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’ INTRODUCTION

Functional materials at surfaces,1�10 in particular biobased
structures, have received increasing attention because of their
specific recognition and self-organization abilities and their
possible use in devices such as sensors and advanced drug
deliveries.11�23

Not only biomolecules but alsoπ-conjugated compounds have
great potential, as nanostructures formed by the self-assembly of
those molecules can be used in organic electronics.24�31 Among
π-conjugated systems, oligo(p-phenylenevinylene) (OPV) deri-
vatives are of particular interest, and their self-assembly process
into supramolecular architectures and the resulting properties
have been examined thoroughly.32�41

By combining specific recognition with organic electronics, a
new research approach in the fabrication of functional materials
emerged: biomolecule-assisted supramolecular assembly of
π-conjugated molecules.42�48 This approach resembles nature’s
concept in which templates with specific binding sites are used to
efficiently form well-defined assemblies. Combining π-conju-
gated molecules with biomolecules is an attractive approach to
obtain nanostructures having a well-defined size and geometry
and positional control.49 Such hybrid materials show not only
recognition ability but also fine electronic and optical pro-
perties, whichmight enhance the performance of light-harvesting

systems and nanoelectronic devices based on organic semi-
conductors.50�58 A necessary condition for the predominance
of biomolecule-assisted assembly over self-assembly is that
the free energy change resulting from the combined effects of
biomolecule�molecule and biomolecule-assisted molecule�
molecule interactions is larger than the free energy gain from
the self-assembly of the molecules themselves.

Here, we report on a new development in this field: the
induction of supramolecular surface-confined architectures of
π-conjugated oligomers, that is, OPV molecules, by nucleosides
at the liquid/solid interface. We studied the self-assembly of
such a nucleoside and a π-conjugated OPV oligomer building
block into hybrid chiral architectures at the liquid/solid interface
using scanning tunneling microscopy (STM) as the imaging
tool. Inspired by hydrogen-bonding interactions prevailing
in biological systems, we have selected thymidine (Figure 1,
both enantiomers), which is one of the DNA nucleosides,
as the biomolecule building block and an achiral OPV with a
diaminotriazine hydrogen bonding unit (A-OPV3T, Figure 1)
as the π-conjugated system. The complementary hydrogen-
bonding interaction between A-OPV3T and thymidine was
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ABSTRACT: The formation of DNA nucleoside-assisted π-
conjugated nanostructures was studied by means of scanning
tunneling microscopy (STM) and force field simulations. Upon
adsorption of the achiral oligo(p-phenylenevinylene) (OPV)
derivative at the liquid/solid interface, racemic conglomerates
with mirror related rosettes are formed. Addition of the DNA
nucleosides D- and L-thymidine, which act as “chiral handles”,
has a major effect on the supramolecular structure and the
expression of chirality of the achiral OPV molecules. The
influence of these “chiral handles” on the expression of chirality is probed at two levels: monolayer symmetry and monolayer
orientation with respect to the substrate. This was further explored by tuning the molar ratio of the building blocks. Molecular
modeling simulations give an atomistic insight into the monolayer construction, as well as the energetics governing the assembly.
Thymidine is able to direct the chirality and the pattern of OPV molecules on the surface, creating chiral lamellae of π-conjugated
dimers.
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anticipated to be an attractive way to create and control the
chiral supramolecular organization of the π-conjugated oligo-
mers at the liquid/solid interface.45�48 Addition of a second
component can induce a structural transformation of the self-
assembled structures and even homochirality if the molecules
added are chiral.59�63 Playing with the molecular ratio can help
to control the self-assembly of these multicomponent organic
structures.64�66

