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Abstract: The structural chemistry and
reactivity of 1,3,8,10-tetraazaperopyr-
ene (TAPP) on Cu(111) under ultra-
high-vacaum (UHYV) conditions has
been studied by a combination of ex-
perimental techniques (scanning tun-
neling microscopy (STM) and X-ray
photoelectron spectroscopy, XPS) and
DFT calculations. Depending on the
deposition conditions, TAPP forms
three main assemblies, which result
from initial submonolayer coverages
based on different intermolecular inter-
actions: a close-packed assembly simi-

Lutz H. Gade*!!

of TAPP, in which the molecules inter-
act mainly through van der Waals
(vDW) forces and weak hydrogen
bonds; a porous copper surface coordi-
nation network; and covalently linked
molecular chains. The Cu substrate is
of crucial importance in determining
the structures of the aggregates and
available reaction channels on the sur-
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face, both in the formation of the
porous network for which it provides
the Cu atoms for surface metal coordi-
nation and in the covalent coupling of
the TAPP molecules at elevated tem-
perature. Apart from their role in the
kinetics of surface transformations, the
available metal adatoms may also pro-
foundly influence the thermodynamics
of transformations by coordination to
the reaction product, as shown in this
work for the case of the Cu-decorated
covalent poly(TAPP—Cu) chains.

lar to a projection of the bulk structure

Introduction

The recent interest in organic nanostructures on surfaces!"?
emerged from their prospective applications in nanoscale
electronic or optoelectronic devices® in which the spatially

addressable functional units are assembled at the molecular
level. By combining established methods of molecular and
supramolecular synthesis!* with the remarkable capabilities
of surface microscopy and analytics,” along with recently
developed theoretical modelling tools,””! several strategies
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towards that goal have emerged. Well-defined surface as-
semblies have been obtained by condensation of organic
molecules from the vapour phase at the solid/vacuum inter-
face!” or from solutions at the solid/liquid interface.”"! Mole-
cules of variable dimensions and levels of functionality on
well-defined crystal surfaces of the coinage metals (in partic-
ular) have been studied.”) It is the balance between intermo-
lecular and molecule-surface interactions, the reversibility
or irreversibility of intermolecular bond formation and the
resulting availability or non-availability of structural repair
mechanisms that governs the detailed structures and long-
range order of molecular surface assemblies.!"”!

Whereas weak intermolecular interactions such as vdW
forces and hydrogen bonding have been shown to lead to
molecular arrays characterised by high levels of long-range
order and tunable structural characteristics!"!! such as porosi-
ty,'?! their generally observed thermal instability limits this
approach in the fabrication of hierarchically assembled ag-
gregates. Surface coordination networks obtained either by
combination of organic ligands with adatoms of the sub-
strate or by their reaction with vapour-deposited heterome-
tal atoms possess greater inherent stability.'>' However,
the closed-shell interactions representing the coordinative
metal-ligand bonds may be readily broken at elevated tem-
perature and are both thermodynamically and kinetically
less stable than the covalent bonds (shared interactions)!!
within the organic building blocks. Such covalent bond for-
mation on metal surfaces has been reported only recent-
1yl and may occur either by classical condensation of suit-
able precursors!’”! or by thermal generation of activated spe-
cies that couple subsequently to oligomeric or polymeric
structures.'®!*! The latter may provide access to reaction
patterns and transformations that are not available in wet
chemical synthesis and the investigation of contingent
metal/surface reactivity of organic molecules is thus of par-
ticular interest.

Recently we reported the synthesis of 1,3,8,10-tetraaza-
peropyrene (TAPP),?” a condensed poly-N-heterocyclic aro-
matic compound, which contains four potentially metal-li-
gating exodentate N-donor functions that are symmetrically
arranged with respect to the principal molecular axis
(Figure 1). Additionally, the C—H bridge between the two
nitrogen atoms offers the potential of tautomerisation to an
N-heterocyclic carbene isomer,
or may undergo metal-induced
C—H activation at elevated
temperatures. In both cases,
highly reactive molecular frag-
ments would result that could
recombine to give covalently
linked TAPP oligomers or poly-
mers.’

This inter-relationship of mo-
lecular properties and contin-
gent reactivity makes TAPP an
ideal object of study, not only
to probe previously formulated
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Figure 1. 1,3,8,10-Tetraazaperopyrene (TAPP) and its potential for 2D in-
teractions on surfaces.

concepts of surface-confined supramolecular chemistry, but
to obtain new insights into the way in which a metal sub-
strate with its mobile surface adatoms at elevated tempera-
tures may chemically activate organic molecules for poten-
tial covalent coupling. Here we present an account of the
structural chemistry and reactivity of TAPP on Cu(111) that
addresses the patterns of aggregation and reactivity in differ-
ent regimes of thermal energy.

Results and Discussion

Three-dimensional (3D) bulk structures and two-dimension-
al (2D) surface structures of organic molecules are not nec-
essarily directly related because the intra- and intermolecu-
lar degrees of freedom of their components differ. However,
the simple plate-like molecular shapes and the limited varia-
bility of stacking motifs of polycyclic aromatic molecules®!!
may make it possible to relate 2D projections of the crystal
structure with weakly aggregated surface arrays of these
species provided that the molecule substrate interactions are
not dominating the intermolecular interactions. This has
been found to be the case for TAPP. With the crystal struc-
ture as a point of reference, the behaviour of TAPP on a
Cu(111) surface within different temperature regimes will
be discussed.

