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Introduction

Due to the continuing need for miniaturization in electron-
ics, the field of ™nano∫-electronics and surface ™nano∫-pat-
terning has received considerable attention lately. Despite
the extraordinary success of current techniques for micro-
fabrication, new and alternative techniques are highly desir-
able. To comply with the demands set by the reduced size of
the functional parts, it is of importance to control the order-
ing of the ™components∫ on a surface. Several approaches
exist, of which the so-called top-down approaches are the
most popular, involving photolithography, electron beam
lithography,[1] and ™soft lithography∫.[2] In a top-down type
approach, the sharp tip of an STM or an atomic force micro-
scope (AFM) can be used in several lithography modes to
form patterns on the nanoscale.[3±14]

As a bottom-up alternative, self-assembly – the sponta-
neous organization of molecules into stable, structurally

well-defined aggregates – has been put forward as a possi-
ble paradigm for generating nanoscale templates under am-
bient conditions.[15±22] Although the principles of self-assem-
bly apply to both physisorbed and chemisorbed monolayers,
the latter approach has been most extensively applied for
decorating surfaces, leading to patterns in which molecules
such as alkane derivatives stand almost upright.[23] Tailoring
the chemical composition along the alkyl chain allows the
patterning of organic monolayers on the nanometer scale,[24]

and this has also been shown for systems at the liquid/air in-
terface, where the molecules lie with their long axes parallel
to the substrate.[25,26] Self-assembly has also been used to di-
rectly form a nanotemplate that does not require further
manipulation by an SPM probe. Based on metal complexa-
tion, examples have been reported of the formation of well-
defined coordination arrays on surfaces (metallo-grids),
which were found to possess interesting electronic, magnet-
ic, and structural properties.[27,28] These coordination arrays
were based on the self-assembly of nitrogen-containing li-
gands and a suitable metal ion.[29±31] Furthermore, by varying
the molecular structure of the complex, a variation in the
molecular orientation was observed. These experiments also
show the possibility of building locally addressable storage
devices for molecular electronics. Other examples include
the self-assembly of metal-organic coordination complexes
and networks.[32±35]

Our research is directed towards the development of new
approaches for decorating surfaces at the supramolecular
level,[36±38] and to use these patterns for the spatial organiza-
tion of functional groups, such as addressable groups, cata-
lytically active groups, and so on. The rigidity and direction-
ality of the metal coordination mode of bipyridines make
them among the most ubiquitous constituents of supra-
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Abstract: The two-dimensional ordering of a number of 2,2’-bipyridine derivatives
at the liquid/solid interface has been investigated by scanning tunneling microsco-
py. By appropriate functionalization of the bipyridine units, their intermolecular
distance can be tuned, which has proved to be crucial for complexation with metal
ions. The in situ addition of metal salts (Pd2+ , Cu2+), leading to the formation of
metal-bipyridine complexes, has a dramatic influence on the two-dimensional or-
dering of the molecules and suggests that these complexes could be used as tem-
plates.
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molecular assemblies.[39±43] Bipyridines have been widely
used for the realization of discrete, highly ordered nano-
structures based on transition metal coordination.[44] Based
on their rich chemical properties we have chosen bipyridine-
derived molecules as a basis for template formation, that is,
the controlled 2D spatial disposition of metal centers that
can act as anchor points for further functionalization.
Herein, we explore ™in situ∫ the bipyridine unit as a com-

plexation scaffold in physisorbed films at the liquid/solid
and air/solid interfaces, and investigate the restructuring
effect of adding metal salts to the adlayer. Previously, we
have reported the complexation of palladium acetate with
bipyridine units anchored on graphite, as visualized by scan-
ning tunneling microscopy.[38] We have now extended the
previous studies by investigating the effect of the intermo-
lecular distance between the bipyridine units on their com-
plexation properties at a surface. We have also considered
symmetry-related effects, and have explored the complexa-
tion of different metal ions.

Results and Discussion

Two-dimensional patterns of bipyridine derivatives: Urea
groups are a robust motif for the formation of extended rib-
bons of hydrogen-bonded molecules. Compounds containing
two urea groups separated by a spacer are particularly inter-
esting, since they can form up to eight hydrogen bonds with
neighboring molecules.[45±49] From previous studies, it is clear
that the intermolecular distance is often dictated by hydro-
gen bonding between the urea functionalities.[45±49] On the
basis of these previous findings, it was anticipated that the
aromatic moieties would not lie flat in relation to the sub-
strate, but rather would be tilted due to the limited space
available.[42] On the one hand, such an orientation could pro-
mote metal ion complexation at the liquid/solid interface,
but on the other hand, the dominance of the hydrogen
bonds might complicate the metal ion complexation. Moti-
vated by these expectations and uncertainties, the 2D pack-
ing pattern of 1 (chemical structure: Scheme 1) at the liquid/
solid interface was investigated. Upon applying a drop of a

saturated solution of 1 in 1-phenyloctane or 1-octanol to the
surface of graphite (HOPG), a well-ordered monolayer is
spontaneously formed at the liquid/solid interface
(Figure 1). The image is submolecularly resolved, which en-

