atomic resolution. We observe that the metallic surface plays an
important role in the deoxygenation and for the planarization after

bond cleavage.
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he precise fabrication of large acenes and their
I derivatives offers great promise for application in
organic and molecular electronics.”” Their unique
electronic properties make them attractive as low bandgap and
high mobility materials; however, the synthesis of stable and
vacuum- or solution-processable compounds is challenging and
becomes even more complex with increasing acene length.”*
Therefore, on-surface preparation is an advantageous method
which has been proven to be a viable approach in the field of
nanoarchitectures,”™” e.g, for the fabrication of molecular
wires,®™1° graphene nanoribbons,""'? or two-dimensional
networks.”'* Experimental verification of the underlying
synthetic strategies is crucial and relies on high-resolution
characterization of the obtained reaction products. Recent
advances in atomic force microscopy (AFM) have demon-
strated that this method can be well suited to capture surface-
assisted formation of acenes due to its powerful capability to
image on-surface reaction products in real space. In particular,
AFM with atomic resolution has been applied to resolve
structures of thermally activated reactions'>~'® and single-
molecule chemistry,lg’20 as well as of natural products21 and
mixtures.””
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RESULTS AND DISCUSSION

In this article, we introduce the on-surface reduction of
epoxyacenes to obtain the corresponding acenes, demonstrated
by the deoxygenation of a mixture of syn/anti-1 to form
tetracene (3) on Cu(111) as illustrated by Scheme 1. In
solution chemistry, this is a nontrivial transformation which
requires the use of reducing reagents.””~>” To explore this

Scheme 1. On-Surface Reduction of Diepoxytetracenes to
Form Genuine Tetracene
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syn-1

Figure 1. Diepoxytetracenes syn/anti-1. (a and b) Laplace-filtered AFM images of syn-isomer on bare Cu(111) and NaCl (2ML), respectively.
(c) Observed adsorption site of a syn-isomer on NaCl (2ML). Constant-height AFM measurements with two different tip height domains were
employed to resolve the molecular structure as well as the underlying lattice orientation. The experimental gray scale images correspond to
the measured unfiltered frequency shift data and features a sharp edge where the tip-height is switched from high to low. In addition, the
atomic lattice of NaCl is superimposed to identify the adsorption position. A laterally displaced ball-and-stick model of the free molecule
illustrates the close proximity of oxygen atoms and Na atoms of the lattice. (d) Ball-and-stick-model of anti-isomer’s geometry as calculated
for this molecule after full relaxation on a Cu(111) surface. A corresponding experimental AFM image is given in the Supporting Information.
(e) Laplace-filtered image of anti-isomer on NaCl (2ML) with different contrast on the right-hand side due to protruding oxygen. Unfiltered
AFM images are shown in the Supporting Information. All scale bars refer to § A.

reaction on-surface, a mixture of tetracene precursors syn/anti-1
was sublimated onto a sample held at below 10 K in ultrahigh
vacuum conditions. The used Cu(111) surface featured islands
of bilayer NaCl, referred to as NaCl (2ML). In addition, CO
molecules were deliberately adsorbed to functionalize the tip.”*
Combined STM and AFM with atomic resolution were
employed at a temperature of 5 K to unambiguously
characterize the molecular conversion. Moreover, complemen-
tary density functional theory (DFT) calculations were
performed to determine adsorption geometries of all
considered molecules on Cu(111).

Diepoxytetracenes 1 were easily obtained”” through a double
Diels—Alder cycloaddition of a 2,6-naphthodiyne synthon and
furan.’>*' The resulting products 1 are two diastereomers with
two 1,4-epoxy groups in either syn or anti configuration as
indicated in Scheme 1. Both molecular species are present on
the surface and can be readily imaged by AFM using a CO-
functionalized tip, as one can see in the Laplace-filtered images
with enhanced contrast in Figure 1. While scanning at constant
tip height and due to the nonplanar adsorption geometry, the
outer segments of the molecules interact more strongly with
the tip and show a less negative frequency shift than the faint
contribution of the two inner benzene rings. With decreasing
tip height, the strong repulsive (bright) contrast of the outer
parts becomes even more pronounced in the raw AFM images
(¢f. Figure S2 in the Supporting Information) before the more
closely to the surface adsorbed benzene rings can be fully
resolved. Panels a and b of Figure 1 display typical images
obtained for syn-isomer on bare Cu(111) and NaCl (2ML),
respectively, which are characterized by their symmetric shape
and reveal additional details at the center due to the applied
Laplace-filtering. Apparently, there is no significant difference of
the molecular structures on Cu(111) and NaCl (2ML) and the
images show that two CH groups are pointing toward the tip
on either side of the molecules. Hence, the preferred adsorption
geometry coincides with the oxygen-rich side of the molecules
facing the surface. This is supported by the determined
adsorption site on NaCl (2ML) (see Figure 1c) indicating that
electronegative oxygen atoms are located in close proximity to
Na atoms. The other possible conformation of a syn-isomer
with both oxygen pointing away from the surface was not
observed in our experiment. On the contrary, adsorbed anti-

