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The development of conjugated organic molecules as building
blocks capable of ordering on well-defined surfaces is an
active research area in view of future applications in
molecular electronics,[1] photonics,[2] and nanomechanical
devices.[3, 4] Bottom-up approaches based on supramolecular
chemistry are of particular interest for formation of prepro-
grammed organic self-assembled monolayers.[5] Extensive
efforts have been concentrated, independently, in two direc-
tions. The first, based on upright-oriented chemisorbed
molecules such as thiols, consists of stacking functional
moieties in the off-plane direction,[6] which is usually detri-
mental for lateral order. The second, the objective of which is
the mastering of increasingly complex lateral organizations, is
based on two-dimensional molecules forming essentially
planar structures.[7] Combining complex in-plane self-organ-
izations and off-plane protrusions in self-assembled molec-
ular architectures is an important current challenge.[8] This is a
key requirement, for example, for the realization of biological
molecular receptors[6] or for decoupling electronically active
molecules from a conducting substrate.[9] The latter is
currently achieved either through insulating layers[10] or by
introduction of molecular spacer units.[11] However, such
modifications strongly perturb the lateral organization. More-
over, complex combinations of in-plane and off-plane struc-
tures are precluded. A first step towards such combinations is
the nanoscale positioning of rigid upstanding elements.

We recently proposed a strategy to form “on-demand”
noncovalent self-assemblies with predetermined 2D topolo-
gies on highly oriented pyrolitic graphite (HOPG) at the

liquid/solid interface at room temperature.[12] This method is
based on a novel functional unit which acts as a cliplike
noncovalent bond on HOPG. Here, we exploit this approach
for the realization of 2D patterns of well-defined 3D nano-
structures.

Our strategy follows classical architectural paradigms
based on the realization of a well-organized in-plane mono-
layer on HOPG and the emergence, perpendicular to the
substrate, of a periodic array of standing organic nanopillars
of tunable height. To validate this concept, we chose the
multilayered [2.2]paracyclophane (PCP) moiety as a nano-
pillar of variable height. More precisely, we designed and
synthesized a series of compounds (Scheme 1) bearing two

functional “clips”[12] that end-cap a central benzene ring (I) or
the lower deck of two- and three-layered PCP units (II and
III, respectively). Thus, bifunctional building blocks I–III can
be considered to be one-, two-, and three-storied compounds.
Here we demonstrate that all these multistory compounds are
able to self-assemble as linear chains,[12] whereby II and III
build up perpendicular to the HOPG substrate. Moreover, to
elucidate the role of the common base of II and III in the
formation of linear chains, I was designed as a model
compound with two lateral methyl substituents on the central
ring to mimic the steric hindrance of the [2.2]paracyclophane
units in II and III. The synthetic routes to I–III are outlined in
Scheme 2.

Scheme 1. Molecular structures of one-, two-, and three-layered
[2.2]paracyclophane-based compounds I–III. Only one of the two
enantiomers of II is shown, and for III only one of the four
stereoisomers relative to the central cyclophane is represented (see
Supporting Information).
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Pillars 2b and 2c were obtained by adaptation of standard
procedures.[13, 14] Then 2a,[15] 2b, and 2c were treated with clip
phosphonate derivative B[12] to give the planar one-layered
target (I) and two- (II) and three-layered (III) 3D compounds.
On the basis of X-ray crystallographic analysis of multi-
layered [2.2]paracyclophane,[16] we assume that clip function-
alized nanopillars II and III have heights of 3.0 and 6.0 �,
respectively.

Self-assembly of I–III was studied by scanning tunneling
microscopy (STM) on HOPG at the solid/liquid interface at
room temperature. Figure 1 shows the STM image of pedestal
molecules I. The bright four-branched patterns can be

attributed to the rigid conjugated cores (yellow in the
superimposed to-scale model). The experimental lattice
parameters are a = (3.86� 0.15) nm, b = (2.11� 0.08) nm,
and a = 65� 18 (red arrows in Figure 1).

