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We investigated the synthesis of one-dimensional nanostructures via Schiff base (imine) formation on three
close-packed coinage metal (Au, Ag, and Cu) surfaces under ultrahigh vacuum conditions. We demonstrate the
feasibility of forming pyrene-fused pyrazaacene-based oligomers on the Ag(111) surface by thermal annealing
of tetraketone and tetraamine molecules, which were designed to afford cyclocondensation products. Direct
visualization by scanning tunneling microscopy of reactants, intermediates, and products with submolecular
resolution and the analysis of their statistical distribution in dependence of stoichiometry and annealing
temperature together with the inspection of complementary X-ray photoelectron spectroscopy signatures
provide unique insight in the reaction mechanism, its limitations, and the role of the supporting substrate. In
contrast to the reaction on Ag(111), the reactants desorb from the Au(111) surface before reacting, whereas
they decompose on the Cu(111) surface during the relevant thermal treatment.
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Since the discovery of fullerenes in 1985,1 there has
been an intense effort in exploring low-dimensional con-
jugated carbon materials and tapping the full potential
of their properties. More recently, graphene-related ma-
terials, in particular, graphene nanoribbons doped with
heteroatoms,2−6 have been the focus of intensive re-
search, as the introduction of nitrogen atoms (N-doping)
can be used to tailor their electronic structure,7 which is
an essential requirement for the development of future or-
ganic electronics based on graphene circuits. These ma-
terials also provide electrochemically active systems with
properties useful for batteries and fuel cells. Further-
more the tunable and exceptionally high light absorp-
tion in the visible range makes them promising candi-
dates as absorbing layers in organic photovoltaics.8 How-
ever, the exploration of potential pathways for the tar-
geted design of such nanostructured devices still needs
intense investigations to progress from being a purely
academic playground to ensuring technological impact of
low-dimensional graphene-based materials.

Pyrene-fused pyrazaacenes9 (PPAs) are among this
type of nitrogenated ribbon-like structures (Scheme 1c).
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FIG. 1. *

Scheme 1. (a) Condensation of a Ketone and an Amine, (b)
Cyclocondensation Reaction of a Diketone and Diamine, and
(c) Cyclocondensation Reaction of the Tetraketone and the

Tetraamine Molecules Employed Here into PPAs

Besides their tunable optoelectronic properties, PPAs
have shown a very high stability, which makes them an
ideal platform to develop narrow one-dimensional ma-
terials. PPA-based oligomers10−16 (with up to 16 lin-
early fused aromatic rings) and polymers17−19 have been
synthesized through solution-based methods by means of
imine-type cyclocondensations (Scheme 1b).

Nevertheless, PPAs are very insoluble materials with a
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great tendency to aggregate, which hampers their synthe-
sis and characterization. Therefore, on-surface synthetic
methods provide an alternative aggregation-free environ-
ment not only for producing PPAs but also for charac-
terizing their structure with submolecular resolution, al-
lowing the identification and study of intermediates and
defects.

On-surface organic synthesis has bloomed over the
past decade.20−26 Some of the most recent top-
ical endeavors utilized azide–alkyne couplings,27,28

couplings involving C–H activation of alkynes,29

alkenes,30,31 and alkanes,32,33 enediyne cyclizations fol-
lowed by polymerization,34 as well as decarboxylative
polymerization.35 In particular, Schiff base (imine) for-
mations (Scheme 1a) have been successfully imple-
mented for low-dimensional structures at solid–liquid
interfaces.36−43 Imine formation under these conditions
has a dynamic character which relies on the reversibil-
ity of the relevant covalent bonds under thermodynamic
control.44 Therefore, this type of bonding combines the
increased stability of covalent bonds with the poten-
tial of producing regular superstructures. These char-
acteristics place it among the most promising routes
for covalent molecular architectonics, and imines have
been demonstrated to form under vacuum conditions,
as well.45−47 Specifically, an aldehyde and octylamine
on Au(111) surfaces form the imine product readily at
room temperature (RT),45 whereas cyclocondensation re-
actions (Scheme 1b) have been reported for thick films of
suitable diamine and diketone molecules at temperatures
above ∼ 373 K.46

