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In situ complexation of palladium acetate by a monolayer of
abipyridine derivative at a graphite/liquid interface has been
observed using scanning tunneling microscopy.

With the continuing need for miniaturization of electronics,
surface nano-patterning as a requisite to move from nano-
science to nano-technology has been of much interest in the last
decade.l Nano-patterning has gained a growing momentum
recently,2 due to the wide range and better understanding of
exquisite tools to advance this field especialy scanning
tunneling microscopy (STM).3 With STM, the self-assembly of
a wide range of organic compounds has been studied at the
solid/liquid interface.4> STM allows not only for the study of
the molecular organization in the monolayer, but also for the
evaluation of dynamic® and chemical7-° phenomena within the
monolayer and between the monolayer and the liquid layer
(supernatant solution) on top of the monolayer. Metal com-
plexes on surfaces are of great technological and fundamental
interest.10-12 STM investigation in this direction has been
mostly concerned with the electronic properties of the metal
complexeson different surfaces. 1314 Recently nanostructures of
different metal complexes deposited on surfaces have been
reported.15-18 The inherent coordination properties of transition
metals and the possibility to exchange weakly coordinated
ligands with stronger coordinated ligands, might enable their
use in building specifically functionalized three-dimensional
(3D) nanostructures. In this communication, we report on the
STM investigation of in situ complexation of Pd(OAc), by a
monolayer of a bipyridine derivative at a graphite surface. The
formed monolayer can be used as a template to build
nanostructures.

Prior to imaging, C1¢BiPyC1g (Fig. 1) and Pd(OAc), were
dissolved in 1-phenyloctane (Aldrich, 99%). The reported STM
images were acquired in the variable current mode (constant
height) under ambient conditions. In the STM images, white
corresponds to the highest and black to the lowest tunnelling
current. STM experiments were performed using a Discoverer
scanning tunneling microscope (Topometrix Inc., Santa Bar-
bara, CA) aong with an external pulse/function generator
(model HP 8111 A), with negative sample bias. Tips were
etched electrochemically from Pt/Ir wire (80%/20%, diameter
0.2 mm) in a2 M KOH/6 M NaCN solution in water. The
experiments were repeated in several sessions using different
tipsto check for reproducibility and to avoid artefacts. Note that
during the experiments, the STM tip is immersed in the
supernatant solution. Different settings for the tunneling current
and the bias voltage were used. All STM images contain raw
data and are not subjected to any manipulation or image
processing.
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Fig. 1 Chemical structure of C19BiPyCis.
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Upon applying adrop of C;9BiPyCg solution on the graphite
surface (HOPG), a physisorbed monolayer is spontaneously
formed a the graphite/1-phenyloctane interface. Fig. 2(a)
shows an image of such a monolayer observed with STM. The
image is submolecularly resolved, which enables us to identify
the two aromatic rings forming the bipyridine moiety (indicated
by the two red arrows) as well as the aiphatic chains. The
lamellaisdefined by two black troughs, which are characteristic
for termina methyl groups (indicated by the two yellow
arrows). The bipyridine moieties appear to form an angle of
64 + 2° whilethealiphatic chainsform an angle of 49 + 2°, with
respect to the lamella axis. For clarity, one C;9BiPyCig
molecule has been superimposed on the STM image. Based
upon the contrast of the BiPy moietiesin the STM imagesitis
obvious that all the molecules are equivalent along the lamella
axis, and the molecules appear to be fully extended. A
molecular model for the observed packing isshownin Fig. 2(b).
The distance between two neighbouring molecules within a
lamella measured along the lamella axis a is 6.9+ 0.3 A, the
lamellawidth AL equals 47.2 + 1.6 A. The packing parameters
acquired from the STM image indicate that the BiPy moieties
are adsorbed parallel to the graphite plane, and there is no
interdigitation of the aiphatic chains from neighbouring
lamella.