The STM images of self-assembled two- and three-layered
PCP-based compounds II and III are shown in Figure 2.
Although the images of the conjugated cores are strongly

modified compared to planar I, careful inspection of the STM
images shows that the underlying conjugated core is still
visible, especially for two-layered II (Figure 2a). The cyclo-
phane multistory system appears as a central bright round
spot. This spot is wider for the three-story compound III, and
thus it smears the image of the base. Apart from a lattice fault
in the central part of Figure 2a (discussed below), the cell
parameters are unaltered compared to model system I. The
lattice fault can be interpreted as a juxtaposition variant of
neighboring clipped-molecule chains and thus confirms the
clipping direction and the role of independent structural
entities of these chains, despite the presence of a multilayered
PCP moiety.

Regarding the off-plane protrusions, apparent-height
cross-sections of both II and III (see Figure 2) show alternat-
ing peaks and valleys with period a = (3.86� 0.15) nm. For
two-layered II, the apparent height of the cyclophane moiety
is about twice the apparent height of the conjugated part of
the pedestal, which appears as shoulders at the base of the
cyclophane peaks. For three-layered III the simple additive
rule breaks down for spectroscopic reasons, since the
optimum imaging bias is strongly altered compared to the
planar and two-layered systems.[17]

Scheme 2. a) Chemical structure of key compound A and “clip” B.
b) Synthesis of I–III. i) KOH, MeOH, CH2Cl2, RT, 5 h; ii) P(OEt)3, hn,
6 h; iii) LiAlH4, THF, reflux, 6 h; iv) Pyridinium chlorochromate (PCC),
CH2Cl2, RT, 2 h; v) tBuOK, THF, B, RT, 1 h.

Figure 1. Self-assembly of planar model compound I. High-resolution
STM image of a monolayer of I formed at the interface between HOPG
and an approximately 10�4 molL�1 solution. The sample bias was
�1.55 V, and the tunnel current 55 pA. The scan size and Z scale were
12.5 nm and 2.0 �, respectively. The to-scale model of the molecular
assembly with a = 3.86 nm, b = 2.11 nm, and a = 658 is superimposed.
The cross section indicative of the apparent height happ. along the blue
dotted line is plotted on the right.

Figure 2. Self-assembly of multilayered PCP-based compounds II and
III. STM image of a monolayer of a) two-layered compound II (sample
bias �0.95 V, tunnel current 12 pA, scan size 20.5 nm, solution
concentration 10�2 molL�1) and b) three-layered compound III (sample
bias + 0.60 V, tunnel current 14 pA, scan size 19.0 nm, solution
concentration 10�4 molL�1) formed at the interface between HOPG
and solution. The scaled models of the molecular assembly are
superimposed on each STM image. The cross sections indicative of
the apparent height along the blue dotted lines are plotted below each
STM images (same scale as in Figure 1).
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A more detailed analysis of the STM images permits the
epitaxial relationship with respect to the HOPG lattice to be
identified. As shown in Figure 3a, two families of mirror-

symmetric domains are observed. By symmetry, each left- or
right-handed domain must form an angle of + q or �q (mod
608) with a symmetry axis of HOPG. From experimental data
we obtained q = 508� 18 (mod 608) for the a axis of left-
handed domains (labeled (L) in Figure 3 a, where q = 498). A
unit cell that is a multiple of the HOPG atomic lattice and
best matches the experimental data is shown in Figure 3 b (red

