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Abstract The polymerization of tetraazaperopyrene (TAPP) molecules on a Cu(111)
substrate, as observed in recent STM experiments, has been investigated in detail by
first principles calculations. Tautomerization is the first step required for the for-
mation of molecular dimers and polymers. The substrate is found to catalyze this
tautomerization.

1 Introduction

The ongoing miniaturization of electronic devices drives the search for alternatives
to the present approaches of lithographic manufacturing. In this context, the spon-
taneous ordering and assembly of atoms and molecules on atomically well-defined
surfaces, the so-called bottom-up approach, appears to be a very promising way to
fabricate functional systems with nanometer dimensions [1-3].

The intermolecular interactions ranging from indirect, substrate mediated inter-
play [4] and direct Coulomb forces [5] to weak dispersion interactions, metal com-
plexation [6] and hydrogen [7, 8] or covalent bonds [9] set the stage for a large num-
ber of possibilities to form one- and two-dimensional molecular networks of varying
robustness. Many potential applications of supramolecular structures, e.g., as tem-
plates in bottom-up device technology will require a thermal and chemical stability
that can only be achieved by covalent bonding. Layers in which the adsorbates are
interlinked by strong covalent bonds are advantageous also in the field of organic
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electronics, e.g., for organic field effect transistors or organic solar cells. Provided
nanoporous molecular networks are sufficiently robust, they may also offer well-
defined surroundings to control surface chemical reactions in confined spaces. For
these reasons a number of experimental investigations into covalently interlinked
molecular structures on surfaces under ultrahigh vacuum (UHV) conditions were
performed. For instance, the vapor-deposition polymerization of ultrathin films was
studied by scanning tunneling microscopy (STM) [10, 11]. The STM was not only
used to study, but also to initialize and control the polymerization of adsorbates [12].
Photoinduced polymerization of surface adsorbed diacetylene was demonstrated to
allow for the switching between different adsorbate phases [13]. Recent years have
seen a surge of interest in the formation and characterization of two-dimensional,
covalent organic networks based on chemical reactions at surfaces, see, e.g., Refs.
[8, 14-23].

Using computer grants of the HLRS, we studied the tautomerization reaction of
1,3,8,10-tetraazaperopyrene (TAPP) on a Cu(111) surface on the basis of DFT cal-
culations [24]. This special system has previously been investigated experimentally
by Matena et al. [16, 23]. The authors found that the copper substrate is crucial for
the formation of the various aggregates they observed, i.e. differently ordered close-
packed as well as porous networks on the one hand, and covalently bonded linear
chains on the other hand. From a surface science point of view, especially the latter
are of great interest, since their formation requires a multiple step chemical reac-
tion which does not occur in gas phase. The Cu(111) surface exhibits only a weak
interaction with the adsorbed molecules, but obviously is sufficient to change the
reaction kinetics. Recent DFT calculations focused on the energetic stability of the
molecular network or the chain, respectively [23, 25]. However, the detailed mech-
anism for the tautomerization reaction has not been investigated yet. With the work
presented here, we want to close this gap.

2 Computational Method

The DFT calculations are performed within the local density approximation (LDA)
for exchange and correlation as implemented in VASP [26]. Thereby the system of
Kohn-Sham equations
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is solved iteratively for the external potential V,y (r) until self-consistency in the
total electron density n(r) is reached. Plane waves serve as basis set for the Kohn-
Sham orbitals W, (r). The ground-state DFT calculations were parallelized for dif-
ferent bands and sampling points in the Brillouin zone using the message passing
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Fig. 1 Molecular model for the single TAPP molecule (left), the first tautomer TA1 (right) and the
dimer adsorbed on the Cu(111) surface (bottom)

interface (MPI). Parallelization over bands and plane wave coefficients at the same
time reduces the communication overhead significantly.

