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Highlights:

. Porous and densely packed monolayer are prepared onto graphite surface.

. Physisorbed monolayers are carried out by mean of scanning tunneling microscopy.
. C3 and C2 molecular symmetries are investigated on graphite surface.

. The understanding of intermolecular and molecule-substrate interaction is provided.



Abstract

Here we report on a scanning tunnelling microscopy (STM) investigation on the self-
assembly of C;- and C,-symmetric molecules at the solution/graphite interface. 1,3,5-tris((E)-
2-(pyridin-4-yl)vinyl)benzene and 1,1,2,2-tetrakis(4-(pyridin-4-yl)phenyl)ethane are used as
model systems. These molecules displayed a concentration dependent self-assembly
behaviour on graphite, resulting in highly ordered supramolecular structures, which are
stabilized jointly by van der Waals substrate-adsorbate interactions and in-plane
intermolecular H-bonding. Denser packing is obtained when applying a relatively high
concentration solution to the basal plane of the surface whereas a less dense porous network
is observed upon lowering the concentration. We show that the molecular conformation does
not influence the stability of the self-assembly and a twisted molecule can pack into dense

and porous architectures under the concentration effect.



1. Introduction

Molecular self-assembly at surfaces and interfaces has been widely exploited during the last
three decades to nanopattern surfaces with an atomic precision, becoming a reliable route to
generate functional nanostructures [1, 2]. The virtually unlimited degrees of freedom offered
by organic chemistry grant access to molecules possessing different sizes and characterized
by multiple and regiospecific substitutions with functional groups at the core, in the scaffold
and/or in the periphery [3, 4]. In this framework, n-conjugated molecules exhibit unique opto-
electronic properties, which render them interesting building blocks for application in opto-

electronics [5, 6].

In general, the self-assembly of molecules at surfaces and interfaces is ruled by the interplay
of intramolecular, intermolecular and interfacial forces. The use of a rigid m-conjugated
scaffold limits, to a certain extent, the conformational degrees of freedom of the molecules
[7]. On the other hand, the functionalization of the molecular peripheries with specific
moieties enables the use of dipolar interactions to stabilize in-plane adjacent molecules,
resulting in controlled two-dimensional (2D) crystallization and ultimately the formation of
robust self-assembled networks [8-10]. Among non-covalent interactions, hydrogen bonding
combines specificity, cooperativity, reversibility and directionality, the latter offering high
control over the geometry of the assemblies [11-15]. H-bonding occurs between polar
molecules where a hydrogen (H) atom can interact with more electronegative atoms such as
oxygen (O) or nitrogen (N). It has been exploited to design and to build various molecular
nano-architectures, in particular on solid surfaces resulting in linear and cyclic motifs [16-

21].

Both the structure of chemisorbed and physisorbed molecular self-assembled monolayers, as

well as their nanoscale electronic density states on electrically conductive solid surfaces, can



be explored by means of scanning probe techniques, and in particular by scanning tunnelling
microscopy (STM), which has proven to be the most convenient tool to probe the
physisorbed molecules with sub-molecular resolution in real space. It is an excellent tool to
unravel structure and dynamics of molecules at surfaces under different environmental
conditions including ultra-high vacuum (UHV), solid/air or solid/liquid interface. The latter
environment offers many advantages when performing molecular self-assembly studies: (i)
the experiments do not require a complicated or expensive set-up, (ii) it facilitates choice of
the solvent in view of the selected solute and substrate, (iii) it allows the investigation of
large molecules that can be difficult to sublime under vacuum, (iv) the reversible nature of
self-assembly enables defect reparation via self-healing by taking advantage of the dynamic
exchange between the liquid phase and the adsorbed molecules [8, 22]. Working at the
solid/liquid interface environment, the nanostructures can be influenced by a number of
experimental conditions such as the chosen solvents, [23-26] the temperature, [27-29] and the
concentration [30-33]. The formation of concentration-dependent nanostructures at surfaces
and interfaces is a 2D crystallization phenomenon. It has been shown that densely packed
molecular assemblies are produced when operating at a relatively high concentration and the
porous networks are obtained at low concentration [34-36]. It is however important to note
that the range of concentrations in which one phase is favoured over the other cannot be
generalized. The strength of both inter and intramolecular forces varies from one molecule to
the others and it is moderated also by the chosen solvent. Controlling the formation of the
concentration-dependent 2D molecular networks can therefore be considered as a key factor

to tune the self-assembly on surfaces [37, 38].

The concentration-dependent self-assembly of Cz-symmetric molecules has been reported in
the literature but to the best of our knowledge C>-symmetric molecules are not yet

investigated for concentration effects. The molecular symmetry Cj; refers to obtaining the



equivalent configurations by a rotation of the molecule around an axis with 120° while the

symmetry C, takes the molecule to the same structure by a rotation of 180°.