isomers feature always one protruding oxygen atom. This is
illustrated by the calculated model in Figure 1d. The resulting
Laplace-filtered AFM images are identified by two dissimilar
sides as this oxygen atom leads to a clearly different contrast,
which is shown in Figure le for anti-1 on NaCl (2ML).

To demonstrate the single-molecule conversion reaction, we
focused mainly on individual diepoxytetracenes adsorbed onto
bare Cu(111). Due to the larger coupling than on NaCl (2ML),
the controlled manipulation of such a small molecule proved to
be more feasible on the metal.’”” Conformational changes and
chemical reactions®* ™ can be induced by applying voltage
pulses with the tip of an STM. After characterizing the initial
molecule, a chemical conversion was already obtained by
constant-current STM imaging with a metal tip at higher bias
voltage. The corresponding threshold for any first tip-induced
reaction was found to be at ~2.2 V. A sudden change of the
molecular topography while scanning indicated the successful
conversion and was confirmed by a subsequent STM scan at
low bias of 100 mV. In the case of syn-isomer, tetracene
generation was usually achieved in a two-step process via the
formation of epoxytetracene 2 (see an exemplary set of STM
images in Figure 2), and both intermediate as well as final
reaction product could be characterized by means of constant-
height AFM imaging.

Figure 2. Set of constant-current STM images (V = 100 mV, I = 0.5
PA) acquired with a metal tip to illustrate the stepwise molecular
conversion. (a) Two syn-isomers 1 on Cu(111) imaged as
dumbbell-shaped protrusions. In addition, a defect is visible in
the bottom right corner. (b) The resulting intermediate molecules
2 after STM imaging at a voltage of 2.2 V are shown. Faint
depressions close to the molecules can be spotted and correspond
to cleaved oxygen. (c) Upon application of another higher-voltage
scan at V = 2.6 V to the lower molecule, the final conversion to
tetracene (3) is obtained.
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Figure 3ab shows the resulting structure after the first
manipulation event (epoxytetracene 2) and demonstrates that

overview image is given in the Supporting Information Figure
S4. All atomically resolved AFM images (cf. Figure 4) showed

Figure 3. Intermediate 2 and final reaction product 3 after tip-
induced conversion of syn-isomer on Cu(111). (a and b) Constant-
height AFM image and Laplace-filtered data of the intermediate
epoxytetracene 2 after the first oxygen detachment. (c) Constant-
height AFM image of the resulting tetracene molecule after
complete deoxygenation. (d) Constant-current STM image (V =
100 mV, I = 2 pA) of the same molecule. The arrows point to close-
by shallow depressions and suggest the presence of atomic oxygen.

one oxygen atom was separated by two C—O bond cleavages.
Tip-induced excitation of the molecule is followed by energy
dissipation to break bonds and a partial planarization of the
remaining molecule will then take place in the presence of a
metallic surface. Hence, an additional benzene ring becomes
apparent in the AFM image. After the second manipulation
step, the molecule was completely planar and an aromatic
backbone of four fused benzene rings could be resolved, as
indicated in Figure 3c and in accordance to the previously
imaged pentacene.”’ In particular, the recorded image shows
the same apparent feature that the outer rings are imaged more
repulsive than the inner ones. Therefore, the structure of the
final reaction product is unambiguously determined to be
tetracene (3). Further STM images with a CO-terminated tip
(of. Figure 3d) reveal that the detached oxygen atoms are
situated in close proximity to the newly formed tetracene
molecule. They are imaged as indentations which are only
observed on the surface after a successful tip-induced reaction.

It is worth noting that using the same manipulation protocol
did not lead to the full conversion of anti-isomer precursors.
After the first successful reduction step, the intermediate
molecules 2 were identified to feature the remaining oxygen
atom pointing away from the Cu surface. Despite higher voltage
scans at up to 3.0 V, the second reduction step was not
obtained in the experiment. This suggests that the tip-induced
cleavage depends on the orientation of the oxygen with respect
to the underlying substrate and a larger O—Cu interaction is
favorable for an on-surface reduction. Accordingly, all successful
tip-induced reactions were accompanied by a displacement of
the molecule, while the separated O atoms remained close to
their presumed adsorption site.