In order to account approximately for the influence of the dispersion interac-
tion, a semiempirical scheme based on the London dispersion formula was used
[27, 28]. The electron-ion interaction was described by the projector-augmented
wave (PAW) method [29, 30], which allows for an accurate treatment of the first-
row elements as well as the Cu 3d electrons with a relatively moderate energy cutoff
of 340 eV. The adstructures were modeled in periodically repeated supercells, con-
taining two atomic Cu layers arranged in a ('} ) translational symmetry, the ad-
sorbed molecules and a vacuum region of 15 A. Adsorption energies were obtained
as E g3 = Eyor — Esup — Ejol — Neullcy + NHEH2 from the total energy of the adsys-
tem E;,, the substrate E,;, and the molecule E,,,;. Here the number of additional
metallic adatoms is given by N¢,, Ny denotes the number of dissociated hydrogens,
Ucy s the copper adatom chemical potential and Ep, the energy of molecular hy-
drogen. Potential energy surfaces (PES) are calculated by lateral displacement of
the molecule followed by a relaxation with a laterally constrained carbon atom (C.
in Fig. 1).

Figure 2 shows benchmark calculations to determine the electronic ground state
of a typical 150 atom cell used for surface modeling in our project. The calcu-
lations within this project were performed on the NEC SX-8 and SX-9 of the
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Fig. 2 CPU time and speedup for DFT calculations for Perfluoro-anthracene (PFA) on the Au(111)
surface containing around 150 atoms. The calculations were performed with the Stuttgart opti-
mized VASP version on the HLRS NEC SX-8 and SX-9 machines. In comparison, we show data
for the HLRS Cray XE6, a local Linux cluster (Intel Core i7, 24 Twin-nodes with 4 CPUs 2.5 GHz
Quad Core Xeon each) and Mac Pro workstations (Intel Core i7)

Hochstleistungsrechenzentrum Stuttgart. As can be seen, a reasonable scaling is
achieved for using up to 32 CPUs.

3 Results

A single TAPP molecule adsorbs completely flat on the Cu(111) surface. The ad-
sorption geometry can be seen in the top left part of Fig. 1. The molecule—substrate
interaction is weak and dominated by dispersion forces. The molecule’s center ring
is located on top of a copper atom as energetically most favorable adsorption posi-
tion. In this minimum energy position, the adsorption energy amounts to —2.55 eV.
However, due to the weak interaction with the substrate and its mainly dispersive
character, the molecule can be expected to be rather mobile, which is crucial for the
polymerization reactions discussed in the following. The calculated PES (Fig. 2 in
Ref. [24]) indicates only small energy barriers hindering lateral movements of the
molecule at the surface. The movement of the center ring of the molecule to a bridge
site increases the energy by less than 0.01 eV, and even the most unfavorable hollow
site is only by 0.02 eV less favorable in energy than the top site.

Tautomerization is an essential prerequisite for chain and network formation of
the TAPP molecules. The hydrogen atom at the central edge carbon has to move
to one of the adjacent nitrogen atoms in order to form the first tautomer (TA1, cf.
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Fig. 3 Energetics of the reaction. Towards the left, results for the gas phase are shown. Towards
the right, the reaction on the substrate is shown. All values in eV/molecule. Energies including
dispersion corrections are marked with an asterisk. See text for details

Fig. 1). In this configuration, the central carbon is left with only two bonds to the
neighboring nitrogen atoms and a free electron pair. The same reaction happens
for the second tautomer (TA2) at the central edge carbon at the opposite side of
the molecule. With an energy difference of 2.09 eV between TAPP and TAI, the
described tautomerization process is unfavorable in gas phase (see Fig. 3 for an
overview of the energetics). Analogously, the same holds for the formation of TA2.
In gas phase, the polymerization is hindered due to this costly removal of the hydro-
gen atom.

The energetics change significantly for Cu(111) adsorbed molecules. However,
the polymerization process is preceded by a copper coordination network, and ad-
ditional surface adatoms may also modify the reaction kinetics. To get an idea of
the impact of the various processes, we start with the discussion of the clean unper-
turbed surface followed by the discussion of the copper adatom influence.

Since the TA1 tautomer can deform after desorption and bind covalently to a Cu
atom, the adsorbate system can remain in an energetically more favorable geometry
than in the gas phase. Thus, the energetic difference between TAPP and TAI (in
the adsorbed geometry) decreases by a factor of five to 0.42 eV. Figure 1 shows the
adsorption geometries for TAPP (top left part of the figure) and TA1 (top right part).

