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The performance of conjugated oligomeric and polymeric
semiconductors1 depends critically on the mesoscopic ordering of
these π-conjugated moieties. A number of liquid-crystalline
materials with high-charge-carrier mobilities as a result of the high
order has been developed in recent years.2 Covalent linkage between
electron donor (D) and acceptor (A) molecular fragments provides
an excellent approach to achieve dimensional control over phase
separation in D-A networks3 and are of interest in the field of
molecular electronics.4

Scanning tunneling microscopy (STM) is a unique technique to
study the ordering of molecules on conductive surfaces, often with
submolecular resolution.5,6 In addition, STM is sensitive to the
electronic properties of the adsorbates under investigation.7 It was
soon noticed that STM shows chemical sensitivity; certain func-
tional groups (e.g., aromatic moieties, amines, sulfides) are more
conductive than others (e. g., alkyl chains). The latter are in turn
more “transmissive” for the tunneling current than perfluorinated
alkyl chains.5ab,8Several theoretical approaches have been developed
to explain the contrast of organic adsorbates in STM.9 Bias- and
potential-dependent imaging have been used before to probe the
electronic levels involved in the tunneling process,8g,10 but the
system under investigation is unique for the following reasons: (1)
it combines an electron donor and electron acceptor part covalently
linked to each other and (2) the donor and acceptor parts are
relatively large and well-separated in space, allowing them to be
addressed individually.

In this contribution, we present an STM study of the ordering
and bias-dependent contrast of a unique symmetric D-A-D
system, composed of two oligop-phenylene vinylene (OPV) D-units
and a central perylenediimide (PDI) A-core, of which the chemical
structure is shown in Figure 1a. The compound forms well-ordered
two-dimensional patterns when physisorbed from 1-phenyloctane
on graphite (HOPG) at the solid-liquid interface, as measured by
STM in the constant-height mode. Figure 1b is a large-scale STM
image showing rows of stacked bright rods, which are ordered in
domains. The relative orientation of the domains reflects the 3-fold
symmetry of the graphite substrate underneath. The length of such
a rod (6.00( 0.07 nm) corresponds to the distance between the
outermost phenyl groups of the DAD molecule. Hence, the molecule
is not standing upright but is lying with its molecular axes parallel
to the graphite plane. As a result, the tunnel path through the
aromatic core is tip-D-graphite or tip-A-graphite and not tip-D-
A-D-graphite. Of course, the tunneling direction (tip-graphite or
graphite-tip) depends on the bias polarity. Alkyl chains occupy the

dark regions between the rows of bright rods. In most of the rows,
the long rod axis is rotated counterclockwise with respect to the
normal on the long row axis, although a nonnegligible number of
rods are oriented clockwise within the rows. Enantiopure molecules
normally do not form both possible mirror-image patterns, but only
one of them.11 Apparently, the presence of the rather bulky acceptor
core weakens the interaction of the stereogenic centers with the
graphite substrate, and the core might not be completely planar.12

From the high-resolution image in Figure 1c, it is clear that the
bright rods consist of three parts: the central part is attributed to
the location of the PDI part and the outermost parts correspond to
the OPV moieties. Measured along the propagation direction of
the lamella, the distance between the aromatic cores is determined
to be (a) 1.71( 0.02 nm. This distance allows the OPV parts of
the molecules to lie flat on the substrate. The acceptor part cannot
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Figure 1. (a) Chemical structure of donor-acceptor-donor triad, OPV4-
PDI-OPV4. (b) STM image of OPV4-PDI-OPV4 monolayer formed by
physisorption at the 1-phenyloctane-graphite interface. The different sets
of arrows indicate examples of mirror image-type packings. Image size is
70.2 × 70.2 nm2. Iset ) 0.15 nA. Vbias ) -0.96 V. (c) High-resolution
STM image of an OPV4-PDI-OPV4 monolayer.Iset ) 0.40 nA,Vbias )
-0.70 V, image size is 15.5× 15.5 nm2. Unit cell parameters area ) 1.71
( 0.02 nm,b ) 7.41 ( 0.10 nm,a ) 62 ( 1°. (d) Tentative molecular
model reflecting the ordering in c. (e) Bias-dependent imaging of OPV4-
PDI-OPV4. The applied sample bias is indicated below each image. Image
size is 10.1× 10.1 nm2. Iset) 0.40 nA. Arrows outside the images refer to
alkyl chains (black), OPV (blue), and PDI moieties (red).
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lie completely flat on the substrate due to the presence of thetert-
butylphenoxy groups, which must be partly rotated away from the
substrate. The slight curvature (S-shape) of the rods suggests only
a limited tilt angle between the OPV and PDI planes. The distance
between adjacent rows (b) measures 7.4( 0.1 nm andR measures
62 ( 1°. Two out of three dodecyloxy chains are nicely resolved
in several images. These chains are oriented along one of the main
symmetry axes of the graphite substrate. The exact location of the
third chain cannot be determined. Figure 1d is a molecular model
reflecting the ordering as proposed.