In this work, we report on the STM investigation of a concentration dependent formation of
2D molecular self-assembly at the solid/liquid interface. We focus our attention on two
molecular building blocks with C; and C,-symmetry. 1,3,5-tris((E)-2-(pyridin-4-
yl)vinyl)benzene (3Py) and 1,1,2,2-tetrakis(4-(pyridin-4-yl)phenyl)ethane (4Py) are
physisorbed on highly oriented pyrolitic graphite (HOPG) surface. In both molecules the
pyridyl N atom in the para position promotes the formation of directional H-bonds [34, 35].
The choice of pyridine based chemistry enables the formation of weak hydrogen bonding,
resulting in the generation of directional H-bonds that operate under full thermodynamic

control [34-36, 39, 40].

2. Results and Discussion

top view side view

Fig. 1. Chemical structure (a), top (b) and side view (c) of optimized geometry of 1,3,5-
tris((E)-2-(pyridin-4-yl)vinyl)benzene (3Py). Chemical structure (d), top (e) and side view (f)

of optimized geometry of 1,1,2,2-tetrakis(4-(pyridin-4-yl)phenyl)ethane (4Py).



Figure 1 displays the chemical structure and the optimized geometries of the C3-symmetric
3Py and the C>-symmetric 4Py. The geometry optimization was done in the gas phase using
density functional theory (DFT) calculations with three-parameter hybrid exchange
functional combined with the Lee—Yang—Parr correlation functional (B3LYP) and 6-31G
basis set within Gaussian 09 [41]. 3Py exhibits a flat stilbene core with a trans configuration,
whereas 4Py exhibits a twisted configuration due the steric hindrance brought into play by

the interaction among the protons decorating the closest phenyl rings.

As previously reported, [34, 35, 39] triangular molecules can assemble on solid surfaces in
parallel (P) or anti-parallel (A) fashion. Two different self-assembly motifs formed through
(pyridyl)N---H—C(pyridyl) H-bonds can be proposed for 3Py, and are characterized by the
formation of P1 and P2 pairing (see the Figure 2a,). Such pairing allows the generation of
three distinct self-assembly motifs, i.e. [3Py],P1, [3Py],Al and [3Py],P2 (Figure 2a).
[3Py],P1 and [3Py],Al display dense parallel and anti-parallel molecular packing
respectively while [3Py],P2 features a parallel porous network. On the other hand, since 4Py
has a C, symmetry, it can be self-assembled only in the parallel configurations P1 and P2 via
H-bonds (Figure 2b). Such interactions can promote the molecular packing of 4Py into two
supramolecular architectures, i.e. the dense [4Py],P1 and the porous [4Py],P2 motif (Figure

2b).
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Fig. 2. a) Three possible configurations of C;-symmetric 3Py. b) Two possible configurations
of C,-symmetric 4Py molecule. The intermolecular interactions are based on
(pyridyl)N---H—C(pyridyl) H-bond connections. (P) for parallel and (A) for anti-parallel

fashion.

The molecular self-assembly at the solid/liquid interface on HOPG was explored in-situ by
STM. A 4 puL droplet of a 250 uM solution of 3Py in 1-phenyloctane was drop cast on a
freshly cleaved surface. Figure 3a displays a STM height image of the physisorbed
monolayer. It shows a 2D densely packed network of molecules lying flat on the basal plane
of the surface. Due to their extended m-conjugated system, the individual molecules in the
self-assembled pattern appear bright and exhibit a Cs-symmetric contrast. All the molecules
are oriented along the same direction with a parallel configuration. 3Py is adsorbed in parallel
fashion leading then to dense molecular architectures that are stable for 3-4 hours. The 2D
self-assembly can be described by the formation of six (pyridyl)N---H—C(pyridyl) H-bonds

per molecule. A representative molecular model is presented in Figure 3b.



Fig. 3. STM height images and proposed packing motifs of 3Py at the solid/liquid interface.

Solutions applied to the surface: (a-b) concentration = 200 =300 uM, and (c-d) concentration
=50 —150 uM. Tunnelling parameters: (a) average tunnelling current (/;) = 25 pA, tip bias

(V) =400 mV; (¢) I, = 25 pA, V;= 600 mV. Insets: (a, c) 3.6x3.6 nm".

