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An optimized alkyl chain-based binding motif for 2D
self-assembly: a comprehensive crystallographic
approach†

David Bléger,‡*a Amandine Bocheux,b David Kreher,a Fabrice Mathevet,a

André-Jean Attias,*a Germain Metgé,b Ludovic Douillard,b Céline Fiorini-
Debuisschertb and Fabrice Charra*b
Taking into account substrate crystallographic constraints, an over-

arching molecular binding motif has been designed to allow trans-

ferable self-assembling patterns on different substrates. This

optimized clip demonstrates robust and equivalent self-assembled

architectures on both highly oriented pyrolitic graphite (HOPG) and

reconstructed Au(111) surfaces.
The realization of highly organized two-dimensional (2D) self-
assembled monolayers physisorbed on atomically at (semi)
conducting surfaces1–4 is an important objective in nanotech-
nology. Such surface-conned architectures are commonly
engineered by using supramolecular interactions, i.e. metal–
ligand, electrostatic ionic, hydrogen bonding, or van der Waals
forces. Building blocks equipped with carefully designed
binding motifs based on these interactions can lead to pre-
programmed patterns. Despite its many advantages (ease of
preparation, high order of the monolayers, feasibility of
complex patterns5), some limitations of the 2D self-assembly
bottom-up approach still remain. For example, preparing
architectures which are robust under ambient conditions is
rather difficult and for this purpose combining physisorption
with chemisorption strategies has proven to be benecial.6

Additionally, most of the binding motifs are designed for a
specic substrate and difficult to transfer to another one. This
latter limitation is especially impeding when a particular
function is targeted and requires specic substrates. Such is the
case for molecular plasmonic applications which require noble
metal substrates like Au(111).
ersité Pierre et Marie Curie, UMR 7610, 3

dre-jean.attias@ upmc.fr

t Interfaces, CEA, IRAMIS, F-91191 Gif sur

r

n (ESI) available: Synthesis and
nr33509c

istry, Humboldt-Universität zu Berlin,
Germany, E-mail: david.bleger@

5

Though rather weak (typically 0.02–0.1 eV) compared to
some other non-covalent interactions, van der Waals forces
nevertheless play a crucial role in the formation of 3D as well as
2D supramolecular systems. At surfaces they promote the
physisorption of organic species and can lead to strong lateral
interactions between molecules. A typical example is linear
hydrocarbons which form stable monolayers on highly oriented
pyrolitic graphite (HOPG) under ambient conditions, i.e. at the
interface with air or liquids. According to the Groszek model,7

n-alkanes are oriented along the h100i direction of graphite
leading to close-packed lamellar structures.8 The robustness of
such monolayers results from two factors. First, the good
registry between alkyl chains (the period which includes two
methylene (CH2) groups is 2.51 Å) and the HOPG lattice unit
(period of 2.46 Å along h100i), which leads to a cumulative
adsorption energy of about 65 meV per methylene group.9

Second, the attractive lateral interaction between adsorbed
molecules, which is on the order of 25 meV per pair of facing
methylene groups.10 As a consequence, the building blocks
composed of aromatic cores functionalized with peripheral
alkyl chains can usually form stable monolayers on HOPG by
interdigitation of their alkyl chains. On Au(111) n-alkanes can
also form stable lamellar structures,11–14 although their assem-
blies are much more sensitive to the number of methylene
groups per chain,13 an effect explained by the incommensura-
bility of the lattice of linear hydrocarbons with the Au(111) (on
reconstructed Au(111) the distance between neighboring atoms
of the topmost atomic layer is 2.75 Å or 2.85 Å depending on
their orientation relative to surface-reconstruction). Although
some examples have been reported where p-conjugated moie-
ties such as porphyrins,15 triphenylenes,16,17 or dehydrobenzo
[12]annulene18 equipped with lateral alkyl chains can form well-
ordered self-assembled monolayers on both HOPG and Au(111),
the crystallographic differences between those substrates make
the development of an overarching binding motif, able to steer
2D self-assemblies on various substrates, highly challenging.

Recently we developed a functional “clip” (see Fig. 1a),
specically designed for 2D supramolecular self-assembly
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 “Minimal clip” design and principle. (a) The non-optimized clip19–21 and (b)
the minimal clip optimized for packing interactions between interdigitated alkyls
on HOPG. (c) Chemical structure of the smallest bifunctional unit (1).