Crystal structure of TAPP: TAPP crystals suitable for X-ray
diffraction were obtained by sublimation in a temperature-
programmed tube furnace (440—250°C) at ambient pres-
sure under a stream of nitrogen as the carrier gas.

In the crystal the molecules adopt a typical herringbone
arrangement.”! The angle between the principal molecular
axes in neighbouring stacks is 58.0° (Figure 2, left), a mutual

Figure 2. Stacking of the TAPP molecules in the single crystal: left, view along the a axis of the monoclinic
unit cell, illustrating the relative orientation of the principal molecular axes of neighbouring stacks; right, rela-
tive tilt of the stacking aromatic polycycles.
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orientation of the molecules that is essentially retained upon
their deposition on Cu(111) surfaces, as will be discussed
below. Within the individual stacks the molecules are super-
posed along [100] with the molecular planes parallel to one
another but tilted with respect to the (100) crystal plane.
The molecular stacks are crosslinked by weak CH-«N hydro-
gen bonding (CH-N 2.56, 2.45 A refined C—H distances; or
2.47, 235 A for C-H distances normalised to 1.083 A).2
The m—n interplanar distance of 3.37 A is close to that of
graphite (3.35 A).>!

Low-temperature deposition and aggregation of TAPP on a
Cu(111) surface: Upon deposition of TAPP at a substrate
temperature of —110°C, the observed formation of aggre-
gates (clusters, Figure 3a) indicates an attractive intermolec-
ular interaction.

When the substrate temperature is raised to —90°C for
deposition of TAPP, patches of an ordered close-packed as-
sembly (Figure 3¢) could be observed first; their detailed
structure is displayed in Figure 3¢). The unit cell was deter-
mined by STM to be (1741.7)x (12+1.2) A? with an angle
of (84+4)°. According to the corresponding tentative model
for this 2D array (Figure 3b), the molecules interact through
weak vdW forces and weak hydrogen bonding, forming an
assembly that is related to the crystal structure of TAPP dis-
cussed in the previous section. The angle between the prin-
cipal molecular axes in neighbouring braids is (54 £7)° and

Figure 3. STM images of TAPP deposited on Cu(111): a) mostly disordered and irregularly shaped admolecu-
lar islands after deposition at a substrate temperature of —110°C (66 x 66 nm?, —1.5 V/12 pA); b) tentative
model corresponding to the unit cell superimposed on (e); c) first ordered patches of a close-packed assembly
after deposition at a substrate temperature of —90°C (18 x18 nm?, —0.7 V/20 pA); d) formation of larger is-
lands after annealing at —45°C (17 x17 nm?, —1.5 V/20 pA); €) the close-packed assembly in detail (5x5 nm?,

—0.8 V/90 pA) after annealing at +40°C.
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thus is in the same range as the analogous parameter in the
crystal structure (see above). This similarity between the
crystal structure of a molecule and its assembly on the sur-
face was found for, amongst other examples the perylene
derivative perylene tetracarboxyanhydride (PTCDA).*!
One reason for the formation of patches, characterised by
their extension in the order of 5-10 nm, instead of large ho-
mogeneous islands may be a possible lattice mismatch be-
tween the molecular adlayer and the substrate. This notion
is consistent with the rather weak intermolecular (vdW) in-
teractions, which have to compete with the interaction be-
tween molecule and substrate. Another reason might be
that the chosen substrate temperature (—90°C) is too low to
induce the rearrangement of unordered preformed clusters
into larger ordered arrays, as is evidenced by the observed
formation of larger islands upon annealing at —45°C (Fig-
ure 3d). A systematic investigation of this aspect was pre-
cluded by the emergence at higher temperatures of new
types of surface assemblies that compete with (and finally
supersede) the weakly interacting herringbone structure.
This transformation into ordered molecular-surface net-
works based on stronger intermolecular interactions will be
discussed in the following section.

Formation of a tetragonal surface coordination network: A
highly ordered, porous network (Figure4) becomes the
dominating structure upon deposition of TAPP at higher
substrate temperatures or upon
thermal annealing of the low-
temperature phase. This assem-
bly is interpreted as a coordina-
tion polymer in which the lone
pairs of the nitrogen of TAPP
coordinate to Cu adatoms as in-
dicated in the structural model
depicted in Figure 4b. As will
be shown below, this interpreta-
tion is consistent with the total
energy calculations of the
system. Whereas the formation
of such coordination oligomers
is already observed after an-
nealing of the low-temperature
phase at 0°C, the full conver-
sion into the porous network is
achieved at 150°C. Both depo-
sition of TAPP at this tempera-
ture and thermal annealing of
the preformed low-temperature
phase allow the formation of
large and homogeneous islands
as shown in Figure 4a.1'")

The analysis of the low-
energy electron diffraction
(LEED) data (Figure 4c—¢)
supports a commensurate su-
perstructure of the molecular
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Figure 4. a) STM image of TAPP deposited on Cu(111) at a sample temperature of 150°C (70x 70 nm?,
—0.4 V/20 pA).