We characterized the structure and chirality of self-assembled
monolayers of A-OPV3T and of A-OPV3T/thymidine com-
plexes at the 1-octanol/HOPG interface by using STM, which
is an excellent tool to investigate the molecular self-assembly
and dynamics of supramolecular architectures at surfaces or
interfaces with submolecular resolution.67�76 The self-assembly
of various DNA nucleobases has already been studied at the
liquid/solid interface with STM.77�80 Likewise, the self-assembly
of several OPV-derivatives is documented.32�36,81 However,
combining both types of molecules brings new and interesting
perspectives. It was found that A-OPV3T self-assembles into
chiral cyclic hexamers and forms a racemic conglomerate. By
premixing with enantiopure thymidine, chiral lamellae of π-
conjugated dimers were observed, revealing a dramatic change
in the two-dimensional architecture and an intriguing complex
expression of surface chirality. Molecular modeling simulations
provided additional insight in the monolayer structure. These
results show that nucleosides can be used to direct the ordering of
π-conjugated molecules.

’RESULTS AND DISCUSSION

Self-Assembly of A-OPV3T at the 1-Octanol/HOPG Inter-
face. In the first phase, we studied the self-assembly of A-OPV3T
at the 1-octanol/HOPG interface by means of STM (Figure 2).
Similar to other 1,3-diaminotriazine-functionalized OPV deri-
vatives,35,36,81 A-OPV3T formed a well-defined monolayer com-
posed of hydrogen-bonded cyclic hexamers, so-called rosettes.
Two types of rosettes, related by mirror-image symmetry, were
found, as shown in Figure 2a. We identify the rosettes as
clockwise (CW) and counterclockwise (CCW) on the basis of
the relative orientation of the OPV units in line with previous
assignments. The bright rods correspond to the conjugated
OPV backbone because of the high local density of states, while
the dodecyloxy chains are dark due to the lower local density
of states.82,83 More than 95% of the monolayer consists of
rosette structures, and the relative contribution of CW and

CCW rosettes is about the same. In addition to defects (4%), a
small amount of dimers (<1%) is formed (Supporting Informa-
tion S1).
Figure 2b,c shows high-resolution images of a domain of CW

and CCW rosettes, respectively. The unit cell parameters were
measured as: a = 5.5( 0.2 nm, b = 5.6( 0.1 nm, γ = 61( 1� for
CW rosettes, and a = 5.5( 0.1 nm, b = 5.4( 0.1 nm, γ = 60( 2�
for CCW rosettes. Not surprisingly, the unit cell parameters
are the same within experimental error. Models for the CW and
CCW rosettes were made on the basis of previous reports
(Figure 2d,e, and Supporting Information S2).35,36 A rosette
consists of six OPV molecules held together by hydrogen bonds.
The van der Waals interactions between interdigitated alkyl
chains of neighboring rosettes, the hydrogen bonds in the center
of the rosettes, and the molecule�substrate interactions stabilize
the monolayer at the liquid/solid interface. High-resolution
STM images reveal that only two out of three dodecyloxy chains
per OPV unit are adsorbed on the HOPG surface. The other
dodecyloxy chain extends into the bulk solution. The adsorbed
alkyl chains align along the normal to themain graphite symmetry
axes Æ11�20æ.
Achiral molecules often self-assemble into chiral supramole-

cular structures at the liquid/solid interface.84�86 This is also the
case for the assembly of A-OPV3T at the 1-octanol/HOPG
interface. The pattern formed by A-OPV3T belongs to plane
group p6, one of the five chiral plane groups.67 Furthermore,
A-OPV3T assembles into a monolayer composed of different
rosette domains, which have opposite orientations (CW rosette
domain, �9�; CCW rosette domain, +10�) with respect to the
main symmetry axis of the underlying HOPG substrate. Thus,
chirality is not only expressed at the level of the monolayer
symmetry, but also by the relative orientation of the monolayer
with respect to the substrate underneath. Similar results have
been reported for related achiral OPV derivatives.81

Thymidine-Assisted Self-Assembly of A-OPV3T. To study
the influence of nucleosides on the nanostructures formed
by A-OPV3T molecules at the liquid/solid interface, we used
thymidine (D- and L-thymidine) as a chiral handle. There is no

Figure 1. Molecular structures of A-OPV3T, D-thymidine and L-thymidine.