The diffusion barrier of the tautomer TA1 (TA2) is higher than that of TAPP and
amounts to 0.5 eV (0.7 eV). Also the energetically favored bonding position for
both tautomers is shifted towards the bridge side with respect to the central ring of
the molecule. Therefore, the mobility of the tautomers is reduced compared to the
TAPP molecule suggesting covalent bonding to the substrate. This is supported by
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Fig. 4 PES (including dispersion corrections) of the tautomerization process from TAPP towards
TA1 (one hydrogen moves from the carbon to the nitrogen). All values in eV

the calculated charge density differences revealing that the free electron pair of the
central carbon atom of the TA1 tautomer binds to the substrate. Additionally, the
nitrogen lone pair interacts weakly with the surface. At this point, the catalyzing
effect of the surface can to some extent already be understood.

While the total energy differences between the tautomers explain the relative
stabilities, the activation energies for the tautomerization reactions have to be calcu-
lated in order to understand the reaction kinetics.

We have calculated the PES for the moving hydrogen both for the molecule in the
gas phase and in the adsorbed state (Fig. 4). The barrier for the first tautomerization
(TAPP — TA1) is found to be significantly smaller in the adsorbed state (0.56 eV)
than in the gas phase (2.10 eV). Figure 4 shows the path taken by the H-atom during
the tautomerization process in the adsorbate state and reveals that the final state is
a local energy minimum. An energy barrier of 0.14 eV separates this state from the
initial configuration (TAPP). In the gas phase, in contrast, TA1 is not stable, since
the energy barrier for the reverse reaction (TA1 — TAPP) is with 0.01 eV negligible
and even within the error bar of our calculations. Thus, on the substrate, TA1 can be
viewed as a meta stable state. This fact, together with the total energy differences
discussed above, enhances the tautomerization and makes the reaction, contrary to
the gas phase, likely to happen at the substrate.

The tautomerization is the first step towards chain or network formation. The
second step towards the formation of longer polymers is the dimerization of two
tautomers. The formation of a dimer (DI) consisting of two TA1 tautomers is highly
favored at the substrate as well as in the gas phase. The energy gain has been calcu-
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lated to be by a factor of two higher in gas phase (—2.33 eV) than at the substrate
(—1.09 eV). One reason for this is that the isolated TA1 tautomer is unstable in gas
phase, another reason is the covalent bonding of TA1 to the substrate which has to
be lifted for the dimer bond formation. Since the dimer has a flat adsorption geome-
try (see bottom part of Fig. 1), the molecule-substrate bonds of TA1 must be broken.
Nevertheless, there is an overall energy gain due to the formation of a C=C double
bond between the two TA1. Comparing DI with the originating TAPP, this energy
gain is by a factor of two higher for the molecules adsorbed on the Cu-surface than
in gas phase. Figure 3 summarizes the results of our calculations in a reaction dia-
gram. Starting from the TAPP molecule in the center, the two step process via TA1
to DI is shown for the gas phase (towards the left) or for the adsorbate (towards the
right), respectively. Values marked with an asterisk include dispersion interactions,
while those without are DFT-GGA values. Although the dispersive interaction is the
main contribution to the binding energy of TAPP to the substrate, it does not change
the reactions qualitatively, as could have been expected based on our previous ex-
periences with comparable systems [31]. An explanation for this finding might be
the crucial role of the formation of covalent bonds for TA1. From TA1, the second
tautomerization step to TA2 is in both cases unlikely. For chain formation, however,
it is not needed. The deformation of the adsorbed TA1 due to the bond to the sub-
strate does not affect more than half of the molecule. The other end of the molecule
remains approximately flat. In DI, the situation is similar, thus deformation is not
hindered and the mechanism of the repositioning of the hydrogen atom at the DI
central C can happen completely analogously to the reaction from TAPP to TA1.
Like this, a third and any further TA1 can be added, resulting in linear molecular
chains.