—1.4 V20 pA). The inset (lower right) shows the porous structure in detail (5.3x5.3 nm?,

b) Proposed structure of the porous network. c) LEED pattern of the porous network (beam energy=
29.5eV). d) Simulated LEED pattern for comparison (see ref. [25]). ¢) Zoom-in to first-order spot of the Cu

crystal. The LEED pattern was taken at 52 eV.

that is commensurate with the
Ag substrate.*

Role of the metal adatoms for
the stability of the surface coor-
dination network: The Cu ad-
atoms between the molecules
of the porous network could
not be identified directly by
STM, so their role in stabilisa-
tion of the observed Cu/TAPP
surface coordination network
was assessed by a computation-
al study in which DFT methods
were used (Figure 5). A molec-
ular arrangement representing
a local energetic minimum,
which is stabilised by weak C—
H--N hydrogen bonding ena-
bled by slightly rotating the
molecules, was chosen as the
non-metalated reference struc-
ture (Figure 5b).

The porous network was the-
oretically modelled with and
without Cu adatoms present
(Figure 5) by working within
the unit cell determined by

g8 5 adlayer on the substrate. The
[1 6] matrix of the molecular adlay-
er® was found to be given by

the matrix shown on the left.
Apart from the very good reproduction of the LEED pat-
tern (Figure 2¢) by the simulation (Figure 4d) by using the
above matrix, there are two further aspects that support a
commensurate adlayer: On the one hand, very large homo-
geneous islands of TAPP (significantly larger than 100 nm?)
could be observed on the Cu surface. On the other, the mo-

LEED. Our calculations
showed that the porous network is stabilised by coordina-
tion to Cu adatoms. The geometry of the TAPP molecule
prevents the coordination of the four nitrogen atoms direct-
ly to the bare Cu(111) surface, because to obtain a reasona-
ble bond angle the molecule would have to bend and twist
significantly. Instead, in the absence of Cu adatoms, rather
weak CH-N hydrogen bridges are formed between the mol-
ecules (Figure 5b). The adsorption energy of this non-meta-
lated structure was found to be —0.33 eV molecule™ relative
to an isolated relaxed TAPP molecule plus the relaxed Cu-

lecular LEED pattern around
the (00) spot (Figure 4c¢) is re-
produced at the first-order
LEED spot of the Cu substrate
(Figure 4e).

The fact that the molecular
layer is commensurate with the
underlying Cu substrate does
not necessarily imply that the
threefold symmetry of the un-
derlying substrate has to result
in threefold symmetry of the
molecular layer. A well-estab-
lished example is the pattern of
aggregation of PTCDA on Ag-
(111), for which an almost rec-
tangular unit cell is observed
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Figure 5. Calculated minimal-energy structures of the porous network of TAPP on Cu(l11l) a)with and
b) without adatoms. In the latter case the molecules interact through C—H--N hydrogen bonds. The DFT cal-
culations show that the metal-coordinated structure (a) is energetically favoured.
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(111) surface (a negative adsorption energy indicates a stabi-
lisation of the system relative to the reference systems). Be-
cause Cu adatoms are raised above the surface, N—Cu
bonds can be formed without significant twisting or bending
of the molecule. By introduction of four Cu adatoms per
crossing between four TAPP molecules (equivalent to two
adatoms per TAPP molecule) a porous network coordinated
to the Cu adatoms is formed (Figure Sa). The adsorption
energy of this metal-coordinated network was found to be
—2.40 eVmolecule™ relative to an isolated relaxed TAPP
molecule plus the relaxed Cu(111) surface with four ada-
toms (see the Computational Studies section for a detailed
description of how the adsorption energies were calculated).
This structure is considerably energetically favoured over
the non-metalated structure even if the energy cost for the
creation of free adatoms from a step edge of 0.76 eV per
adatom®” is taken into account. The N—Cu distance (2.06 A
computed from the relaxed structure) agrees well with the
values known from Cu coordination chemistry.!

Observation of a second surface structure at submonolayer
coverage: A second close-packed structure (assembly 2 in
Figure 6a) is observed, in addition to the low-temperature
structure (assembly 1 in Figure 6a) and the porous network
(Cu/TAPP =assembly 3 in Figure 6a), at annealing tempera-
tures and times that are low enough to prevent the exclusive
formation of the porous network, but high enough to acti-
vate Cu coordination. The intermolecular interactions in as-
sembly 2 in Figure 6a are also postulated to be based upon
Cu coordination (see Figure 6b). Because this more densely
spaced array is expected to prevail over the porous network
(assembly 3 in Figure 6a) at coverages higher than the maxi-
mum TAPP coverage required for the porous network, all
experiments were performed at submonolayer coverage to
investigate its relationship with the other two ordered as-
semblies. Under these conditions the porous network dis-
cussed in the preceding section was found to be the thermo-
dynamically favoured form of aggregation.

FULL PAPER

A detailed analysis of the STM images of assembly 2 in
Figure 6, considering different domains together with the
symmetry of the substrate, results in two independent unit
cells that do not overlap if rotations and mirror operations
are constrained to those allowed by the symmetries of the
substrate. Based on the dimensions of both the unit cell and
the metric parameters of the TAPP molecules, the overall
N—Cu—N distance was found to be 4 A (that is, Cu—N=
2 A), which is again consistent with the established coordi-
nation chemistry of copper.”™ At submonolayer coverage
the fraction of molecules arranged according to this struc-
ture never exceeded 15% of the overall number of mole-
cules forming the three ordered structures (Figure 6a).