Herein, we investigate the reaction of 2,7-di-tert-
butylpyrene- 4,5,9,10-tetraketone (tetraketone) and
2,11-di-tertbutylquinoxalino[2′,3′:9,10]phenanthro[4,5-
abc]phenazine-6,7,15,16-tetraamine (tetraamine) for
the in situ formation of PPAs (Scheme 1c) on coinage
metal surfaces of varying reactivity, resulting in varying
efficacy. We show that on the Ag(111) surface it yields
PPA-based oligomers with up to 19 linearly fused rings.
This illustrates the potential of this methodology not
only to produce long PPA-based oligomers but also,
most importantly, to characterize their structure with
great detail including structural defects in order to
further improve their synthesis. Our experimental
study relies on detailed molecular-level imaging by
temperature-controlled scanning tunneling microscopy
(STM) and spectroscopic analysis by high-resolution
X-ray photoelectron spectroscopy (XPS).48

RESULTS AND DISCUSSION

Visualization of Reactants and Reaction Products.

Initially, the STM appearance of the monomers
employed was determined by dosing tetraketone and
tetraamine molecules separately on the Ag(111) surface.
Figure 1a shows a representative STM image zooming in

FIG. 1. STM topography of tetraketone and tetraamine
molecules on Ag(111) substrate after deposition at RT. The
blue lines indicate the high symmetry axes of the substrate.
In (a–c), single tetraketone and single tetraamine molecules
are outlined in black and red, respectively. (a) STM im-
age of densely packed tetraketone molecules (TSTM ∼ 170 K,
Us = 1.25 V, It = 0.16 nA). (b) Self-assembly of tetraamine
molecules (TSTM ∼ 110 K, Us = 1.54 V, It = 0.11 nA). (c)
Two-dimensional nanostructures of tetraketone intermixed
with tetraamine (TSTM ∼ 160 K, Ut = 2.89 V, It = 0.12 nA).
(d–f) Zoom in STM images (d, tetraketone; e, tetraamine; f,
mixture of tetraketone and tetraamine) overlaid with corre-
sponding ball-and-stick models.

a densely packed island of tetraketones, from which we
can identify the molecules lying with their π-bonded moi-
eties nearly parallel to the surface. For both molecules,
the contrast is dominated by the physically protrud-
ing tert-butyl groups that are imaged as bright lobes,
whereas the molecular backbone is resolved more faintly.
Figure 1d depicts a single tetraketone molecule, super-
posed with the proposed molecular ball-and-stick model.
The tetraamine molecule has a different π-conjugated
system, which is imaged in the STM topographical im-
ages as a faint oval shape between the two tert-butyl
bright protrusions (Figure 1e). In Figure 1b, one can
clearly identify tetraamine molecules clustered together,
with their faint oval backbones orientated along the high
symmetry directions of the substrate. STM investiga-
tions of the tetraamine show molecules only within these
intricate molecular arrangements, which appeared after
RT deposition and were maintained up to annealing tem-
peratures as high as 530 K. A detailed analysis of the
supramolecular self-assembly scenarios of the tetraketone
and the tetraamine molecules is beyond the scope of the
present article and will be presented elsewhere.