Figure 1e shows a sequence of images recorded at different
sample bias (from negative to positive). At high negative voltages
(-1.19 to-1.06 V), the OPV parts appear brighter compared to
the central PDI moiety. By changing the bias voltage from negative
to positive, the PDI part gradually becomes brighter (from-0.77
to +0.80 V). Upon further increasing the positive bias voltage, we
found that the PDI parts become brighter than the OPV units. These
experiments have been repeated several times, using different tips,
different set-point currents, and different scan directions, all showing
qualitatively the same result.

The bias-dependent contrast changes can be explained by the
schematic energy diagrams proposed in Figure 2, which are based
upon a number of assumptions: (1) The tunneling junction is
asymmetric with the molecules closer to the substrate than to the
tip. (2) The interaction between the molecules and the substrate is
weak; physisorption does not significantly affect the energy levels
of HOMO and LUMO. (3) The molecular orbital that is closer in
energy to the Fermi level of the negatively biased electrode (the
electron source) affects the tunneling process more strongly. (4)
OPV and PDI moieties are electronically decoupled or only weakly
coupled as indicated by the absorption spectrum. As depicted in
the left scheme, at negative sample bias, the HOMOOPV level is
located close to the Fermi level of graphite. Therefore, electrons

tunneling from graphite to the tip couple more strongly to the
HOMOOPV level than to the other energy levels. At high positive
bias voltages (right scheme), the LUMOPDI level is closer to the
Fermi level of the tip than other states and, accordingly, is expected
to affect the tunneling process, from tip to substrate, to a greater
extent. This simplified model is in line with experimental observa-
tions: OPV moieties appear brighter at negative sample bias while
the PDI moiety appears brighter at high positive sample bias.

In conclusion, we have presented the two-dimensional ordering
of a unique electron donor-acceptor-donor triad molecule. By
bias-dependent scanning tunneling microscopy imaging, the donor
and acceptor parts of the molecule were distinguished. The bias-
dependent contrast reflects the different electronic states involved
in the tunneling process.

Acknowledgment. We thank the DWTC, through IUAP-V-03,
the Institute for the Promotion of Innovation by Sciences and Tech-
nology in Flanders (IWT), and the Fund for Scientific Research-
Flanders (FWO). S.D.F. is a postdoctoral fellow of FWO. We
gratefully acknowledge discussions with the Rabe group (Berlin).

Supporting Information Available: Absorption spectrum, CV
curve, and determination energy diagrams (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.

References
(1) Friend, R. H.; Gymer, R. W.; Holmes, A. B.; Burroughes, J. H.; Marks,

R. N.; Taliani, C.; Bradley, D. C. C.; Dos Santos, D. A.; Bre´das, J. L.;
Logdlund, M.; Salaneck, W. R.Nature1999, 397, 121.

(2) (a) Adam, D.; Schuhmacher, P.; Simmereer, J.; Ha¨ussling, L.; Siemens-
meyer, K.; Etzbach, K. H.; Ringsdorf, H.; Haarer, D.Nature1994, 371,
141. (b) van de Craats, A. M.; Warman, J. M.; Fechtenko¨tter, A.; Brand,
J. D.; Harbison, M. A.; Mu¨llen, K. AdV. Mater. 1999, 11, 1469. (c)
Schouten, P. G.; Warman, J. M.; de Haas, M. P.; van Nostrum, C. F.;
Gelinck, G. H.; Nolte, R. J. M.; Copyn, M. J.; Zwikker, J. W.; Engel, M.
K.; Hanack, M.; Chang, Y. H.; Ford, W. T.J. Am. Chem. Soc.1994, 116,
6880. (d) Kestemont, G.; de Halleux, V.; Lehmann, M.; Ivanov, D. A.;
Watson, M.; Geerts, Y. H.Chem. Commun.2001, 2074.