ables the identification of the different functionalities within
the molecules. The molecules are ordered in rows, and the
width of such a row (lamella) is indicated by DL1. The bipyr-
idine moieties appear as bright bands (black arrow) in the
middle of the lamellae. They form an angle of 70�28 with
respect to the lamella axis. The urea groups appear as two
bright lines (small arrows) on either side of the bipyridine
moiety. The alkyl chains are fully extended and form an
angle of 81�18 with respect to the lamella axis. There is no
indication of interdigitation. The intermolecular distance be-
tween two successive molecules within a lamella was found
to be 4.6�0.3 ä, which is in good agreement with the inter-
molecular distances found in other urea-containing sys-
tems[45±48] and is indicative of the formation of hydrogen
bonds between the urea groups. Based on the packing pa-
rameters, a proposed model for the observed packing is de-
picted in Figure 1B. In this model, as expected, the intermo-
lecular distance does not allow the bipyridine moieties to lie

flat on the surface, and there-
fore a tilted arrangement is in-
ferred. There is no information
as to whether the nitrogen
atoms of the pyridine moieties
are oriented towards the
graphite or the solution, nor
on the eventual cisoid or trans-
oid conformation adopted by
the bipyridine.[50]

Urea-free bipyridine deriva-
tives have also been investigat-
ed, the reason being that the
absence of the urea groups
puts less constraints on the in-
termolecular distance between
adjacent bipyridine moieties,
and thereby might affect theScheme 1. Chemical structures of the bipyridine derivatives.

Figure 1. A) STM image of a monolayer composed of molecules of 1 at
the liquid/solid interface. Bipyridine moieties appear as a bright tape in
the middle of the lamella (big arrow), while the urea groups appear as
two bright lines on either side of the bipyridine moieties (small arrows).
DL1 indicates a lamella. The image size is 10.8î10.8 nm2; Iset = 0.4 nA,
Vset = �0.304 V. B) A packing model for the monolayer observed in A).
The bipyridine moieties are assumed to be tilted off the surface.
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metal ion complexation. Upon applying a drop of a solution
of 2 in 1-phenyloctane to a graphite surface, a physisorbed
monolayer is spontaneously formed at the liquid/solid inter-
face.[38] Figure 2 shows an image of such a monolayer, as ob-

served by STM. The image is submolecularly resolved,
which enables us to identify the two aromatic rings of the bi-
pyridine moiety (indicated by the two big arrows) as well as
the aliphatic chains. The lamella is defined by two black
troughs, which are characteristic for terminal methyl groups
(indicated by the two small arrows). The bipyridine moieties
form an angle of 64�28 while the aliphatic chains form an
angle of 49�28, with respect to the lamella axis. For clarity,
one molecular model of 2 has been superimposed on the
STM image. Based on the contrast of the bipyridine moiet-
ies in the STM images it is obvious that all the molecules
are equivalent along the lamella axis, and their chains
appear to be fully extended. A molecular model of the ob-
served packing is shown in Figure 2B. The distance between
two neighboring molecules within a lamella measured along
the lamella axis (a) is 6.9�0.3 ä, and the distance between
equivalent points in abutting lamellae DL1 is 51.0�1.6 ä.
Note that the intermolecular distance is much larger (about
a 50% increase) compared to that in the case of 1. The
packing parameters acquired from the STM image indicate
that the bipyridine moieties are adsorbed parallel to the
graphite plane, and that there is no interdigitation of the ali-
phatic chains from neighboring lamellae. Again, the data do
not provide information on the conformation of the bipyri-
dine units. In Figure 2B, a cis conformation has been arbi-
trarily assumed, as this conformation will allow metal com-
plexation.
In addition to the aforementioned highly uniform mono-

layers, some monolayers with packing irregularities were ob-
served for 2 at the liquid/solid interface. Figure 3A and Fig-
ure 3B show lamellae of different widths. The small lamella
shows the same packing pattern of 2 as observed in Fig-
ure 2A. In Figure 3A, two white arrows indicate what we
believe to be the two pyridyl rings of the bipyridine moieties
within a small lamella. The wider lamella (DL2 = 59�

1.5 ä) consists of rows of two molecules of 2 stacked along
the lamella direction. Instead of just two lines of bright
structures, three bright lines are visible. Two molecular
structures are superimposed on the image for clarity. In this
case, the bipyridine moieties are supposed to lie head-to-
head with one alkyl chain per bipyridine moiety adsorbed
on the graphite surface while the other alkyl chain is
thought to be dangling in the supernatant solution (in this
tentative model, only one alkyl chain is shown). At present,
we have no explanation for this counterintuitive observation
and cannot rule out the possibility that the bipyridine unit
may be partly tilted or even that part of the ™visible∫ alkyl
chain close to the bipyridine unit appears brighter because it
is slightly lifted off the substrate. The width of the core in
this case (18.2�1.3 ä) is consistent with this assumption.
To investigate the origin of the packing irregularities ob-

served in the monolayers of 2 and the effect of molecular
symmetry on the 2D ordering, monolayer formation by 3,
bearing only one alkyl chain (see Scheme 1), was investigat-
ed at the liquid/solid interface. Figure 4 shows an STM
image of the monolayer of 3 observed at the liquid/solid in-
terface. The lamellar structure of the monolayer is evident.
The bipyridine moieties appear as bright bands in the
middle of the lamella and the alkyl chains appear as some-

Figure 2. A) STM image of a monolayer of 2 physisorbed at the liquid/
solid interface. Big arrows point to the aromatic rings of a bipyridine
moiety; small arrows define the lamella boundaries. One molecular
model is superimposed for clarity. The difference in contrast of the alkyl
chains on either side of the bipyridine cores is due to a scanning artefact.
The image area is 9.1î9.1 nm2; Iset = 1.2 nA, Vset = �0.244 V. B) Molec-
ular model of the monolayer, with a = 6.9�0.3 ä, DL1 = 51.0�1.6 ä.
A cis conformation of the bipyridine units has been assumed arbitrarily.