Figure 2. STM images of A-OPV3T at the 1-octanol/HOPG interface.
(a) Iset = 0.28 nA, Vset = �0.30 V. Insets highlight the structure of
clockwise (CW) and counterclockwise (CCW) rosettes. The yellow
dashed line separates a CW and a CCW rosette domain. Yellow rods
cover OPV units to show where the OPV is located. (b) CW rosettes:
Iset = 0.28 nA, Vset = �0.40 V. (c) CCW rosettes: Iset = 0.70 nA, Vset =
�0.28 V. Insets in (b) and (c) are images of HOPG, recorded underneath
the correspondingmonolayers. In (b) and (c), the red solid lines reflect the
main symmetry axes of the graphite. The yellow dotted lines run parallel to
the unit cell vector a. [A-OPV3T] = 1.0 mM. Tentative models of the
A-OPV3T monolayer structure with CW rosettes (d) and CCW rosettes
(e) are shown, and a unit cell is indicated in yellow for each model.
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evidence for the adsorption of pure thymidine into a monolayer
at the 1-octanol/HOPG interface. To influence the self-assembly
of A-OPV3T, A-OPV3T and thymidine were premixed in
solution.
A droplet of a mixture of D-thymidine and A-OPV3T with a D-

thymidine/A-OPV3Tmolar ratio (R) of 0.5 was applied onto the
substrate. STM imaging was started quickly after dropcasting,
and the first stable image was obtained after 30 min. A dynamic
transformation from rosettes as observed in Figure 2 to so-called
“dimers”, which are aligned in rows, was clearly visualized
(Figure 3). In analogy with the rosettes, each bright rod in such
a dimer is attributed to an OPV backbone. These images provide
no information on the location of the thymidine molecules. A
detailed discussion on the composition of these new supramo-
lecular structures and the role of the thymidine molecules follows
later. All of the dimers were oriented counterclockwise (CCW),
defined as the direction of the dimers against the normal of the
row axis. Because this process was monitored within a short time
period, the effect of solvent evaporation could be neglected. The
STM images were recorded at the same location as a function
of time (Supporting Information S3). Four distinct images were
chosen to illustrate the time-dependent changes.
We calculated the number of A-OPV3T molecules forming

rosettes and the number of A-OPV3T molecules forming CCW

dimers. Figure 3e shows the change in surface coverage of rosettes,
dimers, and defects. The surface coverage of both rosettes and
defects decreased over time, while that of CCW dimers increased
accordingly. So, both rosettes and defects gradually turned into
CCW dimers. This means that the dimers are the thermodyna-
mically most stable packing and that the defects are healed in
time, creating a more regular monolayer. After approximately 1 h,
a total amount of 85% dimers were found on the surface.
Because measurements after 90 min and more also gave a value
of approximately 85% (Figure 4), we can state that the curve starts
to level off after 1 h, reaching an equilibrium.
This shows that thymidines are able to interact with A-OPV3T

molecules inducing a time-dependent pattern transformation
from rosettes to dimers. Dimers proved to be more stable than
rosettes. To ensure that the equilibrium is reached and to avoid
dynamics for further measurements, the molecules were left to
self-assemble at least 90 min prior to STM imaging.
The interaction with thymidine was then further studied by

looking at mixtures of A-OPV3T and D-thymidine with different
molar ratios keeping the concentration of A-OPV3T constant
(Figure 4). Upon increasing the concentration of D-thymidine,
and therefore also the molar ratio (R) of thymidine with respect
to A-OPV3T, rosettes disappear at the benefit of dimers. For

Figure 3. (a�d) Sequence of STM images of A-OPV3T in the presence
of D-thymidine (R = [D-thymidine]:[A-OPV3T] = 0.5) with a time
interval of 11 min. The first image was recorded 30 min after dropcast-
ing. [A-OPV3T] = 1.0 mM. Iset = 0.50 nA, Vset =�0.25 V. Image size is
42 � 42 nm. Blue disks indicate rosettes. Inset in (d) is a magnification
of the area indicated with a black rectangle. Two dimers are indicated
with green rods. Each colored unit corresponds to an A-OPV3T mole-
cule. (e) Surface coverage (%) of rosettes, CCW dimers, and defects as a
function of time.

