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An amino-carboxylic motif has been identified as a novel
synthon in the formation of 2D hetero-organic architectures at
surfaces. The well-defined interacting scheme we describe
represents an ideal prototypical system for further investigations
on the interaction at surfaces of the two functional groups.

The nature of the amino-carboxylic interaction at metal
surfaces is investigated by characterizing the 2D supra-
molecular assembly of a carboxylic molecule, terephthalic acid
(TPA), in the presence of an amino-terminated molecule, 1-
Naphthylmethylamine (NMA). The description of the
morphology and the chemistry of the intermolecular bonding
scheme paves the way to further investigations on the amino-
carboxylic interaction on surfaces and provides a novel method
for steering the assembly of carboxylic molecules on surfaces.

The supramolecular assembly on surfaces has been widely
investigated in the last decade as a key towards an effective
device engineering at the nanoscale. Organic architectures on
metal surfaces can be obtained by exploiting both covalent and
non-covalent bonds between the molecules or by building
metal-organic frameworks*™®. The interplay between molecule-
substrate and molecule-molecule interactions drives the
formation of the (hetero-)organic architectures and determines
the morphological and chemical properties of the systems. A
proper control on the self-assembly process is therefore the
mandatory requirement to obtain systems with the desired
properties. One possible strategy is to lock the molecules in a
hydrogen bonded network, taking advantage of the chemical
affinity between their functional groups. This approach mimics
the organic 3D crystal growth mechanisms, based on the
formation of supramolecular synthons®. In this context, several
carboxylic molecules have been shown to assemble on surfaces
in highly ordered architectures based on the formation of
carboxylic homo-synthons’*!, the molecular auto-recognition
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being favored by the intrinsic hydrogen donor (O—H) - acceptor
(C=0) nature of the -COOH groups.

In the synthesis of 3D crystals, the carboxylic group has been
successfully exploited also in the formation of hetero-synthons,
with the growth of organic co-crystals based on the hydrogen
bond with the amines of a second molecular species™®*°.

In surface science, the amino-carboxylic affinity has been
extensively exploited in the 2D homo-molecular self-assembly
of amino-acids. It drives the formation of very long range
ordered molecular chains with the molecules in their
zwitterionic state on poorly reactive surfaces like Au(110)*%%7,
Au(111)*8, Ag(111)**°, .whereas it is inhibited by the stronger
carboxylic-substrate interaction on more reactive surfaces like
Cu(110)2°2!, Cu(111)* and Cu(001)??, where deprotonation of
the carboxylic group occurs. Conversely, 2D hetero-organic
assemblies based on the amino-carboxylic interaction have
been poorly explored. We have recently shown how the
chemical affinity between the two functional groups can drive
the anchoring of a carboxylic molecule on top of an amino-
terminated Self Assembled Monolayer, obtaining a vertically
stacked hetero-organic structure®. On the other hand, we are
not aware of examples of in-plane hetero-molecular coupling
based on the interaction between these two groups.

Here we present a method for steering the assembly of a
carboxylic molecule on surface. Our approach consists in
modifying the metal substrate before the adsorption of the
carboxylic molecules by depositing a second species of
molecules, characterized by an amino-termination and a high
surface mobility. In this way, we introduce a competitor to the
well-known self-recognition of the carboxylic species, which
modifies the molecular bonding scheme of the film. A similar
approach has been reported in [2*?°], where the amino-groups
of melamine interact with the carbonyl oxygens of perylene
derivatives forming a supramolecular template. To fulfil our
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high-mobility requirement we adopted a small amino-
terminated molecule, the NMA (Fig. 1 a), to treat the Au(111)
surface before the deposition of the carboxylic species. For the
latter, we have chosen to study the TPA (Fig. 2 a), whose
assembly on the bare Au(111) surface represents a simple,
prototypical system and has already been characterized by
means of Scanning Tunneling Microscopy (STM)® and X-ray
spectroscopies?®. Both the preparation of the samples and the
measurements have been performed under Ultra High Vacuum.

We first discuss the assembly of the NMA on Au(111). We
performed several depositions at a sample temperature T ~
280K followed by an annealing of the sample at higher
temperatures, in the 280<T,,.4<330 K range. Both XPS and
STM reveal that no multilayer is formed at these temperatures
and that the saturation coverage is a function of T,nnea, the
NMA SAM being denser at lower temperatures. STM images
show in fact the presence of molecules in different
configurations. Part of them are isolated or involved in
disordered supramolecular structures, whereas a considerable
fraction aggregates in n-leaf-clover shaped clusters, where n
ranges between 3 and 5 with its mean value increasing with the
overall coverage (see Supporting Information for further details
on the observed Auwua morphologies).

a) ®c b)
oN r
CH 3
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Figure 1. a) NMA molecule b) N1s XPS spectrum of the Auyua surface indicating
that the amino groups of most of NMA molecules are in their neutral state. c)
STM imaging of the Auywa substrate. d) 4-leaf clover of NMA. STM image
paramters: (c) 30.0x30.0nm?, +200mV, 20pA; (d) 2.2x2.2nm?, +200mV, 30pA
(hydrogen atoms are not shown in the ball and stick models).

We also observe that the same film morphologies are obtained
by directly depositing the molecules on the sample kept at
Tannea, Without any further treatment. Figure 1 reports the
images of a NMA monolayer grown at Room Temperature
(RT), where the four-leaf-clover is the most relevant structure
at the saturation coverage. In the close-up shown in panel d) the
details of this supramolecular assembly can be seen. From the
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shape of the leaves, the orientation of the molecules can be
inferred, indicating that the amino groups are oriented towards
the center of the clover.