Figure 3. A) STM image of 2 showing two lamellae of different widths.
Arrows indicate the rings of the bipyridine units. Two molecular struc-
tures are superimposed on the STM image for clarity. DL2 indicates the
width of the wider lamella. The image size is 9î9 nm2; Iset = 1.2 nA,
Vset = �0.242 V. B) STM image of 2 showing a change in the packing
pattern within the same lamella. Single and double bipyridine moieties
stacked along the lamella direction are indicated by big arrows. The
image size is 10.6î10.6 nm2; Iset = 1.2 nA, Vset = �0.476 V.

Figure 4. STM image of a monolayer of 3 at the liquid/solid interface. A
lamellar structure is evident. The molecules are adsorbed in two different
packing patterns, head-to-tail (DL1 = 25.5�1.2 ä) and tail-to-tail (DL2

= 35.7�0.9 ä). Six molecular structures are superimposed on the STM
image. The image area is 15.2î15.2 nm2; Iset = 0.8 nA, Vset = �0.436 V.
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what darker than the bipyridine moieties. In this image, mol-
ecules adopt a head-to-tail packing as indicated by DL1

(25.5�1.2 ä) or a tail-to-tail packing as indicated by DL2

(35.7�0.9 ä). The intermolecular distance between neigh-
boring molecules along a lamella axis is 6.5�0.4 ä. The
alkyl chains are not interdigitated.
In addition to the head-to-tail (DL1) and tail-to-tail (DL2)

packings, double-core lamellae can be observed in the mon-
olayer (Figure 5A: patterned arrows). In this case, the mole-

cules are lying head-to-head. The core width is 16.7�1.1 ä,
which is in good agreement with the width of two bipyridine
moieties, whereas the width of a single core is 8.6�0.9 ä.
Note that this core width (double core of 3) is identical
(within experimental error) to the double-core width in the
case of monolayers of 2 at the liquid/solid interface. The in-
termolecular distance between neighboring molecules along
the lamella is 6.8�0.5 ä. Thus, there is no significant differ-
ence between lamellae with a head-to-head and those with a
head-to-tail arrangement with respect to intermolecular dis-
tance. The alkyl chains are not interdigitated. In addition to
the single-core and double-core lamellae observed for 3 at
the liquid/solid interface, triple-core lamellae are also ob-
served. Figure 5C shows a monolayer with such packing. A
double-core lamella is indicated by the patterned arrows,
while a triple-core lamella is indicated with black arrows. In
the latter case, for the molecule adsorbed in the middle of
the core, the alkyl chain will not be adsorbed on the surface.
Thus, it is expected that the chain will be dangling in the su-

pernatant solution. The width of the core (28.7�1.5 ä) con-
firms the proposed packing. The predominant packing, how-
ever, is the head-to-tail mode. These data confirm the pack-
ing irregularities observed for 2 and indicate that they are
intrinsic properties of alkylated bipyridines.

Complexation with metal ions : Once the two-dimensional
ordering of the bipyridine derivatives was established, we
proceeded to investigate their complexation with metal ions
at the liquid/solid interface. A drop of a concentrated solu-
tion of the chosen metal ion was added in situ to the pre-
formed bipyridine monolayer. In the case of 1, in situ addi-
tion of complexed metal ions (Pd(OAc)2, PdCl2, Cu(OAc)2,
and CuCl2) in 1-phenyloctane solutions did not result in any
observable change in either the contrast or the packing pat-
tern and parameters of the monolayers of 1. Ex situ com-
plexation of 1 did not result in the formation of a monolayer
with different packing. Apparently, the close packing of the
bipyridine moieties does not leave enough space for metal
complexation to occur, and, most probably, the gain in free
energy that would be achieved by metal complexation
would not compensate for the loss of eight hydrogen bonds
in the bipyridine-bis(urea) lamellae. Such a change in pack-
ing pattern would be necessary for the formation of the
complex, and to allow for the accommodation of the metal
atom within the monolayer. Another possibility might be
the desorption of the complexed molecules from the sur-
face.
After the successful imaging of monolayers of 2 at the 1-

phenyloctane/graphite interface, a drop of a solution of
Pd(OAc)2 in 1-phenyloctane was applied. Within a couple of
minutes, a spontaneous change in the monolayer packing
pattern could be observed. Figure 6A shows an STM image
of such a monolayer of 2 after the addition of Pd(OAc)2.
Two domains can be identified, domain A with a packing
pattern similar to that previously observed for 2 (Figure 2A)
and domain B with a new packing pattern, which is attribut-
ed to a bipyridine-metal complexed monolayer. In do-
main B, the core-to-core distance between abutting lamellae
(DL2 = 35.1�1.3 ä) is smaller than that previously ob-
served for 2 (DL1 = 51.0�1.6 ä). At the domain boundary,
increased mobility of the molecules in some locations is evi-
dent (arrows). Figure 6B shows a large-scale image of the
different domains observed after the addition of Pd(OAc)2.
Domains A, B, C, and D are assigned to the uncomplexed
monolayer, while domain E corresponds to a complexed
monolayer. It should be noted that the co-existence of com-
plexed and uncomplexed domains is only observed immedi-
ately after the addition of the complexing agent Pd(OAc)2.
In time, only monolayers with a packing pattern similar to
that of domain B in Figure 6A (or domain E in Figure 6B)
are observed. After the addition of the complexing agent,
no packing irregularities were observed in the monolayer.
Figure 6C shows an STM image of the monolayer with

the new packing pattern. The image is submolecularly re-
solved, which again enables us to identify the aliphatic
chains as well as the complexation sites. The bipyridine moi-
eties cannot be discerned; instead, well-defined big bright
structures appear (bright). The distance between two succes-