(3) (a) Syamakumari, A.; Schenning, A. P. H. J.; Meijer, E. W.Chem.-Eur.
J. 2002, 8 (15), 3353. (b) Peeters, E.; van Hal, P. A.; Meskers, S. C. J.;
Janssen, R. A. J.; Meijer, E. W.Chem.-Eur. J. 2002, 8 (19), 4470.

(4) (a) Aviram, A.; Ratner, M. A.Chem. Phys. Lett.1974, 29, 277. (b) Lloyd
Carroll, R.; Gorman, C. B.Angew. Chem., Int. Ed.2002, 41, 4378.

(5) (a) Rabe, J.; Buchholz, S.Science1991, 253, 424. (b) Cyr, D. M.;
Venkataraman, B.; Flynn, G. W.Chem. Mater.1996, 8, 1600. (c) Chiang,
S. Chem. ReV. 1997, 97, 4, 1083.

(6) De Feyter, S.; De Schryver, F. C.Chem. Soc. ReV. 2003, 32, 139, and
references therein.

(7) (a) Stabel, A.; Rabe, J.Angew. Chem., Int. Ed. Engl.1995, 34, 303. (b)
Tchebotareva, N.; Yin, X.; Watson, M. D.; Samorı`, P.; Rabe, J. P.; Mullen,
K. J. Am. Chem. Soc.2003, 125, 8734.

(8) (a) Smith, D. P. E.; Ho¨rber, J. K. H.; Binnig, G.; Nejoh, H.Nature1990,
334, 641. (b) Rabe, J. P.; Buchholz, S.Phys. ReV. Lett. 1991, 66, 2096.
(c) Rabe, J. P.; Buchholz, S.; Askadskaya, L.Synth. Met.1993, 54, 339.
(d) Stabel, A.; Dasaradhi, L.; O’Hagan, D.; Rabe, J. P.Langmuir1995,
11, 1427. (e) Venkataramn, B.; Flynn, G. W.; Wilbur, J.; Folkers, J. P.;
Whitesides, G. M.J. Phys. Chem.1995, 99, 8684. (f) Cyr, D. M.;
Venkataraman, B.; Flynn, G.; Black, A.; Whitesides, G. M.J. Phys. Chem.
1996, 100, 13747. (g) Giancarlo, L.; Cyr, D.; Muyskens, K.; Flynn, G.
W. Langmuir1998, 14, 1465. (h) Claypool, C. L.; Faglioni, F.; Goddard,
W. A., III; Gray, H. B.; Lewis, N. S.; Marcus, R. A.J. Phys. Chem. B
1997, 101, 5978.

(9) (a) Crystal, J.; Zhang, L. Y.; Friesner, R. A.; Flynn, G. W.J. Phys. Chem.
A 2002, 106, 1802. (b) Claypool, C. L.; Faglioni, F.; Goddard, W. A.;
Gray, H. B.; Lewis, N. S.; Marcus, R. A.J. Phys. Chem. A1997, 101,
5978. (c) Lazzaroni, R.; Calderone, A.; Bre´das, J. L.; Rabe, J. P.J. Chem.
Phys. 1997, 107, 1, 99. (d) Scudiero, L.; Barlow, D. E.; Hipps, K. W.J.
Phys. Chem. B2002, 106, 996, and references cited in these papers.

(10) (a) Schmickler, W.J. Electroanal. Chem. 1990, 296, 283. (b) Fischer, A.
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Figure 2. (a) Scheme of the frontier orbitals (HOMO and LUMO) of OPV
(blue) and PDI (red) relative to the vacuum level and Fermi level of graphite.
(b) Tentative energy level diagrams illustrating the relative position of the
HOMO and LUMO levels of OPV (blue) and PDI (red) with respect to the
graphite and Pt/Ir tip Fermi levels upon applying a bias on the sample.
Left: negative sample bias. Right: positive sample bias. Fermi levels of
graphite (Ef,S) and STM tip (Ef,T) are indicated with dotted lines. The energy
levels of PDI and OPV were estimated from CV measurements and the ab-
sorption spectra. The slope of the vacuum level is determined by the differ-
ence in work function between substrate and tip and the applied bias voltage.
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