The N1s XPS spectrum (panel b) shows a peak with two
components. The position of the main component (399.0 eV)
indicates that most of the molecules are in their neutral state
(NHy), and that therefore the intermolecular forces driving the
formation of the n-leaf clover structures do not strongly affect
the chemical state of the involved amines. On the other hand,
the second component at 400.7 eV can be related to the
presence of a minority component of molecules in a different
conformation, with their amino groups interacting stronger with
the substrate and/or with adjacent molecules. In fact, a shift to
higher binding energies of the N1s peak can be due to the
interaction of the primary amines with the gold surface? and
can be related here for instance to some molecules adsorbed on
the more reactive under-coordinated gold atoms at the edges of
the terraces. The Au(111) surface treated with NMA (Aunwma),
as reported in Fig.1l, represents the initial substrate for the
subsequent TPA deposition, performed at RT.

Intensity [a.u.]

404 402 400 398 396
Binding Energy [eV]

Figure 2 a) TPA molecule structure and b) its assembly on the bare Au(111) (inset
shows the structure of the TPA layer) and c) the Aunwa (hair-phase). d) N1s
photoemission spectra show the chemical conversion of the amino-groups of
NMA from neutral (already shown in Fig. 1b) to ionic state when interacting with
TPA. e) Detail of the hair-like structure. STM image parameters: (b)
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10.0x10.0nm?, +100mV, 500pA; (c) 29.4x18.9nm?, +200mV, 10pA; (e)
5.0x5.0nm?, +200mV, 20pA (hydrogen atoms are not shown in the ball and stick
models).

Both the morphological® and the spectroscopic? properties of
TPA on bare Au(111) are well known. The molecule assembles
in a very compact 2D structure, formed by molecular chains
placed side by side (see Fig. 2b and ref [®]), whose building
block is represented by two head-to-tail aligned TPA
molecules. This arrangement is driven by the hydrogen bond
between the carboxylic groups, as revealed by XPS spectra. In
particular, O1s spectra showed that the two non-equivalent
species of oxygen atoms of the molecule are indeed involved in
a donor-acceptor hydrogen bond?®.

A very different situation is found upon the deposition of
TPA on Aunwua, as shown in Fig 2c. It can be seen that no phase
separation occurs between the two molecular species, that
assemble in very long hair-like structures. The N1s XPS (Fig.
2d) shows that the amino groups of the NMA undergo a
chemical conversion, the N1s binding energy now being 401.1
eV, a value compatible with the ionic NH3+ chemical state?®. A
residue of neutral component is still found at 399.0 eV. At the
same time, the O1ls XPS indicates that the oxygen atoms of
TPA are all equivalent and the carboxylic groups are in their
anionic state COO- (see Supporting Information). Therefore,
both the STM imaging and XPS show that the nature of the
TPA intermolecular hydrogen bond has been deeply modified
by the presence of the NMA molecule.

In the STM close-up of figure 2e, the details of the hair-like
structure can be distinguished and the different molecules in the
structure can be easily recognized by their shape, as suggested
by the superimposed ball and stick model. It can be seen that
the TPA molecules are aligned in rows similar to the ones
observed when TPA is adsorbed individually on the bare Au
surface; here, however, two NMA molecules participate in each
TPA intermolecular bond and build a novel bonding scheme.
We also verified that the sample temperature during deposition
plays an important role: if TPA is deposited at lower sample
temperatures (T<270K) no ordered structures are observed and
STM imaging is very difficult probably due to the presence of
second layer molecules. We hypothesize that the mobility of the
molecules in this case is too low to drive the formation of the
hair-phase bonding scheme. More interestingly, both TPA
deposition at higher temperature (T>330 K) or an annealing of
the hair phase to the same temperature promote the formation
of a hair-phase with double- or multi-TPA central rows as
shown in Figure 3 (see Supporting Info for further experimental
details). In fact, a minority of TPA molecules assembled in 2D
structures can be found also on a surface with a highly ordered
hair-phase. It can be argued that, since a 2:1 ratio between the
coverage of NMA and TPA in required for the formation of the
hair-phase, the formation of 2D TPA assemblies occurs when
this ratio decreases towards excess TPA. Notably, the TPA
assembly in the double- and triple-stranded hair reported in Fig.
3 is different from the one found on bare Au(111). The TPA
rows join by aligning the phenyl groups of the molecules
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instead of building the usual honeycomb structure, indicating
that the NMA-TPA interaction in the outer row of the strands
modifies the pairing of the inner row. Starting with even lower
NMA coverage, larger 2D islands of TPA were detected, as
shown in the Supporting Information.

Figure 3 An excess of TPA molecules promotes the assembly of multi-stranded
hair structures. The interaction with the NMA of the outer TPA molecules of the
architectures also affects the pairing of the inner TPA rows. Image parameters:
9.3x9.3nm?, +200mV, 20pA (hydrogen atoms are not shown in the ball and stick
models).

In conclusion, we have shown how the assembly of
carboxylic molecules can be steered by treating the surface with
a small amino-terminated molecule, leading to the formation of
well-defined hetero-organic  architectures. The amino-
carboxylic chemical affinity introduces a competition in the
intermolecular hydrogen bonding and determines peculiar
supra-molecular assemblies. The method we developed
represents a valuable opportunity to explore alternative
assembly morphologies of carboxylic-terminated molecules and
yields a novel amino-carboxylic motif of potential interest in
the synthesis of co-crystals based on hetero-synthons.
Furthermore, since these functional groups are ubiquitous in
biological systems, our findings also possess a more general
interest, in particular related to the study of the origin of life.
Indeed, the amino-carboxylic interaction at surfaces could have
played a fundamental role as a precursor in the ribosome-free
peptidic bond formation in the prebiotic conditions?*=°. In this
context, the well-defined intermolecular scheme we found can
be a convenient prototype for investigating possible routes
towards the on-surface synthesis of peptides .
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