To extend this single-molecule reaction to a general
preparation method, we investigated also the thermally induced
conversion. After annealing of the sample with low coverage
(<1% of a monolayer) up to 120 °C for S min, the molecules
assembled solely at Cu step edges. An exemplary STM

Figure 4. Reaction product 3 on Cu(111) after annealing up to 120
°C. (a and b) AFM and its Laplace-filtered image of an on-surface
produced tetracene. (c) AFM image of three tetracene molecules
assembled along a step edge. All images were acquired at a constant

height.

exclusively the presence of tetracene (3) and no die-
poxytetracenes 1 were observed. In particular, also no
intermediate epoxytetracenes 2 with one oxygen still attached
were found in the experiment. This implies that the
temperature activated reaction took place at a high rate and
regardless of the oxygen orientation of the precursors.
However, the latter observation is not necessarily a proof that
molecules of anti-1 react in the same way as syn-isomers. After
the first reduction step, the resulting intermediate 2 may still
have considerably different activation barriers to form tetracene
depending on the orientation of the remaining oxygen. Upon
annealing, molecules diffuse on the surface to more reactive
step edges/kink sites or may even switch their oxygen
configuration and are then fully reduced due to the enhanced
coupling to the Cu; however, the true reaction path remains
elusive.

CONCLUSION

In summary, we have demonstrated the on-surface reduction of
a diepoxyacene to produce the corresponding acene on
Cu(111). Single molecule experiments show a different
behavior of syn and anti diastereoisomeric diepoxyacenes,
which suggests that the O—Cu interaction is crucial for the
deoxygenation. Notably, thermally induced experiments allow
us to prepare tetracene-covered surfaces in a very efficient
manner regardless of the starting diastereoisomer. It is clear
that the role of the metallic surface is not limited to the
deoxygenation but extends to the planarization after bond
cleavage. Therefore, the shown reaction leads essentially to the
extension of an aromatic system on a metallic surface. Bearing
in mind the difficulties associated with the synthesis and
manipulation of linear oligoacenes under ambient conditions,
low solubility and high reactivity, and the synthetic accessibility
to epoxyacenes, this method could pave the way for the access
to larger acenes and the development of acene-based molecular
devices.

METHODS

Experimental Details. Combined STM/AFM experiments were
performed using a home-built instrument operating at a low
temperature of T ~ 5 K and ultrahigh vacoum (p ~ 1 X 107
mbar) conditions. The employed sensor was based on a gPlus design®
operated in the frequency-modulation mode®® (eigenfrequency f, ~
31 kHz, quality factor Q on the order of 10°). All AFM measurements
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were acquired in constant-height mode at V = 0 V and with an
oscillation amplitude of A = 0.5 A. STM images were taken in
constant-current mode with the bias voltage applied to the sample. A
Cu(111) single crystal was used as substrate and prepared by repeated
cycles of sputtering (Ne*) and annealing (900 K). After this cleaning
procedure, NaCl was evaporated onto the sample at about 270 K in
such a way that (100)-oriented NaCl islands of two atomic layer of
thickness were formed on the surface. Additionally, CO molecules
were deposited with a very low surface coverage and then deliberately
picked up by the tip of the STM/AFM to functionalize the apex. The
investigated epoxyacenes syn/anti-1 were sublimated onto the cold
sample (T ~ 10 K). Temperature-induced experiments were carried
out by transferring the sample out of the STM/AFM to anneal it up to
393 K for S min. Subsequently, the sample was cooled again and
transferred back inside the STM/AFM without breaking the ultrahigh
vacuum at any time.

Computational Details. Ab initio density functional theory
(DFT) was used to identify the adsorption geometries of all
considered molecules on Cu(111). The copper surface was modeled
by a periodic slab of five Cu layers, where the three lowest layers were
fixed at bulk positions during relaxation. Several initial conditions for
the adsorbed molecule obtained from molecular dynamics have been
chosen to find the minimum energy configuration. The DFT
calculations were performed using a mixed Gaussian and plane wave
approach implemented in the Quickstep code of CP2K.*> Goedecker—
Teter—Hutter pseudo potentials*' with the Perdew—Burke—Ernzerhof
exchange-correlation functional** and a valence double-{ basis set was
chosen. To correctly account for dispersion effects, we used the
nonlocal revised Vydrov—van Voorhies (rVV10) functional.*’ It goes
beyond pairwise correction schemes by adding a nonlocal correlation
term to the exchange functional, accurately describing the adsorption
geometries, in particular the curvature of adsorbed tetracene.
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