In order to promote the cyclocondensation reactions,
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FIG. 2. Condensation products of tetraketone and tetraamine. (a) Overview of imine formation reactions on Ag(111) after
annealing to 510 K with a stoichiometry of tetraketone to tetraamine ∼ 2 : 1 (TSTM = RT, Us = 2.22 V, It = 0.09 nA).
(b) Histogram of different oligomers generated after annealing to 510 K as a function of the molecular ratio of tetraketone to
tetraamine. (c–i) STM images and molecular models of the main types of oligomers resolved after annealing. (The calculation
of the standard deviation used can be found in the Supporting Information.)

submonolayer coverages of tetraketone and tetraamine
molecules were deposited onto the Ag(111) surface at
RT and subsequently annealed gradually to 510 K. At
room temperature, the two molecules readily intermix in
regular bimolecular assemblies (Figure 1c,f), which are
observed even after annealing up to 510 K. In addition,
after this treatment, different kinds of oligomers furnish
the surface. Figure 2a shows an overview in which we can
discern some distinct oligomers, for instance, a straight
(s) dimer, a bent (k) dimer, a straight (s,s) trimer, a
bent (k,k) trimer, and a branched (b) tetramer, whose
boundaries are outlined by blue solid lines. Here, (s) and
(k) denote a straight connection between the monomers
and a kink in the connection, respectively. Furthermore,
one pentamer (outlined in green in Figure 2a) can be
observed, in which two (s) dimers are coupled with one
tetraamine. Apart from these oligomers, there are still
unreacted monomers (see molecules outlined by black
and red contours in Figure 2a). Some undesired side re-
action appears between free terminal amines, which fused
together after this annealing treatment, as highlighted by
yellow circle; the amine groups from two (s) dimers and a

(k) dimer appear linked altogether. Overall, the surface
is dominated by dimers and trimers (see also Figure 2b).
However, trimers terminated with diamine moieties are
statistically insignificant, a point to which we will return
later.

The STM data and molecular models in Figures 2c–i
give a simplified classification of the occurring oligomers.
Due to its linear shape and the distance between its tert-
butyl groups (marked in Figure 2c), which was measured
to be approximately 1.08 nm, the dimer labeled (s) is as-
signed to the product of the desired cyclocondensation.
In contrast, (k) dimers assume a kinked conformation,
presumably because only one ketone reacted with one
amine to form a single imine. This dimer has two differ-
ent conformations: the one that allows the ketone moiety
to have an intramolecular interaction with the neighbor-
ing amine moiety (shown in Figure 2d) and one that does
not (shown in Supporting Information Figure S1). Figure
2e–g categorizes the types of trimers based on the num-
ber of cyclocondensations and single imine formations,
similar to the categorization of the dimers. For example,
(k,k) has two kinks, where both the tetraketone molecule
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FIG. 3. Effect of annealing temperature on the polymerization process. (a) STM image showing condensation products after
dosing tetraketone and tetraamine in ∼ 4 : 1 stoichiometry on Ag(111) and then annealing to 510 K (TSTM = RT, Us = 1.54 V,
It = 0.03 nA). (b) Overview of this surface after further annealing to 570 K (TSTM = RT, Us = 1.24 V, It = 0.12 nA). The inset
displays a magnified image of the blue box with a straight trimer with two partially decomposed tert-butyl groups outlined by
a dashed blue line. (c) Distribution of different oligomer species as a function of annealing temperature. (The calculation of
the standard deviation used can be found in the Supporting Information.)

moieties are tilted relatively to the central tetraamine
molecule, and every tetraketone was linked by a single
imine with each side of tetraamine. The tetramers are di-
vided in two types: those that are branched (Figure 2h),
where one tetraamine is surrounded by three tetrake-
tones, and those that are linear, in which two tetrake-
tones alternately link with two tetraamines. In addi-
tion to the illustrated (s,s,s) tetramer with 19 linearly
fused rings in Figure 2i, linear tetramers containing single
imines instead of pyrazine rings existed, similar to those
found in the (k) dimer and in (s,k) and (k,k) trimers. For
example, in Figure 2a, a (s,k,k) tetramer is outlined in
purple.