Supply of Cu adatoms for the surface coordination network:
In recent years there have been major research efforts di-
rected towards the formation and characterisation of metal—
organic surface coordination networks (MOCNS),!42]
both by co-deposition of metal atoms®™ and by coordination
of organic ligands to free adatoms on Cu(100) and
Cu(111).2%3532 In the latter case, the reservoir of Cu ad-
atoms has been discussed as resulting primarily from detach-
ment and re-attachment of Cu atoms from and to step
edges.’"¥ Whereas the formation of surface coordination
networks on Cu(100) is already observed at room tempera-
ture (RT),*” the formation of such structures on Cu(111)
has been reported only at elevated temperatures of around
150°C.P" Furthermore, Schunack et al. have observed the
formation of Cu nanostructures below molecules on Cu(110)
at ambient temperature, mainly at step edges and very
rarely on terraces.”™™ The latter effect has been related to
the low concentration of Cu adatoms at room temperature,
whereas the formation of nanostructures (both at steps and
on terraces) was thought to be thermally activated. Accord-
ing to Giesen, the concentration of adatoms on Cu surfaces
at room temperature is of the order of 10~ per surface
atom.® This is far too low to account for the formation of
significant levels of surface coverage of coordination net-
works. Therefore, the tempera-
ture-dependent detachment/at-
tachment rate of adatoms is im-
portant because it determines
the time the system requires to

Figure 6. a) STM image of TAPP on Cu(111) after annealing at 80°C, showing the close-packed assembly
driven by vdW interactions and weak H bonding 1, a second close-packed assembly 2 and the porous net-
work 3 driven by metal coordination (17 x 17 nm?, —1.2 V/20 pA). b) Proposed model of assembly 2.
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respond to a perturbation of
the equilibrium concentration
of free adatoms caused by their
coordination to organic mole-
cules.*

In view of the previously re-
ported Arrhenius dependence
of the detachment/attachment
rate of adatoms from/to kinks
on Cu(111),”" the observation
of large assemblies based on Cu
coordination after annealing at
temperatures around or slightly
above room temperature is an
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unexpected result. Comparison of the number of Cu atoms
expected to detach from kinks according to Giesen et al.*”!
with the number of atoms needed to form the metal-coordi-
nated assemblies raises the question of further possible
mechanisms for the supply of Cu atoms required for the for-
mation of the Cu/TAPP coordination network(s).

It has been shown that at 600 K the mass transport on
Cu(111) at step edges is dominated by the exchange of
atoms with the neighbouring terrace, whereas the dominat-
ing mass transport at temperatures below 500 K is by diffu-
sion along steps.””** The latter temperature range is rele-
vant for the formation of the metal-coordinated assemblies
in our case and might explain the affinity of TAPP network
patches formed in close proximity to step edges. Note that
step decoration of TAPP already occurs at low temperatures
(Figure 7). This suggests that TAPP is mobile before enough

a ¥

e
Figure 7. Step reorganisation and decoration after annealing the sample
at different sample annealing temperatures: a) —110°C (6x19 nm?,
—1.5V/12 pA); b)RT (19x36 nm?, —1.3 V/20 pA). ¢) RT (15x27 nm?,
—13 V/20pA); d)150°C (9x23nm? —1.4V/20pA); €)240°C (12x
22 nm?, —1.1 V/20 pA). The black arrows highlight bays at the steps that
are decorated by TAPP molecules.

metal adatoms are available, and it is preferentially attached
to the step edges as reported for other molecular adsorbates
containing planar mt systems. The observation of bays at RT
(Figure 7b and c) is an indication of the ability of the TAPP
molecules to remove adatoms from step edges.” In other
words, specific edge or kink sites are releasing metal atoms,
which subsequently form networks by bonding to the mobile
TAPP molecules. Thus, TAPP is thought to have a corrosive
effect on the steps of the substrate, either directly by inter-
action with the step adsorption site, or indirectly because of
its presence and diffusibility on the extended terraces. The
previously reported formation of Cu nanostructures below
molecules at steps supports this interpretation, because their
strong affinity for metal atoms induces the detachment of
Cu atoms from steps.!

Thermal degradation of the surface coordination network:
We previously reported that annealing of the Cu/TAPP co-
ordination network at about 250°C leads to the formation
of covalently bonded chains."™® This thermally induced for-
mation of macromolecules has been interpreted in terms of

2084 ——
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the tautomerisation of the N-heterocyclic end units of the
TAPP molecules to carbene intermediates, iso-TAPP, which
couple according to a Wanzlick-type dimerisation.’! Al-
though this postulated reaction pathway avoids high-energy
intermediates that would result from the direct C—H bond
cleavage and the subsequent recombination of radical inter-
mediates, the latter cannot be ruled out (see below). The
curved arrangement of some chains, indicating that their ori-
entation is not determined by the substrate lattice structure,
along with the possibility of mechanically manipulating the
oligomer chains as a whole, provides additional support for
the model of covalently linked TAPP molecules.