Figure 5. A) STM image of a monolayer of 3 at the liquid/solid interface.
Head-to-tail (DL1) and tail-to-tail (DL2) packings are observed. Single-
core and double-core lamellae are observed (patterned arrows). The
image area is 11.5î11.5 nm2; Iset = 0.8 nA, Vset = �0.4 V. B) Packing
model of the area indicated in A). C) STM image of a monolayer of 3 at
the liquid/solid interface. A double-core lamella (patterned arrows) and a
triple-core lamella (black arrows) can be observed. The image area is
11.5î11.5 nm2; Iset = 0.8 nA, Vset = �0.5 V. D) Packing model for the
area indicated in C).

Chem. Eur. J. 2004, 10, 1124 ± 1132 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1127

Potential bipy-Based 2D Templates 1124 ± 1132

www.chemeurj.org


sive bright structures measured along the lamella axis (a) is
9.4�0.1 ä, which is significantly larger than the distance of
6.9�0.3 ä between bipyridine moieties before the addition
of Pd(OAc)2. A change in the packing pattern of the ali-
phatic chains occurs too, and the chains appear to be inter-
digitated. The data suggest that one bipyridine unit com-
plexes to each metal complex. This can be explained as fol-
lows: the distance between the neighboring molecules in-
creases to 9.4 ä in order to accommodate the Pd(OAc)2
moieties, causing the aliphatic chains to interdigitate in
order to reduce the free space in the monolayer, as is re-
vealed by the large decrease in distance between adjacent
rows of bipyridine units (DL2 = 35.1�1.3 ä). It must be
noted that the orientation of the aliphatic chains with re-
spect to the lamellar axis changes from 49�28 to 87�28
after addition of Pd(OAc)2. To further clarify the packing
pattern, two complexed molecules have been superimposed
on the STM image. A molecular model of the observed
monolayer packing is shown in Figure 6D.
Furthermore, in situ complexation of 2 with various com-

plexed metal ions such as PdCl2, Cu(OAc)2, and CuCl2 was
successfully accomplished. Figure 7A and Figure 7B are
STM images of [Pd(Cl)2(C19bipyC19)] monolayers. The
STM images reveal a similar pattern as found for
[Pd(OAc)2(C19bipyC19)] monolayers, with the same unit
cell parameters. Figure 6C and Figure 6D show characteris-
tic STM images of [Cu(OAc)2(C19bipyC19)] monolayers,
while Figure 7E and Figure 7F show the corresponding

images for [Cu(Cl)2(C19bipyC19)]. Again, the unit cell pa-
rameters are not significantly changed. This is quite remark-
able given that the nature of the counterion is also different.
This robustness in the complexation pattern formed is prom-
ising for future complexation experiments, allowing fine-
tuning of the complexation properties by using different
transition metals. In the case of the in situ addition of the
metal complex, the new packing is thought to arise following
desorption and readsorption of the molecules in close prox-
imity to the surface.
To accurately compare the behavior of 3 with that of 2 at

the liquid/solid interface, complexation of the former with
Pd(OAc)2 was also investigated. A spontaneous change in
the packing was observed, as depicted in Figure 8A. The
molecules are packed in a lamellar-type structure, in which
the alkyl chains are interdigitated; two arrows indicate a la-
mella. Figure 8B also shows an STM image of the com-
plexed monolayer of 3. The intermolecular distance between
neighboring molecules along the lamella is 9.2�0.5 ä. This

Figure 6. A) STM image showing a monolayer of 2 physisorbed at the
liquid/solid interface after addition of Pd(OAc)2. Domain A, uncom-
plexed. Domain B, complexed. DL1 = 47.5�1.1 ä and DL2 = 35.1�
1.3 ä. The image size is 21.5î21.5 nm2; Iset = 0.6 nA, Vset = �0.418 V.
B) STM image showing uncomplexed domains A, B, C, and D, while do-
main E is complexed. The image size is 34.6î34.6 nm2; Iset = 1.2 nA, Vset

= �0.366 V. C) Two complexed molecular structures are superimposed
for clarity. The image area is 10.2î10.2 nm2; Iset = 1.2 nA, Vset =

�0.486 V. D) Tentative molecular model of the monolayer where a =

9.4�0.1 ä and DL2 = 35.1�1.3 ä.