To investigate the effect of stoichiometry, we tuned the
tetraketone to tetraamine ratio from ∼ 1 : 5 to ∼ 4 : 1.
The distribution of different oligomer species as a func-
tion of stoichiometry is shown in Figure 2b. From that,
we can infer the following: First, we note that in the
same oligomer category, and for every investigated sto-
ichiometry, the straight type is more probable than the
corresponding bent type. This effect is more pronounced
for dimers but can also be distinguished for the longer
oligomers. It indicates that the cyclocondensation is pre-
ferred to the single imine formation, albeit with less se-
lectivity the longer the oligomer. This selectivity could
originate in the ring closure (Scheme 1b) being a sequen-
tial reaction of 1 + 1 imine formation reaction, in which
the product with the single imine (Scheme 1a) is a sta-
ble intermediate. Importantly, these types of ketoimine
intermediates obtained from o-phenylenediamines have
not been isolated from solution-based synthetic methods.
Second, we observed that increasing the proportion of
tetraketone molecules increased the yield of trimers. On
a surface with an excess of tetraamine molecules, 75% of
the surface tetraketone molecules reacted to form dimers

(blue histogram in Figure 2b, Supporting Information
Table S1), but no longer oligomers were observed. Ini-
tially, the formation of dimers seems to be the favorable
product at the annealing temperature of 510 K; however,
especially in the presence of excess tetraketone, we ob-
served that the same treatment results in the addition of
the tetraketone monomers to the dimer amine side. The
yield of the tetraamine modules within the oligomers at
1 : 1, 2 : 1, 3 : 1, and 4 : 1 (tetraketone/tetraamine) stoi-
chiometry was 35, 54, 60, and 69%, respectively, whereas
the percentage of amine to imine conversion is 20, 29,
47, and 54%, respectively; that is, as the relative amount
of tetraketone increases, both the amount of (partially)
reacted tetraamine molecules and the amount of formed
imines increase. In all of the cases, there is a limited num-
ber of terminal amines in the polymers, showing that the
condensation of an amine module (or oligomer) with a
diketone terminated oligomer is unfavorable.

Furthermore, we investigated the influence of the an-
nealing temperature on the polymerization process. Fig-
ure 3a reveals the condensation products after dosing
tetraketone and tetraamine molecules in a ∼ 4 : 1 sto-
ichiometry and then annealing to 510 K. We can dis-
tinguish the two types of dimers, the three kinds of
trimers, the branched tetramer, and a bent (s,s,k,s) pen-
tamer (highlighted by blue solid lines). Subsequent fur-
ther annealing to 570 K desorbed most of the unreacted
tetraketone and modestly promoted lengthening of the
oligomers, as illustrated in Figure 3. This is also reflected
on the percentage of tetraamine molecules incorporated
into oligomers, which increased from 69 to 79% after this
higher temperature annealing.

The histogram in Figure 3c presents the trend of
oligomer formation with the annealing temperature. By
inspection, we can deduce that part of (s) dimers re-
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acted with the available tetraketone, forming trimers, es-
pecially straight (s,s) trimers. Although the differences
observed in the histogram are within the statistical er-
ror, the trend deduced is consistent. This heat treatment
also affected a significant portion of the tert-butyl groups.
This is illustrated by the straight trimer outlined in blue
in the inset of Figure 3b, where two tert-butyl groups
are resolved faintly in comparison with the intact ones.
In some areas (example shown in the green box in Fig-
ure 3b), the molecular decomposition prevents us from
identifying the oligomer shape. With increased anneal-
ing temperature, more tetraketone molecules desorbed
from the surface, limiting the elongation of the polymers.
(See also Table S1 in Supporting Information for an ac-
count of all surface species.) We therefore corroborate
our earlier conclusion that longer oligomers require a sec-
ond stage, higher temperature annealing. In this situa-
tion, no excess tetraketone is left on the surface, but it is
still possible to condense dimers and trimers into forming
longer oligomers (n = 5) and/or to condense tetraamine
monomers to existing oligomers.

