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TCNQ derivatives adsorbed on a metal surface undergo a self-
limited decyanation reaction that only affects two out of the four
cyano groups in the molecule. Combined Scanning Tunneling
Microscopy/X-ray Photoelectron Spectroscopy experiments and
Density Functional Theory calculations relate the self-limiting behavior
to the transfer of electrons from the metal to the molecule.

The development of surface chemistry has been historically
linked with the need to understand and improve heterogeneous
catalysts for industrial applications." In a few selected cases, such
investigations have resulted in the first-principles design of new
and improved catalysts through a profound understanding of the
role that solid surfaces play in determining the adsorption
geometry, charge state and reaction pathways of the reactant
molecules.> However, most of the successful stories so far have
involved only relatively small and uncomplicated molecules, such
as carbon monoxide, methane or ammonia,” although significant
progress is also being made in more complex molecules.?

In recent years, the interest in the catalytic role of solid surfaces
in the reaction of more complex organic molecules has been
renewed, due to the possibility of finding new synthetic routes
towards 1 and 2D well-ordered polymers.* However, the atomistic
details of how the atoms at the surface change the reactivity of
significantly more complex organic adsorbates involved in such
reactions are still not fully understood.” In most of the reactions
previously described in the literature, the organic adsorbates are
provided with specific functional groups which react at a given
temperature all at once, allowing for the formation of networks with
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specific geometries. In some cases, however, it might be useful to
preserve some of these functional groups, for example, to provide
the resulting species with electron donor or acceptor characteristics.

In this communication we report on the thermally-induced
self-limited decyanation of the organic electron acceptor
15,15,16,16-tetracyano-6,13-pentacene-p-quinodimethane (TCPQ)
when adsorbed on the Cu(100) surface, studied by an in situ
combination of Variable-Temperature Scanning Tunneling
Microscopy (VI-STM) and X-ray Photoelectron Spectroscopy
(XPS) together with Density Functional Theory (DFT) calcula-
tions. We show that, upon adsorption, charge-transfer from the
metal substrate to the organic adsorbate controls the molecular
conformation, leading to an adsorption geometry in which only
two cyano groups are bonded to the surface (hereinafter referred
to as lower cyano groups), while the other two point away from it
(upper cyano groups). We will demonstrate that the breaking of
the symmetry among the upper and lower cyano groups is so
severe that two cyano groups can be selectively eliminated from
each molecule, limiting any further progress in the reaction.
These results cannot be properly understood unless the role of
the surface as a source of electrons is properly accounted for.
Notice that related charge-transfer processes have been found to
play a very important role in the way by which molecules of the
TCNQ family adsorb on metallic surfaces and in the way by
which they interact with each other on such surfaces.®

Fig. 1a shows the gas-phase conformation of the TCPQ
molecules in the neutral state. Due to steric repulsion between
the cyano groups and the H atoms in the peripheral positions,
these molecules are not planar in the gas phase, but adopt a
butterfly-shaped structure with the dicyanomethylene groups and
the aromatic rings folded in opposite directions.”® Upon deposi-
tion on Cu(100) at room temperature (RT), the molecules are not
observed to aggregate into ordered islands as TCNQ does,® but they
stay as isolated entities (see Fig. 1a). The molecules display a cross-
shape appearance, with two bright lobes at both sides of a darker
cigar-shaped structure. Comparison of the images with those
corresponding to the related 13,13,14,14-tetracyano-5,12-tetracene-
p-quinodimethane (TCTQ, Fig. 1b) molecules demonstrates that
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Fig.1 STM (6.3 x 4.4 nm?) images of isolated molecules of (a) TCPQ and
(b) TCTQ on the Cu(100) surface. (a) Vp, = —0.83 V, | = 0.64 nA; (b) V,, =
—-179V, 1 =0.24 nA.

the dicyanomethylene groups correspond to the bright lobes, while
the cigar shaped structure must arise from the aromatic rings.

State-of-the-art van der Waals-corrected DFT calculations
performed with the smallest member of the molecular family,
11,11,12,12-tetracyano-9,10-anthra-p-quinodimethane (TCAQ),’
show that the minimum energy configuration is such that only
two cyano groups are bonded to the substrate, while the other
two point out of the surface plane (Fig. 2a). STM images of such
adsorption geometry, calculated following the Tersoff-Hamann
approximation, reveal the upper cyano groups as bright protru-
sions, while the planarized polyarene moiety appears as a darker
cigar structure (Fig. 2b), in agreement with the experimental
results described above.

Inspection of the molecular conformation obtained from the
DFT calculations show that, similarly to the case of TCNQ on
Cu(100),° the adsorbed molecule is severely distorted when
compared with the gas phase conformation of Fig. 1. In this
case the steric hindrance between the polyarene moiety and the
dicyanomethylene ends is released by rotating the whole dicyano-
methylene ends around the B3 bond (Fig. 2c). Such rotation
would be energetically expensive for the molecule in the neutral
state, suggesting that TCPQ, much like in the TCNQ case, uptakes
electronic charge from the metal surface.