Figure 7. STM images of monolayers of 2 complexed with: (A, B) PdCl2:
A) The image area is 11.2î11.3 nm2; Iset = 1.2 nA, Vset = �0.142 V.
B) The image area is 50.0î50.0 nm2; Iset = 1.4 nA, Vset = �0.160 V. (C,
D) Cu(OAc)2: C) The image area is 12.9î12.9 nm2; Iset = 0.8 nA, Vset =

�0.450 V. D) The image area is 50.0î50.0 nm2; Iset = 0.8 nA, Vset =

�0.472 V. (E, F) CuCl2: E) The image area is 13.1î13.1 nm2; Iset =

1.0 nA, Vset = �0.460 V. F) The image area is 50.0î50.0 nm2; Iset =

0.8 nA, Vset = �0.440 V.
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value is identical (within experimental error) to that ob-
served for the complexed monolayer of 2.[51] Remarkably,
after complexation, no different packings are observed; all
domains show the same packing. Addition of the metal salts
and consequent complexation leads to the formation of a
unique 2D pattern.
To exploit the complexed monolayer as a template for

building nanostructures, stability of the formed template in
air would be a necessity. To assess this stability, a solution of
2 in 1-heptanol was applied to a graphite surface and left to
dry under ambient conditions. Following this procedure,
STM images similar to those obtained at the liquid/solid in-
terface could be obtained. This does not prove that mono-
layer films were formed, although locally this is possible.
More probably, the STM tip penetrates the deposited mate-
rial and only the layer in contact with the graphite support
is imaged. The observed monolayer was submolecularly re-
solved, and the packing parameters of the monolayer did
not differ from those obtained at the liquid/solid interface.
A drop of a Pd(OAc)2 solution in 1-heptanol was then ap-
plied on top of the dry layer, and again left to dry under am-
bient conditions for two days. It seems probable that the for-
mation of the complexed layer involves desorption of the
non-complexed molecules and readsorption of the com-
plexed ones, driven by changes in the concentration gradient
of complexed and non-complexed molecules in the superna-
tant solution.[52] Figure 9 shows an image of the complexed
monolayer acquired by STM. The image shows similar fea-
tures to those obtained at the liquid/solid interface.
It is also possible to induce decomplexation at the liquid/

solid interface and to restore the metal-free monolayer. This
can be achieved, for example, by adding dibromomaleic acid
in situ. Addition of dibromomaleic acid leads to a change in
the packing pattern of the monolayer. The interdigitated
packing pattern of the complexed monolayer is changed to
the non-interdigitated one, characteristic of a non-com-
plexed monolayer, indicating the in situ decomplexation of
the monolayer by the dibromomaleic acid.

Conclusion

It has been shown that alkylated 2,2’-bipyridines can be
used as complexation scaffolds for metal complexes, both at
the liquid/solid and liquid/air interfaces. The intermolecular
distance within the non-complexed monolayer is of crucial
importance in determining whether or not complexation can
occur. If the intermolecular distance is too small, as in the
case of the urea derivative, no complexation is observed.
This is thought to be due to insufficient space between the
adsorbed molecules to allow for the accommodation of the
metal ions on the surface – due to the stability of the hy-
drogen-bonded array – or to the desorption of complexed
molecules. Addition of a metal complex, either ex situ or in
situ, to both symmetric alkylated and asymmetric alkylated
bipyridine derivatives leads to complexation. Complexations
with different metal ions led to the formation of an identical
2D ordering.
The long-term goal of these experiments is to form stable

templates, and then to use such templates for the assembly
of other molecules or nanostructures in the third dimension.
The stability of such templates in air is a requisite. As a
demonstration of such stability, STM investigation of mono-
layers of 2 before and after evaporation of the solvent re-
vealed identical monolayers. Addition of complexed metal
ions led to the formation of complexed monolayers, which
were also found to be stable over a period of days. Thus,
these potential templates show sufficient stability such that
their use in building 3D nanostructures might indeed be
possible.To exploit the templating effect, it will be essential
to exchange the ligands of the metal complex that are point-
ing into the supernatant solution with ligands bearing a
functional group. Therefore, it will be necessary to test and
investigate different complexes with different bonding
strengths with respect to the bipyridine molecules or other
methods of changing the ligands.

Experimental Section

Materials and methods : All solvents were dried according to standard
procedures. Starting materials were purchased from Aldrich or Acros. 1H
NMR spectra were recorded on a Varian VXR-300 spectrometer (at

Figure 8. A) Large scale STM image of a monolayer of 3 after the addi-
tion of Pd(OAc)2. Only one type of packing is observed, in which the
alkyl chains are interdigitated. The image area is 24.1î24.1 nm2; Iset =

1.3 nA, Vset = �0.5 V. B) STM image of a complexed monolayer of 3.
The alkyl chains are clearly interdigitated. The molecular structures of
four complexes are superimposed on the image. The image area is 10.8î
10.8 nm2, Iset = 1.2 nA, Vset = �0.6 V.

Figure 9. STM image showing a monolayer of 2 physisorbed at the air/
solid interface after addition of a solution of Pd(OAc)2 in 1-heptanol and
drying for two days under ambient conditions. The image area is 10.2î
10.2 nm2; Iset = 1.00 nA, Vset = �0.498 V.
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300 MHz) with samples in CDCl3 or [D6]DMSO; chemical shifts are
given in ppm relative to CDCl3 (d = 7.26 ppm) or DMSO (d =

2.50 ppm). 13C NMR spectra were recorded on a Varian VXR-300 spec-
trometer (at 75.48 MHz) with samples in CDCl3 or [D6]DMSO; chemical
shifts are given relative to CDCl3 (d = 77 ppm) or DMSO (d =

39.5 ppm) The splitting patterns in the 1H NMR spectra are designated
as follows: s (singlet), d (doublet), dd (double doublet), t (triplet), m
(multiplet), br (broad). Melting points were measured on a Stuart Scien-
tific SMP1 apparatus. Infrared spectra were recorded on a Nexus FTIR
spectrometer. HRMS was performed on a JEOL JMS 600H spectrometer
in EI+ ionization mode. Elemental analyses were carried out in the Mi-
croanalytical Department of the Stratingh Institute, University of Gro-
ningen (The Netherlands).