We then extended our investigation to the formation of 3Py films by lowering the
concentration of the solution applied to the surface. STM height image in Figure 3b displays
the physisorbed monolayer of 3Py at the solid/liquid interface obtained with a concentration

of 100 uM. The polycrystalline structure consists of a 2D porous architecture. Each single



3Py molecule appears as three bright protrusions that are related to the electronic density of
its conjugated phenyls. Similarly, to the previous packing, 3Py lies flat on the surface leading
to the formation of a porous network at low concentration. The molecular packing can be
described by the formation of six (pyridyl)N---H—C(pyridyl) H-bonds per molecule, as
evident in the model displayed in Figure 3d. The formation of such molecular packing is
consistent with the predicted [3Py],P2 structure as illustrated in the Figure 2a. Interestingly, a
concentration-dependent self-assembly study of 3Py reveals the formation of two
supramolecular structures with parallel rearrangement highlighting the strength of the
intermolecular interactions. Dense [3Py],P1 and porous [3Py],P2 networks have been seen
at 1-phenyloctane/HOPG interface. On the basis of the previous work, [34] one can likely

conclude that the anti-parallel [3Py],A1 self-assembly is energetically unfavourable.

For all crystalline 2D patterns the unit cell parameters, that is, the length of the vectors a and
b, the angle between the vectors (a), the unit cell area (4), the number of molecules in the
unit cell (N,,;) and the area occupied by a single molecule in the unit cell (4,1, With A, =

A/Nyo1) are given in Table 1.

Table 1. Unit cell parameters of the structure [3Py],P1, [3Py],P2, [4Py].,P1 and [4Py].P2,

Structure a [nm] b [nm] al?] A [nm?] Nomor Amol [nm’]
[3Pyl.P1 14+0.1 14+0.1 60 + 2 1.7+ 0.1 1 1.7+ 0.1
[3Pyl].P2 1.6 +0.1 1.6 +0.1 60 + 2 22+ 0.1 1 22+ 0.1
[4Py],P1 1.6 0.1 1.3£0.1 902 2.1+ 0.1 1 21+ 0.1

[4Py].P2 1.7+01 1.7+01 60 +2 25+ 01 1 25+ 01
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STM height images and proposed packing motifs of 4Py at the solid/liquid interface.

Fig. 4.

Solutions applied to the surface: (a-b) concentration = 60 — 150 uM, and (c-d) concentration

25 pA, V;

650 mV; (¢) I, =

25pA, V=

20 — 60 uM. Tunnelling parameters: (a) /;

We then focused our attention on the study of the self-assembly of the C,-symmetric 4Py at
the solid/HOPG interface. This molecule, which exhibits four pyridines units with an N atom

mV. Insets: (a, ¢) 4.6x4.6 nm”.

adopts a twisted conformation in the gas phase yielding a cross-like

9

in the para position



shape. We prepared 4Py solutions in CHCI; and further diluted it in 1-phenyloctane to reach
concentrations ranging from 10 to 150 uM. A 4 uL of a 100 uM solution of 4Py was applied
onto a freshly cleaved HOPG surface. Figure 4a displays STM image of the 4Py physisorbed
monolayer. The film exhibits of 2D densely packed network consisting of linear bright arrays
that are stable for 3-4 hours. The molecular model is displayed in Figure 4b. The self-
assembly can be explained by the formation of eight (pyridyl)N---H—C(pyridyl) H-bonds per
molecule according to the [4Py],P1 structure (see Figure 2b). Moreover, upon increasing the
concentration of the 4Py solution applied to the HOPG surface up to 150 puM, the same

densely packed network was monitored by STM.

Conversely, when the solution concentration cast to the HOPG surface is lowered to 50 uM, a
more loosely packed porous diamond-like supramolecular motif is observed (Figure 4c),
which is stable for 3-4 hours. The unit cell parameters are givenby a=b=1.7 £ 0.1 nm, a =
60° + 2°, leading to an area of A = 2.5 + 0.1 nm® where each unit cell contains a single
molecule. Each single bright protrusion appears symmetric and contains four edges (Figure
4c). Two diagonal edges are thicker (vector a) than the others (vector b). The symmetric
single bright protrusion matches well with the structure of the 4Py molecule. The contrast
difference of the edges (Figure 4c) can be ascribed to the twisted conformation of adsorbed
4Py on the surface. Compared to the previous architecture obtained at higher concentration,
the one displayed in Figure 4c exhibits a porous packing. This molecular self-assembly
resulted from the formation of eight (pyridyl)N---H—C(pyridyl) H-bonds per molecule, i.e
two H-bonds by the pyridine group (edge). Figure 4d displays the molecular model of the
porous 4Py structure which is consistent with the [4Py],P2 predicted structure (see Figure
2b). Through these experiments, we thermodynamically controlled the formation of dense

and porous networks using a C,-symmetric molecular building block at the solid/liquid



interface. We highlighted the role of H-bonds on the stabilization of the molecular

architectures under the concentration effect.