There appears to be arbitrary arrangement of the TAPP
chains on the Cu(111) surface (Figure 8a). However, the ob-
served orientations of the chains with respect to the princi-
pal directions of Cu(111) were statistically analysed to un-
cover the possible influence of the surface on their align-
ment. Samples with low molecular coverage were used for
this study to minimise interactions between chains. The re-
sulting histogram (Figure 8b) shows the alignment of 178
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Figure 8. a) STM image of the TAPP chains at low coverage (50 x50 nm?,
—0.1 V/20 pA). Owing to the low tunnelling voltage used to acquire this
STM image, standing-wave patterns in the Shockley surface state of
Cu(111) can be observed as they arise from scattering at chains as well as
defects (see refs. [37], [38]). b) Histogram showing the directions of align-
ment of 178 chains at low coverage. An STM image with atomic resolu-
tion of the Cu substrate was used for calibration so that 0° corresponds
to one of the high-symmetry directions of the Cu substrate.
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chains. It exhibits three pro-
nounced orientations differing
by 60°, which match the hexag-
onal symmetry of the (111) sur-
face. An STM image with
atomic resolution of the Cu
substrate confirmed that the
statistically favoured orienta-
tions indeed correspond to the
high-symmetry directions of the
surface structure. Both the dis-
tance of 12.7 A between the
centroids of adjacent monomer
units in the chain, as deter-
mined by (gas-phase) theoreti-
cal modelling,"” and the STM
result of (124+12) A closely
correspond to the five-fold dis-
tance of the lattice constant of
the (111) surface (5x2.56 A=
12.8 A). This would allow a
commensurate arrangement of
the majority of the chains with
the substrate, a situation that
may be energetically favoured.
However, we note that a signifi-
cant number of chains are not
aligned along the high-symme-
try directions, indicating that
the bonding between the mono-

mer units in oligomeric mole- !0

cules clearly dominates over C

the interaction with the metal
surface.

0

Chemical nature of the
(TAPP), chains: The proposed
chemical nature of the polymer-
ic chains generated in the sur-
face thermolysis of the Cu/TAPP network structure, along
with two potential intermediates of two reaction pathways
for their generation, is summarised in Scheme 1. In analogy
with a growing number of reported examples of N-heterocy-
cles isomerising to their N-heterocyclic carbene tautomers
within the coordination sphere of transition metals,*” TAPP
molecules could undergo a metal-mediated rearrangement
to iso-TAPP on the copper surface and subsequently com-
bine in a Wanzlick-type coupling to the oligomeric chains
poly(iso-TAPP) observed in our study. Whereas such a reac-
tion sequence would be energetically unfavourable for
simple N-heterocycles, a recent DFT study of the process in
the gas phase has shown that the process would be exother-
mic for condensed poly(heterocycle)s such as TAPP." It is
likely that the iso-TAPP intermediates would be stabilised
by C coordination to Cu adatoms on the metal surface in
analogy to the large number of established stable copper
complexes of N-heterocyclic carbenes, thus providing a low-
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Scheme 1. Simplified scheme of the proposed surface-mediated transformation of TAPP to poly(TAPP) and its
metal-decorated form, poly(TAPP—Cu).

energy pathway to poly(iso-TAPP).*! However, our inabili-
ty to date to obtain direct evidence for this conjecture is un-
surprising, because single Cu—iso-TAPP species are expect-
ed to be indistinguishable by STM from non-rearranged
TAPP molecules (also see the STM study on metalated
poly(TAPP) discussed below).

We previously noted that there was evidence, based on
the observed metalation of the polymer chains by Cu ad-
atoms, that the chain structures detected by STM had under-
gone a dehydrogenation step subsequent to the coupling
which results in poly(TAPP) (Scheme 1). Such a thermal de-
hydrogenation on Cu(111) has been observed for a perylene
derivative.*!! Theoretical modelling of a process of this kind
established it as being endothermic both in the gas phase
and on the copper surface (see below). However, as will be
shown below, the metalation of the resulting polydentate
surface ligand that gives poly(TAPP—Cu) would make the
overall process energetically favourable.
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An alternative reaction path, which is indicated in
Scheme 1 for the polymerisation, could be based on a direct
C—H bond activation and recombination of the resulting
radicals. Such a high activation energy reaction pathway has
been postulated in a recent report on the surface polymeri-
sation of porphyrins.'® On the basis of the available experi-
mental data, we are not able to distinguish between these
two alternative routes resulting in the same polymer struc-
tures.

Although the reaction pathway leading to the TAPP
chains could not be established with the available theoreti-
cal and experimental tools, we focused on detailed identifi-
cation of the polymeric structures in particular, to distin-
guish between the three possibilities represented in
Scheme 1: poly(iso-TAPP), the dehydrogenated poly(TAPP)
and its metal-decorated form poly(TAPP—Cu).

To obtain an insight into the energetics of the proposed
processes leading to the chains on the Cu surface, a DFT
surface-modelling study was carried out to compare the via-
bility of these three alternatives (Scheme 2), the results of
which are summarised in Table 1. To obtain the overall con-

Cu(111) )
TAPP(g) ——  poly( |so-TAPP)(ad)

cu(111)
TAPP(g) ———————= poly(TAPP) 54+ 2H(aq)

Cu(111)+2 Cu
TAPP(g) ————————= POIy(TAPP-Cu) 5 + 2H(5

Scheme 2. The three overall processes compared in the DFT surface
modelling study.

version energies for the three processes, isolated relaxed
TAPP molecules and the relaxed Cu substrate (with ad-
atoms for the adatom coordinated structure) were used as
reference systems. To model the dehydrogenation step in-
volved in the formation of poly(TAPP) and poly(TAPP—
Cu), a separate calculation of atomic hydrogen adsorbed on
Cu(111) was performed and the energy was included in the
overall conversion energies (see the Computational Studies
section for a detailed description of how the reaction ener-
gies were calculated).

Both poly(iso-TAPP) and the adatom-coordinated poly-
(TAPP—Cu) chains are energetically favoured with respect
to the reference system, whereas the formation of poly-
(TAPP) is clearly disfavoured. The generation of Cu ada-
toms from steps at 0.76 eV per atom®! would reduce the
exothermicity of the poly(TAPP—Cu) chain. However, the
breakdown of the copper surface coordination network,

Table 1. Calculated overall reaction energies of three different types of
chains.