Fig. 2 Self-assembly of 1 into non-covalent polymer-like structures at the
HOPG–phenyloctane interface at room temperature. (a) Larger-scale (74.4 � 74.4
nm2) and (b) high-resolution (6.5 � 6.5 nm2) STM images; a scheme of the
packing model is superimposed, together with the definition of cell parameters
(a ¼ 1.86 nm, b ¼ 2.01 nm, a ¼ 54�). Imaging parameters: (a) Vbias ¼ �1.2 V and
It ¼ 61 pA, (b) Vbias ¼ �1.2 V and It ¼ 93 pA.
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conned on HOPG.19 This recognition motif consists of two
alkyl chains held at a distance close to 8.52 Å (i.e. twice the
lateral distance between n-alkanes physisorbed on HOPG) from
each other by a rigid linker. The clip was designed in such a way
that when two of these units interdigit on the surface, their self-
assembly leads to the formation of lamellae that strictly
preserve the Groszek geometry. The formation of such lamellae
is the driving force of the self-assembly processes. This binding
motif is able to steer the self-assembly of a large variety of tec-
tons resulting in the formation of 2D supramolecular archi-
tectures of different topologies.19–21 However, the clipping
functional group suffers from two drawbacks: (i) the rotations
around the s-bonds of the two stilbene units lead to various
conformations, which is detrimental from the entropic point of
view and (ii) the lateral shi between inner decyloxy chains –

only three CH2 out of ve potential ones are involved in the
clipping process (see Fig. 1a) – which induces a non-optimized
clipping energy.

Here we revisit our clip concept and present a new binding
motif optimized for adsorption on HOPG yet capable of
directing the formation of self-assemblies on Au(111) at the
solid–liquid interface. This so-called “minimal clip” (see
Fig. 1b) comprises, as a linker between the two alkyl chains, a
new p-conjugated bridge rigidied through the use of a single
stilbene unit instead of two in the non-optimized version.
Within this new design, the minimal clip presents less rota-
tional degrees of freedom which is favorable to the formation
of more stable ordered phases. Most importantly, the lateral
shi between inner decyloxy chains is suppressed, with all the
internal methylenes involved in the clipping process thus
enhancing the clipping energy, a crucial feature for adsorption
on Au(111). Moreover, the same reduced conjugated skeleton
is able to bear two parallel clips, hence optimizing the
compactness and the surface density of clipped motifs. As a
rst example, the smallest bifunctional building block
equipped with the minimal clip (1, see Fig. 1c) has been
synthesized and successfully self-assembled on HOPG and
Au(111) as demonstrated with scanning tunneling microscopy
(STM).
This journal is ª The Royal Society of Chemistry 2013
On HOPG highly reproducible monolayers with large
domains were observed aer deposition of 1 from phenyl-
octane at room temperature (see Fig. 2a). The bright features
are attributed to the aromatic cores and form a periodic
pattern on the substrate. Intramolecular resolution (see
Fig. 2b) was obtained by scanning a smaller area in the height
mode (constant current). Linear features appear in the dark
regions and may be attributed to the aliphatic chains. As
anticipated for a bifunctional molecule, i.e. a building block
bearing two binding motifs, 1D supramolecular chains
composed of clipped molecules are formed (see the super-
imposed model). The chains are themselves closely packed and
interact in an optimized geometry in order to maximize their
density on the surface. The distance between the nearest
neighbors within the same row is bHOPG ¼ 2.01 � 0.08 nm,
which is in good agreement with the value inferred from the
theoretical model represented in Fig. 1b (btheo ¼ 2.04 nm).
Therefore, all the alkyl chains are physisorbed in a linear and
at fashion on the surface of HOPG, and most importantly, all
the inner CH2 are now facing each other leading to a maxi-
mized interdigitation of the alkyl chains, and thus to an
improved structure stabilization through their optimized
lateral interaction.

On Au(111) a similar self-assembly behavior was observed.
Monodomains of 1 are formed over relatively large areas (see
Fig. 3a). Simultaneous imaging of the monolayer and of the
22� ffiffiffi