However, additional adatoms can also play a crucial role during the covalent
synthesis. Figure 5 summarizes the potential influence of Cu adatoms on the reaction
process. Hereby, the energy levels depend on the chemical potential of the adatoms
Ucy- It ranges from the energy of copper bulk /.13’;”‘ up to the adsorption energy of a
single isolated adatom ugﬁ“’ o™ This range is shown in Fig. 5 with shaded areas. We
first discuss the case that the system is in equilibrium with a copper bulk reservoir,
i.e., adatoms are not freely available but have to generated from the substrate bulk.

For the single TAPP one molecular nitrogen is coordinated to the metal and the
energy difference of 0.09 eV compared to the clean surface shows a slight prefer-
ence of the non-coordinated geometry for lower coverages. After the first tautomer-
ization, the total-energy difference between coordinated and non-coordinated TA1
increases to 0.38 eV. Now, the central carbon is bonded to the additional metal atom
resulting just in a small deviation from the planar structure which reduces the strain
of the molecule compared to the uncoordinated case. The corrugation of the PES
decreases for the TA1-M tautomer compared to the uncoordinated case from 0.6 eV
to 0.15 eV as seen in Fig. 2 in Ref. [24]. Thus, the metal coordination reduces the
diffusion hinderance of the tautomer.

The hydrogen diffusion from the molecule to the substrate possibly assisted by
the metal adatom is another possibility to form the TA1 state. The resulting molecule
is now partially dehydrogenated and bonds to the coordination atom. However, this
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Fig. 5 Energetics of the reaction with coordination adatoms (right) and an additional dehydro-
genation (left). The corresponding molecular structures are visualized as well. The ranges of the

chemical potentials of copper are marked with shaded areas for metal coordinated structures (rang-

ing from ,ug';”‘ to ug‘j‘”"”’ as indicated). All values in eV /molecule. Energies including dispersion

corrections are marked with an asterisk. See text for details

increases the energy by 1.81 eV and is thus not likely. The dimerization of two TA1
tautomers results in an energy gain for all three possibilities: DI with metal coor-
dination (—0.25 eV), DI with metal coordination and hydrogen loss (—0.48 eV) as
well as DI (—1.09 eV). The dehydrogenated state DI-MH is now more stable than
the solely coordinated dimer (DI-M). Nevertheless, for the upper limit of the chem-
ical potential, the uncoordinated reaction pathway as described above is preferred.
Indeed, at high temperatures there are additional adatoms available due to ther-
mal degradation from step edges shifting the chemical potential to lower values and
increasing the probability of metal coordinated molecules at the surface. This situa-
tion is reflected by the lower limit of the chemical potential. For constant tempera-
ture, the shaded area in Fig. 5 can be interpreted as the partial pressure of available
adatoms. The copper coordinated molecular dimerization may be favorable in de-
pendence on the availability of adatoms. The dehydrogenated, metal coordinated
dimer is more stable than the hydrogenated one in contrast to the tautomer case
where the hydrogenated TA1-M is more stable. Thus, the preferred reaction path-
way starts with a metal coordinated TAPP molecule followed by a tautomerization
step without loosing the coordination to the adatom. Now, tautomers can dimerize
while an additional dehydrogenation is preferred (energy gain compared to TAPP
just with dehydrogenation). Like this, more tautomers can be added, resulting in
metal coordinated, linear molecular chains. In the end, the preferred reaction path-
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way depends on the number of adatoms available ranging from an uncoordinated to
a metal coordinated polymerization.

4 Summary

Summarizing, we presented detailed first principles investigations of the polymer-
ization process of TAPP molecules on a Cu(111) surface. We have identified the
mechanisms that lead to the tautomerization of molecules as a necessary first step
(formation of TA1) and the dimer (DI) formation as a second step in the reaction.
A catalyzing effect could be attributed to the Cu(111) substrate. It is crucial for the
stability of the tautomer TA1, the formation of which is required for the polymer-
ization. We find that metal coordinated (provided the process is accompanied by a
dehydrogenation) as well as uncoordinated polymerization processes are possible.
The catalytic effect of metallic substrates may thus assist in the formation of co-
valently bonded molecular networks which are not formed in the gas phase or in
solution.
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