Type of chain E, oo [eVmolecule™]

poly(iso-TAPP) -1.12
poly(TAPP) +0.29
poly(TAPP—Cu) —-2.21
2086 — www.chemeurj.org
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along with the elevated temperatures needed for the poly-
merisation (7=250°C), should provide a sufficient supply
with Cu adatoms (see above).*”!

The energy of formation of poly(TAPP—Cu) is compara-
ble with the energy of the porous Cu/TAPP surface coordi-
nation network (—2.40 eV molecule ), thus potentially com-
pensating for the thermodynamic driving force. However,
we believe that the stability of the adatom-coordinated poly-
(TAPP—Cu) chains is underestimated because the theoreti-
cal model involved periodic boundary conditions; in other
words, the chain has been forced into a structure that is
commensurate with the Cu substrate. Furthermore, the en-
tropy contribution to the overall processes, which is not
taken into account in our ground-state DFT calculations, is
expected to contribute significantly to the thermodynamic
driving force governing the chain formation.

The nitrogen atoms in the three chain structures of poly-
(iso-TAPP), poly(TAPP) and poly(TAPP—Cu) possess
chemically different environments, which furthermore differ
from the chemical environment in the porous Cu/TAPP net-
work, from which the chains are chemically derived. There-
fore, we employed XPS to characterise the polymeric chains
further and to differentiate between the three structural
models. Being a non-local, laterally averaging technique,
XPS is especially suitable for determining the dominating
type of chain in this case. The XPS data presented in our
original communication on the chain formation!"! could be
reproduced with high accuracy (and improved signal-to-
noise ratio) by using synchrotron radiation (see Figure 9).
However, on the basis of the preceding structural discussion
as well as the theoretical modelling of chemical XPS shifts
presented in this section (see below), we had to reconsider
our original interpretation of the data."!

a) 0 -082 (C=N-C)
1 1
I 1
b) 1.54 (CNH-C) -0.43 (C=N-C)
1 I |
<) -0.23 (N-Cu)
—
d) -0.21
1
e) "" Pores
20
10 \‘
=1
=
-~ 0 A
£ 20
2 \\ Chains
=10 Y
\
0 M I
T T T
402 399 396

Binding energy/eV

Figure 9. Calculated chemical shifts by using a core-ionised potential for
a) poly(TAPP), b) poly(iso-TAPP) and c) poly(TAPP—Cu). d) Chemical
shift of the porous network and the chains, determined from the fits of
e) the XPS Nls spectra. All chemical shifts are referenced to the Nls
peak of the porous Cu/TAPP network.
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In the XPS N1s spectrum of the porous surface coordina-
tion network Cu/TAPP (Figure 9e, top), the single peak is
consistent with the chemical equivalence of all the N-donor
atoms in the quasi-tetragonal 2D coordination polymer.
After annealing and formation of the irregular surface as-
semblies of covalent chains, this XPS peak is slightly broad-
ened and shifted by —0.21 eV (Figure 9e, bottom). Given
the quality of the data, it is assumed that this spectrum also
corresponds to a single N-atom environment. This is consis-
tent with either poly(TAPP) or poly(TAPP—Cu) as major
components in the chain-structured organic material ob-
served on the Cu(111) surface after annealing at >200°C.
Furthermore, the similarity of the peak energies before and
after thermolysis of the Cu/TAPP surface network supports
similar overall chemical environments of the N atoms in
both cases. This supports our model of the Cu-decorated
polymer chains poly(TAPP—Cu), an interpretation which
has also been borne out by a theoretical modelling of the
XPS Nls chemical shifts as indicated in Figure 9 above the
two spectra.

The calculation of the XPS Nls data by DFT methods
was carried out both by the Z+1 approximation and by the
more accurate method by using a core-ionised potential;
both approximations gave very similar results (Table 2).

Table 2. Calculated chemical shifts for the different types of chains by
using two different approaches.!?!

Type of chain Z+1 [eV] Core-ionised potential [eV]
poly(iso-TAPP)

C-N=C —0.43 —-0.43

C-NH-C 1.71 1.54

poly(TAPP) (C=N-C) —0.87 —0.82

poly(TAPP—Cu) (N—Cu) -0.23 -0.23

[a] The reference is the N1s peak of the porous network.

Comparison of the calculated shifts (Figure 9a—c) with the
experimental results (Figure 9d and e) illustrates excellent
agreement between the calculated chemical shift of the
adatom-coordinated chain poly(TAPP—Cu) and the XPS
spectra determined experimentally after annealing. This is
consistent with the comparison of the XPS Nls chemical
shifts before and after thermolysis discussed above and con-
firms the reaction-energy-based line of argument for the
copper coordination put forward in the previous section
(Table 1).

Good agreement between experimental results and theo-
retical studies was also observed for the simulation of STM
images of the chains at low voltages (Figure 10). However, a
distinction purely by STM between the different chain struc-
tures discussed in this work was not possible. The simulated
STM images of the poly(iso-TAPP) chain (Figure 10c) and a
poly(TAPP—Cu) chain (Figure 10a) do not reveal any visible
differences and both correspond well with the experimental
high-resolution image (Figure 10b). Both simulated images
exhibit a significant electron density between the TAPP
monomers, as observed experimentally. This provides fur-
ther evidence for covalent linkages between the monomers.
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Figure 10. a) Simulated STM image of poly(TAPP—Cu). b) STM image of
a TAPP chain in detail (1.8x4 nm? —0.6 V/20 pA), which corresponds
well to the simulated STM images in (a) and (c). The distance between
the monomers determined by STM was (1.23+0.12) nm. c) Simulated
STM image of poly(iso-TAPP). Both simulated STM images show the
local density of states (LDOS) integrated from the Fermi level to
—0.6 eV, thus corresponding to a constant-current image at —0.6 V.