The annealing temperatures required for the cyclocon-
densation reaction on Ag (510 K) are significantly higher
than the ones reported for similar cyclocondensation re-
actions on thick molecular films under vacuum (373 K),46

as well as in solution (∼ 323 − 453 K).10−14,16 Accord-
ingly, we dosed molecules in three layers (tetraketone–
tetraamine–tetraketone), which turns out to produce a
very limited number of dimers at lower temperatures
(400 K). After this annealing treatment, only molecules
in direct contact with the metal surface remained. As
no condensation products were observed after annealing
a submonolayer of tetraketone and tetraamine molecules
to 400 K, we can conclude that the condensation reac-
tion requires much lower thermal energy in the case that
the two reacting modules are not confined in the two-
dimensional geometry imposed when they are adsorbed
on the metal surface. Indeed, on the Ag(111) surface, the
reaction seems to proceed at the temperature of the onset
of desorption of the tetraketone molecule. It is estimated
by STM images that annealing to 510 K causes a 10–20%
loss of the surface tetraketone molecules. No decrease
in coverage was observed for the tetraamine molecules
under the same conditions, thus implying that they are
more strongly bound to the Ag(111) surface. Assuming
that the reaction needs a nonplanar intermediate, as ex-
pected for the classical imine formation between a ketone
and an amine (Supporting Information Figure S2), this
would require a lift-off of the π-conjugated backbone from
the surface. (We note that, on Ag(111) and Cu(111), the
surface itself can abstract protons from the molecular
moieties.49,50) In fact, this assumption would justify why
diamine-terminated oligomers longer than dimers rarely
form and why the polymerization is limited: the tetrake-
tone π- conjugated backbone is the easiest to lift-off from
the surface, whereas more extended modules adsorb more
strongly on the surface. More than 98% of all s or k joints
observed after annealing at 510 K can be accounted for

with the addition of a tetraketone monomer to a longer
module.

To explore the effect of the underlying metal surface,
we also investigated this reaction on gold and copper. A
monolayer of tetraketone and tetraamine molecules with
a ratio of 6 : 1 was dosed on the Au(111) substrate, but
no oligomers formed because the tetraketone molecule
desorbed rather than reacted with tetraamine after step-
wise heating up to 610 K (Supporting Information Figure
S3). After being annealed to 610 K, the surface contained
almost exclusively tetraamine molecules with numerous
tert-butyl groups decomposed. On the Cu(111) surface,
both molecules were deposited in 1 : 1 stoichiometry.
However, no oligomers formed after annealing up to 490
K, although a number of tert-butyl groups decomposed
under this annealing treatment (Supporting Information
Figure S4). Based on these results, we infer that Ag
binds the monomers strongly enough for them to react
on the surface, but not so strong as to inhibit the lift-off
necessary for the imine formation. In contrast, on Au
the tetraketone monomer desorbed during higher tem-
perature annealing. On Cu, the monomers have a higher
affinity to the metal surface and therefore already decom-
pose at annealing temperatures below the condensation
temperature found on Ag(111). Additionally, the lift-off
of the ketone might be hindered on Cu due to the stronger
coupling.

Probing the Chemical State of Reactants.

Complementary XPS characterization of these reac-
tants on Ag(111) and Au(111) sheds light on the reaction
mechanism.

Figure 4 shows the N 1s XP spectra of the tetraamine
adsorbed on Ag(111) at RT and after annealing treat-
ment (420 K). The N 1s spectrum of the tetraamine after
RT deposition shows two components of similar intensity,
one centered at a binding energy of 400.1 ± 0.1 eV due to
the primary aminic N (−C − NH2)51 and the other cen-
tered at a binding energy of 398.9 ± 0.1 eV attributed to
iminic N (−C = N − C =).52,53 Conversely, after being
annealed to 420 K, the deconvolution of the spectrum
shows three components (Figure 4b). In addition to the
aminic and the iminic N, a weaker peak appears at 397.8
± 0.1 eV, associated with the presence of −N−H.53,54 It
thus appears that the Ag surface activates the amines
by partial deprotonation, acting as a “base” by removing
the positive charge, which is expected to promote the de-
sired imine formation. In such a case, the condensation
reaction would proceed slightly differently on the Ag sur-
face than in solution (Supporting Information Figure S2),
with H2 as one of the byproducts at lower temperature.29