3
p

Au(111) surface reconstruction (a 4.2% shrink of the
topmost atomic layer compared to the underlying bulk crystal-
lographic period along the h110i direction) allows for deter-
mining the orientation of the molecules with respect to the
substrate lattices. This is also exploited to conrm – or improve
– the calibration of length measurements, the lateral period
between chevrons being taken as 22a ¼ 6.34 nm, with a being
the interatomic distance in the bulk. Like with HOPG, the alkyl
chains on Au(111) adopt the same orientation as adsorbed
n-alkanes do,12 i.e. along one of the h110i directions of Au(111).
Higher resolution images (see Fig. 3b) show that the molecules
are clipped with each other forming rectilinear supramolecular
chains similar to the ones observed on HOPG. However, beside
Nanoscale, 2013, 5, 1452–1455 | 1453
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Fig. 3 Self-assembly of 1 into non-covalent polymer-like structures at the
Au(111)–phenyloctane interface at room temperature. (a) Large-scale (34.0 �
34.0 nm2) STM image (Vbias¼�1.00 V and It¼ 25 pA); the h110i (blue dotted line)
and h112i (blue solid line) directions are represented, the latter is parallel to the
trace of gold reconstruction lines. (b) High-resolution (8.5� 10.0 nm2) STM image
(Vbias ¼ �1.10 V and It ¼ 25 pA); the frame of the image is slanted as a result of a
software drift-correction; a scheme of cell parameters is superimposed (a ¼ 2.05
nm, b ¼ 1.86 nm, a ¼ 60�); two equivalent lines parallel to the h110i direction of
Au(111) are represented by blue dotted lines; their distance is 0.5 nm and they
form an angle of 19� with respect to the vector b; two different packing
variants of the noncovalent polymer chains are highlighted in blue and white. (c)
Schematic representation of 1 adsorbed with either linear (as observed on HOPG)
or distorted (as observed on Au(111) reconstruction) alkyl chains.
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this qualitative similarity, signicant quantitative changes are
observed in the case of Au(111). First, the distance between
clipped molecules (bAu(111) ¼ 1.86 � 0.03 nm) is signicantly
smaller than the one measured on HOPG (bHOPG ¼ 2.01 nm)
whereas the distance between clipped rows is increased from a
sin a ¼ 1.50 nm (HOPG) to 1.77 nm (Au) leading to a loss of
coverage from 0.33 molecule nm�2 (HOPG) to 0.30 molecule
nm�2 (Au). A closer inspection of the images reveals that, in
contrast to HOPG on which the alkyl chains are adsorbed in a
straight conformation, the chains on Au(111) are distorted (see
Fig. 3b and c). All these points can be explained based on
crystallographic grounds. As a matter of fact, the measured
period between alkyl chains, taken in the perpendicular crys-
tallographic direction, increases from 0.426 � 0.016 nm on
HOPG to 0.500� 0.02 nm on Au(111), a difference much beyond
measurement uncertainties. The latter is consistent with the
crystallographic distance between two equivalent h110i rows,
which amounts to 0.482 nm, accounting for the orientation of
surface reconstruction present in Fig. 3a. Moreover, just like on
HOPG (Groszek model), linear alkanes are known to pack
parallel to each other, adsorbed in a commensurate order on
Au(111) that is on equivalent h110i substrate rows.13 Owing to
the inherent exibility of the alkyl chain and the oxygen link it is
thus legitimate to interpret the structure adopted by the alkyl
chain as adsorption mimicking linear alkanes, as observed on
HOPG. However, in the case of Au(111), they have to move apart
from one another so as to reach the next adsorption h110i row
thus preserving their registry. The conjugated backbone onto
which they are linked is more rigid, as conrmed by the very
similar apparent elongations of their STM images on HOPG and
Au(111), both about 1.2 nm, a value consistent with the end-to-
end distance between the H-termini in the gas phase (1.1 nm).
Hence, the alkyl chains, including their alkoxy linker, have to
bend in order to reach the nearest h110i row which allows the
most stable adsorption. This is clearly evidenced in a high-
resolution image (Fig. 3b) where the locations of two neigh-
boring rows are indicated by blue dotted lines and where the
bending of the alkyl chains is visible in the STM image. The
epitaxy of the alkyl chains forces all molecules to be adsorbed in
equivalent sites, which is supported by the fact that all the
molecules have the same contrast on the STM images, whereas
the images of such planar aromatic molecules are known to be
strongly site-dependent.

A deeper analysis of the monolayers obtained on Au(111)
shows that although the structure of the supramolecular chains
of clipped molecules (in particular the lattice vector b) is strictly
constant, their packing geometry, and thus the lattice vector a,
is subject to variations from place to place. This is highlighted
in Fig. 3b which has been selected to show different packing
variants. Those variants are obtained through a translation
along the alkyl chain adsorption rows, from end-to-end fully-
adsorbed alkyls chains (the blue circle in Fig. 3b) up to fully
superimposed chains sharing the same adsorption site (the
white circle in Fig. 3b). In the latter case, the alkyl chains share a
common adsorption row which imposes a partial adsorption.
Such partial adsorptions of alkyl chains and the corresponding
increased density were already reported in other comparative
1454 | Nanoscale, 2013, 5, 1452–1455
studies with HOPG and Au(111) as substrates.15–17 It is remark-
able that the two main driving forces of the self-assembly, i.e.
molecule–substrate interactions (adsorption of the alkyl chains
following an epitaxial relationship with the Au(111)) and
molecule–molecule interactions (formation of the clip), work in
concert to form rectilinear chains of clipped molecules consti-
tuting the most stable entity of the molecular assembly.