Synthesis of bromopropanol THP ether : 3,4-2H-Dihydropyran (12 mL;
excess) was added to a solution of bromopropanol (15 g, 0.11 mol) in
CH2Cl2 (60 mL) at 0 8C. The mixture was stirred for 4 h at room tempera-
ture. It was then washed with water (100 mL), and the aqueous layer was
extracted wih CH2Cl2 (2î100 mL). The combined organic layers were
washed with brine, dried (MgSO4), and concentrated in vacuo. The
brown-yellow oil was purified by column chromatography (silica; hexane/
diethyl ether (10%)) to yield a colorless oil. Yield 18.9 g (0.085 mol,
80%); 1H NMR (300 MHz, CDCl3): d = 4.51 (t, J = 2.9 Hz, 1H), 3.82±
3.74 (m, 2H), 3.47±3.39 (m, 4H), 2.05 (quintet, 1J = 6.2 Hz, 3J =

12.5 Hz, 2H), 1.7±1.4 ppm (m, 6H).

Synthesis of 5-methyl,5’-((tetrahydropyranyloxy)butyl)-2,2’-bipyridine : A
solution of LDA (30 mmol) was freshly prepared from diisopropylamine
(4.6 mL) and nBuLi (19 mL, 1.6m in hexanes) in THF (10 mL) at �80 8C.
A solution of 5,5’-dimethyl-2,2’-bipyridine (5.0 g, 27 mmol) in THF
(150 mL) was then added at the same temperature. The reaction mixture,
which immediately turned black, was stirred for 2 h at �80 8C. It was
then allowed to warm to room temperature, whereupon a solution of bro-
mopropanol THP ether (7.8 g, 35 mmol) in THF (40 mL) was added. The
mixture was stirred at rt for 100 h, then quenched with MeOH and
poured into ice-water (300 mL). The resulting mixture was extracted with
Et2O (4î200 mL), and the combined organic layers were dried (Na2SO4)
and concentrated in vacuo.

The product was further purified by column chromatography (silica; elu-
tion with 2% MeOH in CH2Cl2) to yield the pure material as an orange-
brown oil. Yield 7.8 g (24 mmol, 90%); 1H NMR (300 MHz, CDCl3): d
= 8.46 (s, 2H), 8.22 (dd, J = 3.9 Hz, 2H), 7.62±7.55 (m, 2H), 4.55 (s,
1H), 3.82±3.72 (m, 2H), 3.49±3.41 (m, 2H), 2.67 (t, J = 6.9 Hz, 2H), 2.35
(s, 3H), 1.77±1.50 ppm (m, 12H).

Synthesis of 5,5’-bis((tetrahydropyranyloxy)butyl)-2,2’-bipyridine : The
same procedure was followed as for the synthesis of the monosubstituted
derivative. A solution of the monosubstituted derivative (7.8 g, 24 mmol)
in THF (150 mL) was added to freshly prepared LDA solution
(30 mmol). Subsequently, a solution of the bromopropanol THP ether
(9.0 g, 0.04 mol) was added. After work-up, the title disubstituted bipyri-
dine was obtained as a brown oil. Yield: 9.6 g (0.021 mol, 88%); 1H
NMR (300 MHz, CDCl3): d = 8.46 (s, 2H), 8.23 (d, J = 8.1 Hz, 2H),
7.59 (d, J = 8.3 Hz, 2H), 4.54 (s, 2H), 3.86±3.70 (m, 4H), 3.53±3.33 (m,
4H), 2.67 (t, J = 6.6 Hz, 4H), 1.81±1.50 ppm (m, 20H); 13C NMR
(300 MHz, CDCl3): d = 152.5, 147.7, 136.1, 135.3, 118.9, 65.6, 61.4, 60.8,
31.4, 29.1, 27.7, 26.3, 24.0, 18.1 ppm.

Synthesis of 5,5’-bis(hydroxybutyl)-2,2’-bipyridine : The protected bipyri-
dine (5.0 g, 10.7 mmol) was dissolved in EtOH (120 mL) and p-toluene-
sulfonic acid (0.5 g) was added. The mixture was refluxed for 24 h, then
neutralized with triethylamine. The ethanol was evaporated and the
crude product was redissolved in CHCl3. This solution was filtered
through neutral aluminum oxide, the filtrate was concentrated to a vis-
cous oil, and this was suspended in toluene. The product separated as a
white solid upon sonication.

Yield: 1.1 g (3.7 mmol, 35%); 1H NMR (300 MHz, CDCl3): d = 8.50 (s,
2H), 8.26 (d, J = 8.3 Hz, 2H), 7.64 (d, J = 8.3 Hz, 2H), 3.66 (t, J =

6.4 Hz, 4H), 2.69 (t, J = 6.6 Hz, 4H), 1.79±1.58 ppm (m, 8H); 13C NMR
(300 MHz, CDCl3): d = 152.3, 147.4, 136.1, 135.3, 119.3, 60.9, 31.0, 30.6,
25.7 ppm; MS: m/z : 300, 255; HRMS: calcd for C18H24N2O2 300.18376;
found 300.18438.