The previous assertion is confirmed by a Bader analysis of our
DFT results, which shows that TCAQ takes about 1.99 e~ from the
surface. XPS measurements also corroborate the transfer of charge
from the metal surface to the molecule (see Fig. 2d). While for
submonolayer coverages the N signal shows a single maximum at
398.0 eV, for a coverage 0 = 1.2 ML a second component at higher
binding energy (399.4 eV) is clearly noticeable. The intensity of this
component increases with coverage, and it is the one that dom-
inates the spectrum for = 2.6 ML. A similar shift of ~0.9-1.4 eV
towards lower binding energies for submonolayer coverages was
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Fig. 2 (a) Side view of the relaxed conformation of TCAQ on Cu(100) showing
that the dicyanomethylene end groups are rotated around bond B3, consistent
with charge-transfer from the metallic substrate. (b) The simulated STM image
based on the adsorption geometry shown in (a). (c) Modification in the bond
conjugation of TCPQ upon the uptake of 2e™, and the concomitant change in
conformational freedom. (d) X-ray photoelectron spectra (hv = 1486 eV) of the
N1s core level of TCPQ/Cu(100) at different coverages. TCPQ molecules in
direct contact with the substrate show a core level shift towards lower binding
energies, in good agreement with the electron acceptor character of TCPQ.

also observed after depositing TCNQ on Ni(111)'*** or Cu(100),°
and was attributed to charge transfer from the substrate to the
molecule. The width of the peak for submonolayer coverage is also
significantly larger than for the multilayer component (1.36 eV and
1.16 eV, respectively), which can be explained by the asymmetric
situation of the upper and lower cyano groups at submonolayer
coverage.

The breaking of the symmetry between the four cyano groups
raises expectations of different behavior in subsequent reactions for
the adsorbed TCPQ molecules. We have performed a series of
experiments in which the surface is annealed to increasing tem-
peratures up to 500 K, and subsequently cooled down for STM and
XPS examination. For annealing temperatures higher than 380 K we
observe that the pentacene moiety is preserved in all the molecular
units, but an increasing number of molecules with one (Fig. 3a, blue
arrow) or two (Fig. 3a, green arrow) missing bright lobes can be
found as the annealing temperature increases. A statistical analysis
of the number of missing lobes as a function of temperature
extracted from large scale images (see Fig. S1, ESIt) can be seen
in Fig. 3e. This evolution is consistent with the expected one for a
barrier height of about 1.1 eV (assuming reasonable prefactors, see
Table S1, ESIT). At 490 K all the molecules observed in the STM
images have lost the two upper cyano groups. Comparison between
the XPS spectra of Cls and N1s core levels before and after
annealing to 490 K reveals that the vanishing of the bright lobes
is associated with the loss of 50% of the initial nitrogen and about
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Fig. 3 (a) STM image (9.5 x 6.8 nm?) of the Cu(100) surface after
annealing to 380 K ~0.5 ML of TCPQ deposited at room temperature.
Molecules can now be found which have lost either one (blue arrow) or
two (green arrow) bright lobes. (b, ¢) Calculated relaxed geometries for the
surface-stabilized radicals resulting from the elimination of one (b) or two
(c) cyano groups from the TCAQ molecule, and the corresponding
calculated STM images. (d) X-Ray photoemission spectra (hv = 1468 eV)
of the N1s (left) and Cl1s (right) core levels before (red line) and after (blue
line) the annealing to 490 K. (e) Statistical analysis of the number of missing
lobes as a function of the annealing temperature.

10% of the initial carbon (see Fig. 3d). This is consistent with the
molecules losing two cyano groups per molecule (2 carbon and
2 nitrogen atoms out of 28 and 4 carbon and nitrogen atoms in the
intact molecules respectively). Notice that losing entire dicyano-
methylene groups is incompatible with our experimental results,
since no nitrogen would be left on the surface upon total disappear-
ance of the bright lobes. The decyanation reaction is also supported
by comparison of the experimental images (Fig. 3a) with simulated
STM images arising from DFT calculations for singly (Fig. 3b) and
doubly (Fig. 3c) decyanated TCAQ radicals adsorbed on Cu(100).
We have thus demonstrated that TCPQ molecules adsorbed on
Cu(100) undergo decyanation of the dicyanomethylene ends. Notice
that only two cyano groups have been lost during the process, while
the other two cyano groups remain unperturbed. This is thus an
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example of a self-limited reaction: the decyanation reaction pro-
ceeds no further, even though the four cyano groups seem to be
equivalent from the molecular symmetry. Of course, the reason for
such behavior is the interaction between the cyano groups and the
surface, which is very strong for the lower cyano groups, but very
weak for the upper ones. Thus, while the energy barrier for the
upper cyano groups to detach from the molecular backbone can be
expected to amount to the energy cost for breaking the bond B2
(see Fig. 2c), a similar process in the lower cyano groups must also
pay the energy price to separate the cyano groups from the surface.
Charge-transfer is thus essential in determining the reactivity of the
adsorbed organic species. Finally, we would like to point out that
understanding the new reactions that appear to occur only at solid
surfaces might actually lead to new synthetic pathways that could
find their way towards applications in the near future.
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