Moreover, gold surface reconstruction plays a prominent
role in alkyl chain orientation. Inspection of several images
shows that alkyl chains are almost never aligned along the
specic h110i direction which is parallel to direction of the
shrink associated with the Au(111) surface reconstruction. This
observation is consistent with organization of linear alkanes on
the reconstructed Au(111). Indeed, among the three possible
h110i adsorption rows of Au(111), the one aligned along the
shrinked direction of the (22� ffiffiffi

3
p

) surface reconstruction
presents a nite corrugation and is thus unfavorable to
accommodate a linear molecule.12 Moreover, in the present
case, this trend is even more pronounced because alkyl chains
are linked to a rigid core. Actually, whereas for alkyl chains
oriented along the shrink direction the distance between
neighbouring alkyl chain adsorption sites is unchanged
compared to the bulk, that is 0.498 nm, for the other two
directions (�60� from the shrink direction) it is reduced to
0.482 nm. The latter being signicantly closer to the distance
between their linking points on the backbone, about 0.43 nm,
the alkyl-chain bending and the associated stress energy are
reduced for the corresponding domain orientations which are
thus favoured. This preferential orientation of the alkyl chain
This journal is ª The Royal Society of Chemistry 2013
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axis may explain the lack of organization obtained on Au(111)
with some other molecules based on clips and forming well-
organized networks on HOPG. For instance, the tristilbene
building blocks which bear three clips at 120� from one
another19 and form chicken-wire alveolar networks on HOPG
cannot adsorb on Au(111) without some of the alkyl chains
being adsorbed along this specic reconstruction shrinking
h110i direction. Consistently, such networks have never been
observed on this substrate. Similarly, as mentioned earlier,
alkyl-substituted conjugated-cored tectons with 3-fold
symmetry17,18 form a hexagonal network on HOPG, whereas a
completely different phase is observed on Au(111) the latter
being consistent with the existence of a “forbidden” adsorption
direction. Exclusion of systems requiring alkyl chain adsorption
along all three h110i directions thus constitutes another
guideline for the design of clip-based architectures destined to
reconstructed Au(111) substrates.

Finally, the robustness of the monolayers formed by 1 on
both substrates was investigated through washing experiments
carried out in different solvents. On HOPG the supramolecular
polymer-like structures formed by 1 could be washed several
times with phenyloctane without affecting their self-assembly,
i.e. the same patterns were observed with STM before and aer
rinsing the substrate with this solvent (see Fig. S2a†). Such a
high resistance to multiple washings demonstrates the
robustness of the self-assembled structures formed by 1 on
graphite. On the other hand, monolayers formed by 1 on
Au(111) are moderately resistant to washings with phenyl-
octane. Aer rinsing the surface twice with this solvent, some
well-organized domains remain but most of the molecules
have been desorbed (see Fig. S2b†). Washing the substrates
with a better solvent such as THF results in the total desorp-
tion of the monolayers on both substrates. Hence, even if the
minimal clip is able to drive the self-assembly of 1 on Au(111),
its adsorption energy remains weaker on this substrate than on
HOPG.

In summary, we have designed a new surface-conned
binding motif – “minimal clip” – by maximizing the interdigi-
tation of linear alkyl chains on atomically planar surfaces. The
use of this optimized clip allowed us to steer self-assemblies of
the same molecular building block on two different substrates,
i.e. HOPG and Au(111). Bifunctional unit 1 forms large mono-
domains consisting of closely packed non-covalent polymer-like
structures on both surfaces. The details of the clip-forming
adsorption geometry on the reconstructed Au(111) have been
determined, which enabled us to derive specic design rules
which are adapted to the specic crystallography of this
substrate. Thanks to improved 2D adsorption energy and lateral
interactions, the minimal clip allows for constructing
This journal is ª The Royal Society of Chemistry 2013
monolayers with enhanced robustness under ambient condi-
tions, and pattern different surfaces with the same building
block, i.e. at a limited cost.
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