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Yvette, France. E-mail: fabien.silly@cea.

0 169088019
bCEA Grenoble INAC/SPrAM UMR 5819 CE

LEMOH, 17 Rue des Martyrs, 38054 Grenob
cLICSEN, NIMBE, CEA, CNRS, Université P
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us and compact two-dimensional
nanoarchitectures on surfaces taking advantage of
bisterpyridine-derivatives self-assembly†

Fabien Silly,*a Yann Kervellab and Bruno Jousselmebc

The self-assembly of two bis-terpyridine derivatives is experimentally investigated at the nanometer scale.

Scanning tunneling microscopy (STM) reveals that two-dimensional compact and porous

nanoarchitectures can be engineered by changing the length of terpyridine spacer; i.e. a benzene ring or

a quaterthiophene (4T) unit. In both cases the molecular nanoarchitecture appears to be stabilized by

double hydrogen-bonds between molecular terpyridine groups. The STM images suggest however that

terpyridine groups adopt different conformations, s-cis and s-trans as well as s-trans and s-trans

conformations, in the two self-assembled organic layers.
Fig. 1 Schematic representation of bisterpyridine molecular building
block.
1 Introduction

Bottom-up engineering novel organic nanoarchitecture of
functionalised molecules1–21 is attracting enormous research
interest. The local as well as the long range arrangement of
organic or hybrid building blocks can have a drastic inuence
on the electronic properties of the resulting thin lm.22,23

Hydrogen-bonding is an appealing interaction to drive molec-
ular self-assembly due to the strength, the high selectivity and
the directionality of this binding.24–33 Pyridine units are
a specially interesting substituent to drive molecular self-
assembly.34,35 This group allows the formation of double
hydrogen-bonds (C–H/N) between neighboring molecules.
Numerous pyridine-based molecular building blocks have been
synthesized36,37 and various nanoarchitectures have been engi-
neered using these compounds.36,38–41 The mission of terpyr-
idine group of the functionalised compound is usually to drive
molecular assembly whereas the molecular central part is
carrying the specic electronic or geometric properties of the
building block. A compound composed of terpyridine subunits
connected to a spacer only via C–C single bonds (Fig. 1) appears
therefore to be a promising building block to engineer novel
nanoarchitectures. However changing the length, dimension or
the nature of molecular spacer can not only affect molecular
properties but can also drastically affect molecular self-
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assembly, especially when localized molecular groups can
adopt different conformations.

In this paper, we investigate the self-assembly of two bis-
terpyridine molecular derivatives. The two compounds have
different terpyridine chain-like spacers. Scanning tunneling
microscopy (STM) at the 1-phenyloctane/graphite interface
reveals that the molecules can self-assemble into compact and
porous two-dimensional chiral nanoarchitectures depending of
the conformation of the bisterpyridine spacer.
2 Experimental

Solutions of phenylene–bisterpy (Fig. 2a) (Sigma-Aldrich) and
4T-bisterpy (Fig. 2b) in 1-phenyloctane (98%, Aldrich) were
prepared (concentration range of 10�5 mol L�1). A droplet of
these solutions was then deposited on a graphite substrate.
STM imaging of the samples was performed at the liquid/solid
interface42–44 using a Pico-SPM (Molecular Imaging, Agilent
Technology) scanning tunneling microscope. Cut Pt/Ir tips were
used to obtain constant current images at room temperature
with a bias voltage applied to the sample. STM images were
processed and analyzed using the application FabViewer.45
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Schematic representation of (a) 40,40000-(1,4-phenylene)
bis(2,20:60,200-terpyridine) (C36H24N6) and (b) 40-(30,400-dihexyloxy-
5,20:50,200:500,2000-quaterthien-2,5000-diyl)-bis(2,20:60,200-terpyridine) (4T-
bisterpy) molecule (C58H52N6O2S4). Carbon atoms are gray, oxygen
atoms are red, nitrogen atoms are blue, hydrogen atoms are white, and
sulfur atoms are yellow respectively.

Fig. 3 Large scale STM images of phenylene–bisterpy on graphite, (a)
15 � 13 nm2; Vs ¼ 0.35 V, It ¼ 9 pA; (inset) 35 � 30 nm2; Vs ¼ 0.4 V, It ¼
10 pA. The two enantiomeric domains are presented in the high-
resolution STM images: (b) 6 � 6 nm2; Vs ¼ 1.3 V, It ¼ 15 pA. (c) 6 �
6 nm2; Vs ¼ 0.6 V, It ¼ 10 pA. Molecules composing the unit cell have
been colored in red, green, blue and yellow colors in (b and c).
Molecule model is superimposed to the STM images in (b and c).

Table 1 The lengths (in �A) of the two lattice vectors (A1, A2) and the
angle q between them (in degrees) for phenylene–bisterpy and
4T-bisterpy self-assembled nanoarchitectures. The difference in the
orientations of the two molecules within the cell are shown by the
angle s (also in degrees)

Molecule Phenylene–bisterpy 4T-bisterpy

Arrangement Close-packed Porous

A1 (�A) 14 25
A2 (�A) 20 17
Q 65� 58�

s 0� 0�

Fig. 4 (a) Model of phenylene–bisterpy self-assembly on graphite.
Molecules composing the unit cell (dashed lines) have been colored in
red, green, blue and yellow colors. (b) Scheme of the terpyridine
bounding. N/H–C bonds are represented by dotted red lines.