After the successful imaging of the C1¢BiPyC19 monolayers
at the graphite/1-phenyloctane interface, adrop of Pd(OACc), in
1-phenyloctane was applied to the same location of the initial
drop. A spontaneous change of the monolayer packing pattern
was observed. Fig. 3(a) shows an image of the monolayer with
the new packing pattern. Theimageis submolecularly resolved,
which again enables usto identify the aliphatic chainsaswell as
the complexation sites (indicated by the red arrow). The BiPy
moieties cannot be indicated; instead well defined big bright

graphite/1-phenyloctane interface. Red arrows point to the aromatic rings
forming the BiPy moiety, yellow arrows define the lamella boundaries. One
molecule model is superimposed for clarification. The different contrast of
thealkyl chainson either side of the BiPy coresisdueto ascanning artefact.
The image area is 9.1 X 9.1 nm2, Vg = —0.244 V, I« = 1.2 NA. (b)
Molecular model of themonolayer wherea = 6.9+ 0.3A, AL = 47.2+ 16
A. The cis conformation of the BiPy units has been assumed arhitrarily.
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structures appear (yellow arrows). The distance between two
successive bright structures measured along thelamellaaxisais
9.4+ 0.1 A, which is significantly larger than the distance of
6.9+ 0.3 A between BiPy moieties before the addition of the
Pd(OAC).. A change in the packing pattern of the aliphatic
chains is also evident; the chains appear to interdigitate. This
can be explained as follows: the distance between the
neighbouring molecules increases to 9.4 A in order to
accommodate the Pd(OAc), in between the BiPy moieties,
causing the aliphatic chains to interdigitate and reduce the free
space in the monolayer. Thisexplanation isfurther supported by
the change in AL from 47.2+ 1.6 A to 35.2+ 1.2 A after the
addition of Pd(OAC),. It should be noted that the orientation of
the aliphatic chains with respect to the lamella axis changes
from 49 £ 2° to 87 + 2° after addition of Pd(OAC),. The contrast
arising from the complexed molecules suggests that the
Pd(OAC), is adsorbed on the graphite surface in between the
C19BiPyC19 molecules, where the paladium atom is on the
graphite surface while the two acetate ligands are pointing
towards the supernatant solution. To further clarify the packing
pattern two complexed molecules have been superimposed on
the STM image. A molecular model for the observed monolayer
packing is shown in Fig. 3(b).

In order to demonstrate the possibility of using the above
mentioned procedure as atemplate for building nanostructures,
the stability of the formed template in air is a necessity. To
achieve this, a solution of C1¢BiPyCi9 in 1-heptanol was
applied to the graphite surface and left to dry under ambient
conditions. The monolayer was submolecularly resolved (Fig-
ure not shown), and the packing parameters of the monolayer
did not change from those obtained at the graphite/1-phenyl-
octane interface. A drop of Pd(OAc), in 1-heptanol was then
applied on top of the dry monolayer, and again | eft to dry under
ambient conditions for two days. Fig. 4 shows an image of the
complexed monolayer acquired by STM. The image shows
similar features as those obtained at the graphite/1-phenyl-
octane interface.

In conclusion, C19BiPyC19 molecules self-assemble at the
graphite/1-phenyloctane interface into lamellar arrays, and the
in situ complexation of Pd(OAC), at the bipyridine moeities has
been successfully observed using scanning tunneling micros-
copy. The stability of such monolayers under ambient condi-
tions was demonstrated by the successful imaging of the dry
complexed monolayers after a few days from deposition on the
graphite surface from 1-heptanol solution. These data demon-

Fig. 3 (a) STM image showing a C,¢BiPyC;¢ monolayer physisorbed at the
graphite/1-phenyloctane interface after addition of Pd(OAc), solution. The
red arrow pointsto the position in which the BiPy moiety was expected, the
yellow arrow indicates a complexation site. Two [(Pd(OAc),)(CioBi-
PyC39)] molecules are superimposed for clarification. The image area is
10.2 X 10.2 nm2, Vgt = —0.486 V, I = 1.2 NA. (b) Molecular model of
the monolayer wherea = 9.4+ 0.1 A and AL = 352+ 1.2 A.

Fig. 4 STM image showing a C19BiPyC19 monolayer physisorbed at the
graphite/air interface after addition of Pd(OAC), in 1-heptanol and drying
for two days under ambient conditions. Theimage areais 10.2 X 10.2 nm2,
Vet = —0.498V, g = 1.00 NA.

strate the possibility of using organic molecules astemplatesfor
building nanostructures.