Figure 4. Molar ratio-dependent pattern transformation of A-OPV3T
at the 1-octanol/HOPG interface with the addition of D-thymidine. R =
[D-thymidine]:[A-OPV3T]. [A-OPV3T] = 1.0 mM. (a) R = 0.25, Iset =
0.25 nA, Vset = �0.23 V. (b) R = 0.5, Iset = 0.50 nA, Vset = �0.25 V.
(c) R = 2.0, Iset = 0.285 nA, Vset =�0.208 V. (d) R = 10.0, Iset = 0.500 nA,
Vset = �0.269 V. STM image size is 80 � 80 nm. (e) Surface coverage of
rosettes and dimers as a function of R.
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R = 0.25, only a few dimer structures could be found on the
surface. At very high molar ratios of thymidine (e.g., R = 10),
the rosettes have completely disappeared, and the monolayer
consists almost exclusively of dimers (97%). At R = 1, the curve
shows an inflection point, suggesting a 1:1 hydrogen-bonded
complexation between thymidine and the diaminotriazine unit of
A-OPV3T.
Moreover, when lookingmore closely into the dimer structures,

two kinds of dimers could be found. Both dimers are CCW for the
combination of A-OPV3T and D-thymidine, but the packing is
different. The dimers, so-called CCW I and CCW II, are shown in
Figure 5a and b, respectively. The CCW dimer unit cell para-
meters are: a = 1.8( 0.1 nm, b = 4.8 ( 0.1 nm, γ = 89( 3� for
CCW I, and a = 1.6( 0.1 nm, b = 5.6( 0.1 nm, γ = 84( 3� for
CCW II. Both unit cells belong to the chiral p2 plane group.87,88

For the combination of A-OPV3T and L-thymidine, there is
a similar molar ratio-dependent structural transformation from

rosettes to dimers (Supporting Information S4). In this case, two
types of CW dimers are formed, as shown in Figure 5c and d.89

The dimer unit cell parameters are characterized as: a = 1.7 (
0.1 nm, b = 4.7 ( 0.1 nm, γ = 89 ( 2� for CW I, and a = 1.5 (
0.1 nm, b = 5.6( 0.2 nm, γ = 86( 4� for CW II. The CW I and
CCW I, and CW II and CCW II patterns are enantiomorphous;
that is, they are mirror images. Furthermore, the orientations
of the monolayer with respect to the main symmetry axes of
the underlying HOPG are opposite for CCW I (+9�) and CW I
(�10�), and also for CCW II (+17�) and CW II (�18�).
There are similar differences between type I and type II dimers

based on CW and CCW patterns: (i) type II has a smaller a
vector and a larger b vector; (ii) the angle between the long axis of
a type II dimer and the normal of the lamella direction is smaller
than that for type I dimers; and (iii) most of the alkyl chains
between two lamella were too fuzzy to be resolved in STM
images for type II as compared to type I, in which two out of three
alkyl chains per OPV unit are physisorbed and can be easily
resolved in STM images.
In addition, the relative amount of type I dimers with re-