Few results have been reported thus far on the thermodynamic control of supramolecularly
organized thin films formed under concentration effect at the solid/liquid interface. Both
mono-[33, 36, 42] and multicomponents structures have been investigated [43]. We limit our
discussion to the study of monocomponent C;-symmetric molecules, especially those
containing the pyridine units. STM and Monte Carlo simulations have been carried out to
predict the self-assembly of 1,3,5-tris(pyridine-4-ylethynyl)benzene (1) onto the HOPG
surface [34]. Dense and porous architectures were formed based on H-bonds at high and low
concentrated solution, respectively.[34] De Feyter and co-workers have recently reported on
the study of 4,4',4"-((2,4,6-trimethylbenzene-1,3,5-triyl)tris(ethyne-2,1-diyl))tripyridine (2), a
similar molecule to 1 but with three CH3 groups on the central phenyl ring [39]. A Close-
packed network was formed at high concentration and two less dense structures were
observed at low concentration. By comparing the two molecules, 2 results in the formation of
anti-parallel structures [39] where 1 [34] is based on the parallel arrangement. No porous
network of 2 was observed at low concentration. The composition of the self-assembly of 1
and 2 therefore reveals that the subtle addition of methyl groups yields a major changed in the
self-assembly at surfaces and molecular rearrangement under the concentration effect. On the
other hand, we recently showed the effect of the position of N atom in the pyridine unit by
studying the 1,3,5-tris(pyridine-4-ylethynyl)benzene with the N in the meta position (3). In
the latter molecule, fourteen supramolecular motifs have been predicted theoretically using
DFT calculations depending on the molecular density on the surface [35]. In contrast, STM
experiments have revealed the formation of only four favourable supramolecular structures

ranging from the dense to the porous networks by lowering the concentration of the solution



cast at surfaces [35]. All the resulting molecular architectures are stabilized by the formation

of H-bonds.

By comparing the molecule 3Py here investigated to 1, a similar behaviour was seen by
adopting the parallel molecular rearrangement [34]. The dense self-assembly was obtained at
high concentration while the porous network resulted at low concentration. In contrast to C;-
symmetric molecules previously discussed, 4Py featuring a C, symmetry also reveals a rich
concentration-dependent self-assembly behaviour at the solid/liquid interface. Stabilized by
H-bonds, dense and porous networks were obtained at high and law concentration,
respectively. Despite the twisted conformation adopted by 4Py, the H-bonds were sufficiently
strong to thermodynamically stabilize the dense and the porous structures. This kind of 2D
molecular crystallization reveals that the concentration-dependent strategy is not affected by
the molecular symmetry, even if the symmetry can be considered as a powerful remote
control to tune the size of the nanopores. Controlling the size and the shape of these
nanocavities may be interesting to optimize the selectivity of guest molecules, e.g. for

application in sensing.

3. Conclusion

We have reported on the concentration-dependent formation of the molecular self-assemblies
of C3- and Cr-symmetric molecules at the solid/liquid interface. We have demonstrated the
formation of dense and porous networks at high and low concentration, respectively. Cs-
symmetric molecule, with a flat core, led to the formation of dense and porous architectures
based on parallel molecular arrangement on the surface. We have also showed that the C»-
symmetric molecule packed into dense and porous networks under the concentration effect.

Morphologically, its twisted conformation was found not to hinder the molecular self-



assembly into spatially extended and stable 2D networks. All structures are stabilized by
weak intermolecular H-bonds between the pyridine moieties, resulting in full thermodynamic
control. Forming molecular architectures with uniform porosity at low concentration could be
attractive for the encapsulation of guest molecules, thus for application in sensing. The
development of molecular design strategies on solid surfaces will also offer the opportunity

to tune the function of organic ultrathin films.
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4. Experimental section

STM measurements were performed using a Veeco scanning tunneling microscope
(multimode Nanoscope III, Veeco) at the interface between a highly oriented pyrolitic
graphite (HOPG) substrate and a supernatant solution, thereby mapping a maximum area of
1x1 um. The solution of the molecule was applied to the basal plane of the surface. For STM
measurements, the substrates were glued to a magnetic disk and an electric contact was made
with silver paint (Aldrich Chemicals). The STM tips were mechanically cut from a Pt/Ir wire
(90/10, diameter 0.25 mm). The raw STM data were processed through the application of
background flattening and the drift was corrected using the underlying graphite lattice as a

reference. The lattice was visualized by lowering the bias voltage to 20 mV and raising the



current up to 65 pA. Solutions were made by dissolving 3Py and 4Py in chloroform followed

by a dilution in 1-phenyloctane. STM imaging was carried out in constant current mode.

Monolayer pattern formation was achieved by applying 4 pL of solution onto freshly cleaved

HOPG. The STM images were recorded at room temperature once a negligible thermal drift

was achieved. The molecular models were minimized with DFT and processed with QuteMol

visualization software (http://qutemol.sourceforge.net).
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