Synthesis of 5,5’-bis(bromobutyl)-2,2’-bipyridine : Concentrated H2SO4

(0.25 mL, 4 mmol) was added to a solution of the diol (0.5 g, 1.8 mmol)

in 48% aqueous HBr (5 mL). The reaction mixture was refluxed for 12 h,
then diluted with ice-water (80 mL), and neutralized with aqueous
Na2CO3 solution (20 mL). The yellow mass that was liberated was ex-
tracted with CHCl3 (5î50 mL) and the combined organic phases were
dried (Na2SO4) and purified by column chromatography (CH2Cl2/toluene,
2:8). Evaporation of the solvents gave the dibromide as a white solid.
Yield: 0.6 g (1.4 mmol, 78%); 1H NMR (300 MHz, CDCl3): d = 8.48 (s,
2H), 8.26 (d, J = 8.0 Hz, 2H), 7.62 (d, J = 8.1 Hz, 2H), 3.42 (t, J =

7.1 Hz, 4H), 2.68 (t, J = 6.9 Hz, 4H), 2.67 (t, J = 6.9 Hz, 2H), 2.02±
1.66 ppm (m, 8H); 13C NMR (300 MHz, CDCl3): d = 147.8, 135.3, 130.5,
127.1, 119.1, 34.6, 30.8, 26.9, 20.0 ppm; MS: m/z : 426, 277; HRMS: calcd
for C18H22N2Br2 424.01489; found 424.01361.

Synthesis of 5,5’-bis(azidobutyl)-2,2’-bipyridine : NaN3 (400 mg, 6.2 mmol,
4 equiv.) was added to a solution of the aforementioned 5,5’-bis(bromo-
butyl)-2,2’-bipyridine (0.6 g, 1.4 mmol) in DMSO (10 mL). The reaction
mixture was stirred at 50 8C for 12 h. It was then poured into water
(50 mL), and the resulting mixture was extracted with Et2O (3î50 mL).
The combined organic phases were dried (Na2SO4) and concentrated in
vacuo to provide the product as a yellow oil.

Yield: 0.48 g (1.4 mmol, 100%); 1H NMR (300 MHz, CDCl3): d = 8.49
(s, 2H), 8.29 (d, J = 8.1 Hz, 2H), 7.62 (dd, 1J = 8.1 Hz, 2J = 2.2 Hz,
2H), 3.31 (t, J = 6.6 Hz, 4H), 2.71 (t, J = 6.9 Hz, 4H), 1.76±1.66 ppm
(m, 8H); 13C NMR (300 MHz, CDCl3): d = 147.8, 135.3, 130.5, 127.1,
119.1, 49.7, 30.8, 26.9, 20.0 ppm.

Synthesis of 5,5’-bis(aminobutyl)-2,2’-bipyridine : The aforementioned
5,5’-bis(azidobutyl)-2,2’-bipyridine (0.5 g, 1.4 mmol) was dissolved in
EtOH (20 mL), and 10% Pd/C (50 mg) was added. A balloon filled with
H2 gas was attached to the top of the flask, and the mixture was vigorous-
ly stirred for 12 h under the H2 atmosphere. The mixture was subsequent-
ly filtered through Celite and the filtrate was dried (Na2SO4) and concen-
trated in vacuo.

The product was further purified by acid-base extraction to give a yellow
oil that solidified on standing. Yield: 0.41 g (1.4 mmol, 100%); 1H NMR
(300 MHz, CDCl3 + [D6]DMSO): d = 8.19 (s, 2H), 7.96 (d, J = 8.1 Hz,
2H), 7.35 (dd, 1J = 8.1 Hz, 2J = 2.2 Hz, 2H), 2.45±2.29 (m, 8H,
CH2NH2 + CH2Pyr), 1.39 (t, J = 6.6 Hz, 4H), 1.24 ppm (t, J = 7.0 Hz,
4H); 13C NMR (300 MHz, CDCl3): d = 146.6, 134.1, 130.5, 127.1, 117.7,
39.2, 30.5, 29.9, 25.7 ppm.

Synthesis of 5,5’-bis(dodecylureidobutyl)-2,2’-bipyridine : 5,5’-Bis(amino-
butyl)-2,2’-bipyridine (0.3 g, 1.1 mmol) was added to toluene (30 mL).
The mixture was heated to reflux, until it became a smooth and slightly
transparent suspension. At this point, a solution of dodecyl isocyanate
(800 mg, 3.8 mmol, >3 equiv) in toluene (5 mL) was added. Almost im-
mediately, a white solid started to precipitate. The mixture was stirred
while slowly (over a period of 1 h) cooling down to room temperature.
The white precipitate was collected by suction filtration, and further puri-
fied by resuspending it, on the filter, in acetone, methanol, and diethyl
ether, respectively, followed by suction. The product was dried at 80 8C,
3 mmHg. Yield: 0.2 g (0.3 mmol, 30%); off-white solid; m.p. 220 8C
(decomp); 1H NMR (300 MHz, [D]TFA/[D6]DMSO): d = 8.54 (s, 2H),
8.24 (d, J = 8.1 Hz, 2H), 8.05 (d, J = 8.1 Hz, 2H), 3.09 (t, J = 6.6 Hz,
4H), 2.99 (t, J = 7.0 Hz, 4H), 2.70 (t, J = 7.0 Hz, 4H), 1.59 (m, 4H),
1.46 (m, 4H), 1.30±0.99 (m, 40H), 0.70 ppm (t, J = 6.6 Hz, 6H); 13C
NMR (300 MHz, [D6]DMSO/TFA): d = 145.5, 139.6, 123.7, 121.9, 116.1,
31.4, 31.1, 29.8, 29.4, 28.8, 28.5, 28.4, 27.3, 26.8, 26.2, 21.7, 13.4 ppm; IR
(KBr): ñ = 3350, 2956, 1625, 1575, 1466 cm�1; MS: m/z = 721.7; elemen-
tal analysis calcd for C44H76N6O2: C 73.29, H 10.62; found: C 72.98, H
10.43.