The nature of inter-chain contacts: Closer inspection of the
Cu(111) covered with the polymeric TAPP chains discussed
above has revealed that there are manifold contacts between
individual chains. In fact it appears that there is a certain
tendency of the chains to form junctions at which the chain
end of one oligomer connects to the side of another chain at
the interstice between two monomeric units. An analysis of
STM images obtained from samples at low (local) coverage
indicates two major types of such junctions (Figure 11). Our
interpretation of the chain structures as poly(TAPP—Cu)
readily offers an explanation for these structural motifs,
both of which are thought to be based on the assembly
through Cu adatoms coordinated between two nitrogen
atoms of adjacent monomers of one chain, while being ligat-
ed either to the carbene of the tautomerised chain end of
the second molecule or to one of the nitrogen atoms of the
pyrimidine end group in that species.

Both types can be distinguished by STM because their
connecting angles are different (90° in the case illustrated in
Figure 11d and 60° in the case in Figure 11e). Furthermore,
detailed STM images show that the joining chain binds
either along the principal molecular axis (Figure 11a) or off-
centre (Figure 11b). Further support for our structural
models is derived from the distances between distinctive
points of the interacting chains determined by STM (as indi-
cated in Figures 11a and b). These distances between the
midpoints of the black dotted lines were found to be (16+
1.6) A (Figure 11a) and (154+1.5) A (Figure 11b). They
compare quite well with the values expected from the corre-
sponding chemical models (17.0-17.8 A and 16.1-16.8 A) in
which a Cu-C distance of 2.1 A is used and the Cu-N dis-
tance may lie between 1.8 A and 2.5 A.
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Figure 11. Different types of connections between chains. a) Image of a chain (7.3x7.3 nm? —1 V/20 pA) that
typically attacks centrally between two monomers of another chain at an angle of approximately 90°. Second
type: b) 4.8 x3.1 nm?, —0.6 V/20pA; c) (10.2x4.9 nm? 0.1 V/20pA). In this case, the chain coordinates slightly
off-centre with variable angles between 60 and 70° which were determined by STM. d) Proposed structure of
chain in (a). e) Proposed model corresponding to chains in (d). The distances between the midpoints of the
black dotted lines in (a) and (b) determined by STM were (16+1.6) and (15+1.5) A, respectively.

Conclusion

The combination of experimental techniques (STM and
XPS) and DFT calculations allowed a detailed study of the
chemistry of 1,3,8,10-tetraazaperopyrene (TAPP) on Cu-
(111) under ultra-high-vacuum (UHV) conditions. Depend-
ing on the annealing temperature, TAPP forms three main
assemblies, resulting from initial submonolayer coverages
that are based on different intermolecular interactions: a
close-packed assembly similar to a projection of the bulk
structure of TAPP in which the molecules interact mainly
through vdW forces and weak H bonds; a porous copper
surface coordination network; and covalently linked molec-
ular chains (Figure 12).

R

Temperature

Figure 12. Thermal regimes of the assembly of TAPP on Cu(111): from
a) vdW interaction through b) Cu coordination to c) covalent bonds.
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The Cu substrate is crucially
important in determining the
structures of the aggregates and
available reaction channels on
the surface. This especially ap-
plies for the formation of the
porous network for which it
provides the Cu atoms for sur-
face metal coordination. It
equally applies to the covalent
coupling of the TAPP mole-
cules at higher temperatures.
Here the Cu surface and its
adatoms are thought to act cat-
alytically for reaction pathways
that are inaccessible in the bulk
and for the stabilisation of reac-
tive intermediates before they
recombine.

Apart from their role in the
kinetics of surface transforma-
tions, the available metal ad-
atoms may also influence the
thermodynamics of transforma-
tions profoundly, for example,
by coordination to the reaction
product as shown in this work
for the case of the Cu-decorat-
ed covalent poly(TAPP—Cu)
chains. This adds a further di-
mension to the emerging con-
ceptual framework of surface-confined chemistry involving
large organic molecules as structural (and potential func-
tional) building blocks.*'

Experimental Section

General surface analytical methods and procedures: The experiments
were performed in a UHV system consisting of different chambers for
sample preparation and characterisation, at a base pressure of
107" mbar. The Cu(111) single crystal was prepared by subsequent cycles
of sputtering with Ar* ions and annealing at approximately 500°C.
TAPPP! was deposited on the metal surface from a glass crucible that
was heated inside a commercial evaporator (Kentax UHV equipment)
while the rate was controlled by a quartz crystal microbalance (QMB).