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 101740–101744 | 101741
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3 Results
3.1 Phenylene–bisterpy

The STM image presented in Fig. 3a shows that phenylene–
bisterpy molecules self-assemble into a large scale nano-
architecture at the 1-phenyloctane/graphite interface. Fig. 3a
also reveals that a Moiré pattern (parallel stripes) appears in the
STM image when the organic layer is formed on the graphite
surface. High resolution STM images of the phenylene–bisterpy
nanoarchitectures are presented in Fig. 3b and c. The images
are showing that the phenylene–bisterpy assembly is chiral. The
two enantiomeric structures are presented in Fig. 3b and c. The
four neighboringmolecules forming the chiral network unit cell
have been colored in yellow, red, blue and green as a guide for
the eyes. The scheme of the molecule is also superimposed to
the STM images in Fig. 3b and c. The molecules are arranged
parallel to each other in the organic layer. The network unit cell
of this close-packed nanoarchitecture is a parallelogram with
2.0 nm and 1.4 nm unit cell constants and an angle of �65�

between the axes, Table 1. The model of phenylene–bisterpy
molecules self-assembly is presented in Fig. 4.
3.2 4T-bisterpy

The Fig. 5a shows an STM image of the 4T-bisterpy self-
assembly. The 4T-bisterpy molecules form a porous
Fig. 5 (a) Large scale STM image of 4T-bisterpy self-assembled
nanoarchitecture on graphite, 15 � 13 nm2; Vs ¼ 0.40 V, It ¼ 9 pA. The
two enantiomeric domains are presented in the high-resolution STM
images (b and c), 9 � 8 nm2, Vs ¼ 0.40 V, It ¼ 9 pA. Molecules
composing the unit cell have been colored in red, green, blue and
yellow colors in (b and c). Molecule model is superimposed to the STM
images in (b and c).

Fig. 6 (a) Model of 4T-bisterpy self-assembly on graphite. Molecules
composing the unit cell (dashed lines) have been colored in red, green,
blue and yellow colors. (b) Scheme of the terpyridine bounding.
N/H–C bonds are represented by dotted red lines.

101742 | RSC Adv., 2015, 5, 101740–101744
nanoarchitecture at the 1-phenyloctane/graphite interface. The
molecular network is chiral. The two molecular enantiomers
can be observed in Fig. 5b and c. The network unit cell of this
chiral arrangement is a parallelogram with �25 �A and �17 �A
unit cell constants and an angle of �58� between the axes. The
STM images of individual molecule reveal not only that the
molecular quatertiophene backbone appears brighter than the
terpyridine groups but also that the molecules adopt
a “S”-shape in the organic layer, i.e. the molecular quatertio-
phene backbone is not straight. The model of the molecular
nanoarchitecture is presented in Fig. 6. The chiral domains are
based on one single enantiomer, as observed in the STM images
(Fig. 5).
4 Discussion

STM images show that both phenylene–bisterpy and 4T-bisterpy
molecules self-assemble into two-dimensional chiral nano-
architectures on the graphite surface. These two molecules
This journal is © The Royal Society of Chemistry 2015
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differ by the nature and structure of their terpyridine spacer.
The experimental data reveal that the structure based on phe-
nylene–bisterpy molecules is compact whereas the structure
based on 4T-bisterpy molecules is porous. The analysis of
molecular arrangement suggests that the two 2D nano-
architectures appear to be both stabilized by double N/H–C
hydrogen-bonds between molecular pyridine rings of neigh-
boring molecules, as highlighted by red dotted lines in Fig. 4b
and 6b. The orientation of molecular pyridine rings appears to
be however different in the phenylene and 4T-bisterpy nano-
architectures. The two peripheral pyridine rings of the phenyl-
ene–bisterpy groups adopt a s-trans and a s-cis conformation in
the self-assembled nanoarchitecture. The four pyridine groups
rotate clockwise in the chiral domain in Fig. 4a (le) and rotate
anti-clockwise in enantiomeric chiral domain in Fig. 4a (right).
The anti-clockwise rotation is highlighted by a green curve as
a guide for the eyes in Fig. 4b. In comparison the four peripheral
pyridine rings of the 4T-bisterpy groups only adopt a s-trans
conformation in the self-assembled nanoarchitecture.

The phenylene–bisterpy nanoarchitecture is a close-packed
H-bonded structure, i.e. this compact assembly also favors
intermolecular interactions between neighboring molecules. In
contrast the 4T-bisterpy nanoarchitectures is a porous struc-
ture. The STM images show that 4T-bisterpy backbone adopts
an “S”-conformation in the molecular arrangement. This
molecular conformation also maximizes the compactness of the
organic layer in comparison with a backbone straight congu-
ration (see Fig. 2a).
5 Conclusion

In this paper we investigated the self-assembly of bis-
terpyridine compounds on graphite. By changing the length
and the nature of the molecular backbone separating the ter-
pyridine groups we succeeded in engineering close-packed as
well as porous two-dimensional nanoarchitectures. STM reveals
that molecular pyridine groups can adopt s-cis and s-trans as
well as s-trans and s-trans congurations in organic nano-
architectures, respectively. The two organic lms are however
both stabilized by double hydrogen-bonds between pyridine
groups. The high conformational exibility of these compounds
opens up new opportunities for engineering novel 2D organic
structures for applications in organic electronic.46,47
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