Synthesis of 5’-methyl-5-nonadecyl-2,2’-bipyridine : A mixture of diisopro-
pylamine (800 mL, 580 mg, 5.7 mmol) and nBuLi (1.6m in hexanes;
3.5 mL, 5.6 mmol) in THF (10 mL) was first stirred at �78 8C for 15 min.
A solution of 5,5’-dimethyl-2,2’-bipyridine (1.0 g, 5.45 mmol) in THF
(50 mL) was then added from a dropping funnel over a period of 30 min.
The reaction mixture was stirred for an additional 2 h, while the tempera-
ture was slowly raised to 0 8C. A solution of octadecyl bromide (2.0 g,
6 mmol, 1.1 equiv.) in THF (5 mL) was then added by means of a syringe.
The mixture was stirred for 48 h at room temperature, and then ice was
added. The product was extracted with Et2O, and the combined extracts
were washed with aqueous NaHCO3 solution and water, and then con-
centrated. The residue was recrystallized twice from CHCl3. Yield: 1.3 g
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(3.0 mmol, 55%); white powder; m.p. 74±75 8C; 1H NMR (300 MHz,
CDCl3): d = 8.43 (s, 2H), 8.20 (d, J = 8.0 Hz, 1H), 8.19 (d, J = 8.0 Hz,
1H), 7.55 (d, J = 8.0 Hz, 2H), 2.59 (t, J = 7.8 Hz, 2H), 2.33 (s, 3H),
1.57 (m, 2H), 1.19 (m, 32H), 0.82 ppm (t, J = 6.8 Hz, 3H); 13C NMR
(300 MHz, CDCl3): d = 154.0, 149.6, 149.3, 138.0, 137.5, 136.8, 133.1,
120.5, 120.4, 32.9, 32.0, 31.5, 29.8, 29.4, 29.2, 22.7, 14.1 ppm; MS: m/z :
436, 407, 393, 379, 365, 351, 337, 323, 309, 295, 281, 267, 253, 239, 211,
197, 184; elemental analysis calcd for C30H48N2: C 82.51, H 11.08, N 6.41;
found: C 82.33, H 11.73, N 6.30.

Synthesis of 5,5’-bis(nonadecyl)-2,2’-bipyridine : The procedure described
above was repeated, but with diisopropylamine (350 mL, 2.4 mmol) and
nBuLi (1.5 mL, 2.4 mmol) in THF (10 mL), 5’-methyl-5-nonadecyl-2,2’-bi-
pyridine (1 g, 2.35 mmol) in THF (50 mL), and octadecyl bromide
(850 mg, 2.55 mmol). Upon addition of ice in the work-up, the product
precipitated. It was collected by suction filtration and recrystallized twice
from CHCl3 to provide a white powder.

Yield: 820 mg (1.2 mmol, 40%); m.p. 99±100 8C; 1H NMR (300 MHz,
CDCl3): d = 8.46 (s, 2H), 8.23 (d, J = 8.0 Hz, 2H), 7.59 (dd, 1J =

8.1 Hz, 3J = 1.8 Hz, 2H), 2.63 (t, J = 7.8 Hz, 2H), 1.61 (m, 4H), 1.23
(m, 64H), 0.82 ppm (t, J = 6.8 Hz, 6H); 13C NMR (300 MHz, CDCl3): d
= 156.3, 149.3, 138.0, 136.8, 120.5, 32.9, 32.0, 31.2, 29.8, 29.5, 29.4, 29.2,
22.8, 14.2 ppm; MS: m/z : 688, 449, 321; elemental analysis calcd for
C48H84N2: C 83.65, H 12.28, N 4.06; found: C 82.90, H 12.26, N 4.36.

STM : Prior to imaging, all compounds to be investigated were dissolved
in 1-octanol or 1-phenyloctane, and a drop of this solution was applied to
a freshly cleaved surface of highly oriented pyrolytic graphite (HOPG).
The STM images were acquired in the variable current mode (constant
height) under ambient conditions with the tip immersed in the liquid. In
the acquired STM images, white corresponds to the highest and black to
the lowest measured tunneling current. STM experiments were per-
formed using a Discoverer scanning tunneling microscope (Topometrix
Inc., Santa Barbara, CA) along with an external pulse/function generator
(Model HP 8111A), with negative sample bias. Tips were electrochemi-
cally etched from Pt/Ir wire (80%/20%, diameter 0.2 mm) in a 2n KOH/
6n NaCN solution in water. All complexation reactions were performed
in situ, unless stated otherwise. Therefore, a drop of the concentrated solu-
tion of the metal complex (in 1-octanol or 1-phenyloctane) was added to
the sample. For solubility reasons, in some reactions a co-solvent was
used (see text). These co-solvents were selected such that they had low
boiling points and that the metal ions would be known to complex to the
bipyridine in the resulting medium.

The experiments were repeated in several sessions using different tips to
check for reproducibility and to avoid artefacts. Different settings of the
tunneling current and the bias voltage were used, ranging from 0.3 nA to
1.0 nA and �10 mV to �1.5 V, respectively. All STM images are derived
from raw data and have not been subjected to any manipulation or
image processing.
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