The STM images have been acquired by using a commercial Omicron
low-temperature scanning tunnelling microscope (LT-STM, Omicron
NanoTechnology GmbH) operated at either 77 K or 5K and equipped
with wire-cut Ptlr tips. The STM was operated by the Nanonis SPM con-
trol system (SPECS GmbH). In the experiments the bias voltage was ap-
plied to the tip. However, the bias voltages given in this manuscript refer
to an grounded tip. For the molecular deposition the sample could be
held at temperatures below (cooled by liquid nitrogen) or above RT. The
annealing processes were initiated at temperatures well below the critical
temperatures at which complete phase transformation occurred. After
reaching the annealing temperature the sample was cooled down and
studied with STM. The free software WSxM was used for data process-
ing.*?l

The unit-cell size of the porous TAPP network was determined accurate-
ly by making LEED measurements. The LEED patterns were taken
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from samples held at room temperature. The sample was tilted slightly
with respect to normal incidence to provide better visibility of the first-
order diffraction spots that would otherwise interfere with the electron
gun. LEEDpat 2.1 software was used to simulate the LEED pattern.”!

For XPS measurements performed at beamline ID32 at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, synchrotron radia-
tion tuned at an energy of approximately 2.97 keV was used. In the ex-
perimental set-up, the incident X-ray beam struck the surface (that is, the
(111) plane) at approximately 90°. Time-dependent studies of the Nls
peak indicated how and especially when the peaks were affected by the
beam. On the basis of these studies a reasonable time frame was chosen
to avoid beam damage.

Computational Studies

All calculations were done within the framework of DFT with periodic
boundary conditions by using the Vienna Ab-initio Simulation Package
(VASP).¥ The ion—core interaction was described by the projector aug-
mented wave method.*!! The generalised gradient approximation (GGA)
through the Perdew-Wang 91 (PW91) functional®! was used to describe
the exchange-correlation effects. The plane-wave basis was expanded up
to a cut-off energy of 400 eV. Structural optimisation was performed with
the conjugate gradient algorithm until the force on each atom was less
than 0.01 eV A~ The copper substrate was modelled by a four-layer slab
separated by a vacuum region of seven times the lattice spacing; the two
outermost copper layers were fully relaxed. A 2x2 k-point and 2x1 k-
point sampling was used for the porous network and the chains, respec-
tively.

The adsorption energies E, 4 of the porous network (with or without ad-
atoms) were calculated from Equation (1), in which Eq.crappycuir) is the
total energy of the relaxed system of TAPP molecules (with or without
adatoms) on the Cu(111) surface, Erypp is the total energy of the relaxed
TAPP molecule and Ec,qyy is the total energy of the relaxed Cu(111)
substrate including the adatoms if present in the porous network.

1
E. —-[E . E E. 1
s = P o
ads 2[ ore(TAPP)/Cu(111) (2 TAPP (u(m)” 1)

The unit cell of the porous network contains two TAPP molecules (and
four adatoms). For the tautomerised TAPP chain the reaction energies
E, .. Were calculated by applying Equation (2), in which E,qy«rappycucin
is the total energy of the respective TAPP chain on Cu(111), and Erapp
and E¢qy are defined as for the porous network.

Ercact = Epoygerapp)/cu(iin) — (ETAPP + Ec..(m)) + 2(EH/Cu(lll) - Ec..(m)) (2)

The last term, including Eyycya11), Which is the total energy of atomic hy-
drogen on Cu(111), is added only for poly(TAPP) and poly(TAPP—Cu),
and compensates for the two hydrogen atoms per TAPP molecule that
are being adsorbed on the Cu(111) surface in the dehydrogenation pro-
cess.

The Tersoff-Hamann approximation*® was applied to calculate STM
images, with the tunnelling current taken to be proportional to the inte-
grated local density of states. The method used to evaluate the local den-
sity of states is described by Sacks et al.l*"]

Core-level binding energies were calculated as the energy difference be-
tween two separate calculations: the first was a standard DFT calculation
that gave the total energy of the system in its ground state; in the second,
one electron was removed from the core of a particular atom. Core-level
shifts were calculated by comparing total energy differences between
core-ionised and ground-state systems. The total energies of the core-ion-
ised systems were approximated in two ways, either 1) by using a core-
ionised potential for the core-ionised atom as described by Kohler and
Kresse,*!! or 2) by replacing the core-ionised atom with the next atom in
the periodic table as described by the Z+1 approximation.*’!
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Crystal structure analysis of TAPP: Long needles of TAPP were ob-
tained by sublimation in a temperature-programmed tube furnace (440—
250°C) at ambient pressure under a stream of nitrogen as the carrier gas
(diameter 33 mm; flow rate 15 Lh™").

Crystal data: TAPP; C,,H;)N,; monoclinic; space group P2,/c; a=
3.7080(2), b=11.2525(6), c¢=16.6569(8) A; p=97.404(1)°; V=
689.20(6) A*; Z=2; u=0.098 mm™'; Fyyo=340; 0 range 2.2-32.0°; index
ranges h,k,l (independent set): 0-5, 0-16, —24 to 23; 34441 measured re-
flections; 2331 independent reflections; R;,=0.0364; 1915 observed re-
flections [I>20(1)]; final R indices [F,>40(F,)] R(F)=0.0503; wR(F*)=
0.1485; GooF=1.094. Intensity data were collected at 100 K with a
Bruker AXS Smart 1000 CCD diffractometer (Mo, radiation, graphite
monochromator, A=0.71073 A). Data were corrected for air and detec-
tor absorption, and Lorentz and polarisation effects;*" absorption by the
crystal was treated with a semi-empirical multi-scan method.%

The structure was solved by conventional direct methods™** and refined
by full-matrix least-squares methods based on F® against all unique re-
flections.*™**! All non-hydrogen atoms were given anisotropic displace-
ment parameters. Hydrogen atoms were located from difference Fourier
syntheses and refined with isotropic displacement factors.

CCDC-747374 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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