Furthermore, the adsorption of the tetraketone
molecules was studied by XPS on Ag(111) and Au(111);
the corresponding C 1s and O 1s XP spectra are shown
in Figure 5. On Au(111), the C 1s spectrum shows
three contributions at binding energies of 284.1, 284.6,
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FIG. 4. XP spectra of the N 1s core level of a submonolayer
coverage of tetraamine on Ag(111) after RT deposition (a)
and after annealing to 420 K (b). A photon energy of 550 eV
was used for the acquisition.

and 286.9 eV, which can be attributed to the presence
of aromatic,30,55 aliphatic,55,56 and carbonylic carbon
atoms,57,58 respectively, with a ratio of approximately
3 : 2 : 1. The O 1s spectrum instead displays a sin-
gle peak centered at a binding energy of 531.2 eV cor-
responding to carbonylic O (−C = O).58,59 On Ag(111),
this peak shifts to lower binding energy by ∼ 1 eV, which
is ascribed to hybridization of the C = O group with the
substrate metal states (C = O− · · ·M+).58 Additionally,
a shoulder can be noticed at ∼ 531.5 eV: the intensity
of this feature was found to grow with increasing beam
exposure, therefore, we attribute it to radiation dam-
age. Regrettably, the occurrence of radiation damage
precludes a further conclusive XPS investigation of the
changes observed after annealing to temperatures that
promote the imine formation.

The hybridized state is presumably associated with
the formation of an extended π-conjugated system that
is strongly coupled to the underlying metal. The C 1s
spectrum also indicates that the peak related to carbon
atoms bonded to oxygen shifted to lower binding energy
by ∼ 1.8 eV, further confirming that the bond of these
carbon atoms to oxygen is significantly weaker than that
in carbonyl moieties. From the comparison, we infer that
the hybridized oxygen is beneficial to this polymeriza-
tion reaction, probably because the tetraketone molecules
can remain in the vicinity of the Ag(111) surface upon
annealing to higher temperatures, and thereafter, they
can adopt the optimal geometric configuration relative
to tetraamines to activate the imine formation reaction
before desorbing from the surface. In contrast, there is no
hybridized oxygen on Au(111), and as a consequence of
the weaker anchoring, the tetraketone molecules desorb
from the surface before reacting with tetraamines.

FIG. 5. XP spectra of the C 1s (a) and O 1s (b) core levels,
corresponding to a submonolayer coverage of tetraketone on
Au(111) (top) and Ag(111) (bottom) after RT deposition. In
the C 1s signal, three different contributions can be resolved
in the fitting. The corresponding peaks are colored as the
highlights of the respective C atoms in the molecular model.
All spectra were acquired using monochromatized Al Kα ra-
diation.

SUMMARY AND CONCLUSIONS

In conclusion, this work has demonstrated the feasi-
bility of preparing PPA-based oligomers on the Ag(111)
surface under ultrahigh vacuum (UHV) conditions. From
STM images, we inferred that the metal surface imposes
a planar adsorption geometry of both the tetraketone and
the tetraamine monomers, which hinders the imine for-
mation. From XPS measurements, we concluded that the
Ag(111) surface hybridizes with the majority of the ke-
tone groups upon RT deposition and activates the amine
by partial deprotonation after annealing to 420 K. The
hybridization presumably enables the molecule to remain
on the surface during the thermally activated tilting of
the ketones, which creates a suitable geometry to react
with a diamine-terminated module. The putative mech-
anism is illustrated in Figure 6 by a schematic drawing.

We found that, in general, the cyclocondensation is
favored over the single imine formation. Moreover, we
observed that dimers are the preferred products, but
in the presence of an excess of tetraketone molecules,
ketone-terminated trimers are preferred. The elongation
to longer oligomers seems instead to be unfavorable.