arrows). It corresponds to a super lattice
14 1
3 8

� �
with a =

3.84 nm, b = 2.08 nm, a = 63.98, and q =� 50.48, in agreement
with experimental data. From the positions of the imaged
conjugated cores relative to this lattice and the direction of
the clips inferred from the lattice faults (Figure 2 a), the
molecular organization shown in Figure 3b can be deter-
mined. Superimposition of this model on the STM images in
Figure 1 and Figure 2a,b shows the agreement between the
positions of the conjugated moieties in the model and the
experimental observations. Note that the left-handed model
in Figure 3b contains one molecule per unit cell and is based
on a given enantiomer of II or III. Both enantiomers must
thus segregate within domains of opposite orientation. The
stacking fault in Figure 2a corresponds to sliding of the
clipped molecular chains along the direction of the alkyl
chains, as indicated in Figure 3b (blue arrows). This shift
increases the coverage by II at the expense of reduced
interactions between alkyl chains, consistent with its occur-
rence at higher concentration.

Notably, single domains of molecules of any one of I, II, or
III may extend over large distances, as demonstrated in the
STM image of Figure 4, acquired by using a low-concentra-
tion (10�4 molL�1) solution in order to eliminate stacking
faults. The coherence remains on high-curvature substrates, as
shown over the diagonal substrate default, which correspond

to radii of surface curvature as small as 150 nm. This shows
the high tolerance of the self-assembly process with respect to
geometrical constraints possibly imposed by the topmost
graphene layer.

In summary, we have established a simple general strategy
for controlled 3D nanopatterning of HOPG at the liquid/solid
interface at room temperature. End-capping, by a convergent
synthetic route, of the lower deck of pillarlike structures with
a molecular clip specifically designed to promote organization
on HOPG leads to building blocks whose controlled in-plane
self-assembly allows the positioning of vertical structural
elements in large unit cells. The versatile approach presented
here, combined with further convenient functionalization of
the upper deck of the pillar, could provide a promising route
for inserting 3D functional nanostructures into 2D lattices en
route to supramolecular devices.

Experimental Section
Procedures for the synthesis of I–III are available in the Supporting
Information.

STM images were acquired at room temperature with a home-
made digital system. The images reported here were obtained in the
current mode, with slow height regulation. The fast scan axis was kept
perpendicular to the sample slope. Images acquired simultaneously in
both fast scan directions are systematically recorded and compared.
All images are corrected for the drift of the instrument by combining
two successive images with downward and upward slow-scan
directions.

The solvent was phenyloctane (Aldrich, 98%), which avoids the
coadsorbtion often observed with linear alkanes. The substrate was
HOPG (Goodfellow) and the tips were mechanically formed from a
250-mm Pt/Ir wire (Pt80/Ir20, Goodfellow). The monolayers were
formed by immersing the STM junction in a droplet (ca. 10 mL) of

Figure 3. Molecular model of adsorption on HOPG. a) An STM image
showing two domains of opposite chiral orientations labeled (R) and
(L) for II (sample bias �1.0 V, tunnel current 9 pA, scan size 33 nm, Z
scale 3.0 �). The unit cells are represented by red arrows. Their a axes
form an angle �q from a symmetry axis of HOPG (in blue, here
q = 508�18). b) Molecular scheme of one unit cell of the monolayer
adsorbed on HOPG (background gray honeycomb). Gray: alkyl chains;
yellow: conjugated cores, green: PCP moiety. The unit cell is repre-
sented by red arrows: the solid arrow represents the intrachain period,
and the dotted arrow the interchain period. The blue line represents
one h100i axis of HOPG. The blue arrows show the interchain sliding
direction parallel to alkyl chains and another h100i axis.

Figure 4. Long-range organization of two-layered PCP-based com-
pound II. Large-scale (255 � 255 nm) STM image of a monolayer single
domain of II formed at the interface between HOPG and a highly
diluted solution (ca. 10�4 molL�1), including a near-surface buried
dislocation of graphite (sample bias �0.65 V, tunnel current 16 pA, Z
scale 6.0 �). The experimental lattice parameters are indicated, and the
corresponding straight lines show the strict coherence of the domain
over the whole scanned area, including the high-curvature regions.
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solution immediately after cleaving the substrate and approaching the
STM tip.
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