The authors thank the DWTC, through IUAP-V-03, the
Ingtitute for the promotion of innovation by Sciences and
Technology in Flanders (IWT). ESF SMARTON made the
Leuven—Groningen collaboration possible. S. D. F. is a
postdoctoral fellow of the Fund for Scientific Research-
Flanders. J. v. E. gratefully acknowledges the Royal Academy
of the Netherlands for a fellowship.

Notes and references

1 J-M. Lehn, Supramolecular Chemistry: Concepts and Perspectives,
V CH, Weinheim, 1995; Comprehensive Supramolecular Chemistry, ed.
J. L. Atwood, J. E. D. Davies, D. D. MacNicol, F. Vogtle and J.-M.
Lehn, Pergamon, New Y ork, 1996, val. 9.

2 V. Berl, M. Schmutz, M. J. Krische, R. G. Khoury and J. M. Lehn,
Chem. Eur. J., 2002, 8, 1227.

3 G. Binnig, H. Rohrer, C. Gerber and E. Weibel, Phys. Rev. Lett., 1982,
49, 57.

4 G.C.McGonical, R. H. Bernhardt and D. Thomson, J. Appl. Phys. Lett.,
1990, 57, 28; J. P. Rabe and S. Buchholz, Science, 1991, 253, 424; J.
Frommer, Angew. Chem,, Int. Ed. Engl., 1992, 31, 1298.

5 S. De Feyter, A. Gesquiére, M. M. Abdel-Mottaleb, P. C. M. Grim, M.
Sieffert, C. Meiners, S. Valiyaveettil, K. Millen and F. C. De Schryver,
Acc. Chem. Res., 2000, 33, 520.

6 A. Gesquiere, M. M. Abdel-Mottaleb, S. De Feyter, M. Sieffert, K.
Miillen, A. Calderone, R. Lazzaroni, J. L. Brédasand F. C. De Schryver,
Chem. Eur. J., 2000, 6, 3739.

7 G.P.Lopinski, D.D. M. Wayner and R. A. Wolkow, Nature, 2000, 406,
48.

8 P. Qian, H. Nanjo, N. Sanada, T. Yokoyamaand T. M. Suzuki, Chem.
Lett., 2000, 1118.

9 M. M. S. Abdel-Mottaleb, S. De Feyter, A. Gesquiere, M. Sieffert, K.
Mdllen and F. C. De Schryver, Nano Lett., 2001, 1, 353.

10 A. C. Sharma and A. S. Borovik, J. Am. Chem. Soc., 2000, 122,
8946.

11 J. S. Sco, D. Whang, H. Lee, S. 1. Jun, J. Oh, Y. J. Jeon and K. Kim,
Nature, 2000, 404, 982.

12 T. R. Younkin, E. F. Conner, J. I. Henderson, S. K. Friedrich, R. H.
Grubbs and D. A. Bansleben, Science, 2000, 287, 460.

13 X. Luand K. W. Hipps, J. Phys. Chem. B, 1997, 101, 5391.

14 L. Scudiero, D. E. Barlow and K. W. Hipps, J. Phys. Chem. B, 2000,
104, 11899; L. Scudiero, D. E. Barlow, U. Mazur and K. W. Hipps, J.
Am. Chem. Soc., 2001, 123, 4073, and references therein.

15 V. Berl, M. J. Krische, |. Huc, J. M. Lehn and M. Schmutz, Chem. Eur.
J., 2000, 6, 1938.

16 K. T. Wong, J. M. Lehn, S. M. Peng and G. H. Lee, Chem. Commun.,
2000, 22, 2259.

17 M. Ruben, E. Breuning, J. P. Gisselbrecht and J. M. Lehn, Angew.
Chem,, Int. Ed., 2000, 39, 4139.

18 U. Ziener, J. M. Lehn, A. Mourran and M. Moller, Chem. Eur. J., 2002,
8, 951.

CHEM. COMMUN., 2002, 1894-1895

1895