Importantly, we found marked differences between sup-
porting the employed reactants on gold, silver, and cop-
per. Among the three coinage metals, silver gives the
best compromise between adsorption strength and rela-
tively weak chemical interaction: both molecules can be
confined in the vicinity of the surface under conditions
that facilitate the condensation reaction. On the Au(111)
surface, the anchoring appears to be too weak to pro-
mote the condensation reaction, such that the majority
of the tetraketone molecules desorbed when the temper-
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FIG. 6. Cartoon of the imine formation mechanism by re-
action of tetraketone (left) and tetraamine (right) on the
Ag(111) surface. From top to bottom: After RT deposition,
ketone moieties are strongly hybridized with the metal sur-
face. At ∼ 510 K, the ketone lift-off enables a suitable geom-
etry (green highlight) for the formation of new imines.

ature was raised. On the contrary, the Cu(111) surface
interacts too strongly with the molecules and resulted in
decomposition rather than polymerization.

The combination of direct visualization of all reactants
and reaction products with the spectroscopic character-
ization of the reactants has provided a unique mecha-
nistic insight into the interfacial synthesis of PPA-based
oligomers on solid surfaces, thereby offering a sound
methodology for studying other on surface polymeriza-
tion reactions. The findings reported are expected to
provide valuable input in using imine formation for the
desired extension of the conjugated nanostructures by
rational design of appropriate building blocks, choice of
platforms, and polymerization conditions.

EXPERIMENTAL SECTION

Synthesis. The synthesis of tetraketone60 and
tetraamine16,61−63 molecules was carried out following
reported procedures.

Sample Preparation. Ag(111), Cu(111), and
Au(111) single crystal surfaces were prepared by repeated
cycles of Ar+ sputtering and subsequent thermal anneal-
ing. The quality and cleanliness of the substrate sur-

face were assessed by STM or XPS. Tetraketone and
tetraamine molecules were dosed by organic molecular
beam epitaxy (by heating to ∼ 470 and ∼ 650 K, respec-
tively) onto the substrates at room temperature under
UHV conditions, from separate quartz crucibles. The de-
position time was appropriately controlled to attain the
desired molecular coverage.
STM. STM measurements were performed in a

custom-made UHV system equipped with an Aarhus-
type variable-temperature STM at a base pressure of
2 × 10−10 mbar. All STM images were recorded in
constant-current mode using electrochemically etched
tungsten tips and processed with the WsXM program.64

The tunneling bias (Us) is applied to the sample.
XPS. XPS experiments of tetraamine on Ag(111) were

carried out at the HE-SGM dipole magnet beamline at
the BESSY II synchrotron facility in Berlin. The spec-
tra were collected using a Scienta R3000 hemispherical
electron energy analyzer mounted in the plane of the
photon polarization, 45◦ from the incident photon beam.
The N 1s and C 1s core levels were probed in normal
emission with photon energies of 550 and 435 eV, re-
spectively. Additional XPS measurements of tetrake-
tone on Ag(111) and Au(111) were performed in a ded-
icated facility (SPECS GmbH) at the TUM–WSI labo-
ratory in Garching. The experimental chamber operates
at a base pressure of 2 × 10−10 and is equipped with
a PHOIBOS 150 hemispherical analyzer, a XR50 X-ray
source with ellipsoidal crystal FOCUS 500 monochroma-
tor (SPECS GmbH) delivering monochromatized Al Kα
radiation (hν = 1486.6 eV), and all ancillary facilities for
surface preparation and cleaning. The XPS experiments
were conducted in normal emission geometry. The bind-
ing energy of the XP spectra was calibrated against the
Ag 3d5/2 or Au 4f7/2 core levels at 368.3 and 84.0 eV,
respectively. For the acquired XPS data, a Shirley back-
ground was subtracted from the raw data, and Voigt
functions were used to fit the individual components.
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