spect to type II dimers changes with increasing R (thymidine:
A-OPV3T). At very low R, for example, R = 0.25 for D-thymidine,
an equal amount of CCW I and CCW II is formed on the surface,
while for R = 0.5, an obvious preference for CCW II dimers is
found. Figure 5e shows the variation in surface coverage for
CCW I and CCW II dimers as a function of R. When R is smaller
than 0.5, the surface coverages of CCW I and CCW II both
increase with increasing R. When R is larger than 0.5, the surface
coverage of CCW I starts to decrease, while that of CCW II
continues increasing with increasing R. For R higher than 1, the
surface coverage of CCW II starts to level off. For example, when
R = 10, the surface coverage of CCW II is 95%, while that of
CCW I is smaller than 1%. So, the structural transformation is
molar ratio dependent and CCW II is the dominant structure
for a mixture of A-OPV3T and D-thymidine. For a mixture of
A-OPV3T and L-thymidine, similar results were obtained
(Figure 5f), but the dominant structure is now the CW II dimer.
As discussed above, the addition of thymidine to a solution of

A-OPV3T leads to the emergence of dimer structures at the
liquid/solid interface. This pattern transformation indicates that
thymidine interacts with A-OPV3T through noncovalent inter-
actions adsorbing in or on top of the A-OPV3T layer. When the
unit cell parameters of type I and type II dimers formed by
A-OPV3T mixed with thymidine were compared to those of the
dimers formed by pure A-OPV3T, a significantly different b value
was found (Supporting Information S1). This difference indi-
cates that the thymidine molecules interacting with A-OPV3T
molecules are not on top of the monolayer but coadsorbed with
A-OPV3T on the substrate. The expression of chirality also
suggests that thymidine interacts and is part of the monolayer:
thymidines with opposite chirality led to dimers with opposite
chirality. Chirality is not only expressed at the level of the pattern
structure but also at the level of the monolayer with respect to the
basal plane of HOPG. Thus, the chirality of thymidine directs
the chirality of the self-assembled monolayer. Taking spatial
hindrance into account, thymidine can only take one way and
be partly coadsorbed on the surface. Accordingly, to form com-
plex via complemntary hydrogen bondings with thymidines,
A-OPV3T can adsorb on the surface by one way. Basically, the
chirality of the chiral center in thymidine exerts steric interaction
to OPV molecules.

Figure 5. STM images of (a) A-OPV3T with D-thymidine, Iset = 0.45
nA,Vset =�0.24 V. (b) A-OPV3Twith L-thymidine, Iset = 0.35 nA,Vset =
�0.25 V. (c) A-OPV3T with D-thymidine, Iset = 1.0 nA, Vset =�0.25 V.
(d) A-OPV3T with L-thymidine, Iset = 0.189 nA, Vset =�0.302 V. Insets
are STM images of the graphite substrate underneath the respective
monolayers. In (a)�(d), red solid lines reflect the symmetry axes of
graphite. Yellow dotted lines run parallel to the unit cell vector a. The
relative orientation of the OPV units within one dimer is highlighted in
green. Size of all images is 18� 18 nm. (e and f) Surface coverage of type
I and type II dimers as a function of R with [A-OPV3T] = 1.0 mM.
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To check if there are interactions between the two compo-
nents in solution, NMR experiments were carried out using a
solution that was also used for the STM experiments. The
experimental data (Supporting Information S6) showed no
interaction between A-OPV3T and thymidine. In other words,
no hydrogen bond is formed between A-OPV3T and thymidine
in solution, prior to adsorption on the surface. Because there is a
pattern transformation and change in chirality after addition of
thymidine at the liquid/solid interface, the substrate must play a
crucial role and drive the interactions. Therefore, the liquid/solid
2D constraint must be of key importance.90�92

Modeling of A-OPV3T/Thymidine Dimers. A Molecular
Mechanics/Molecular Dynamics (MM/MD) approach was used
to shed light on the possible structural arrangements of the
supramolecular dimers formed by A-OPV3T and L-thymidine
(we expect the A-OPV3T/D-thymidine dimers to show mirror-
imaged structures). In these simulations, the A-OPV3T/thymi-
dine ratio used is 1:1, based on the assumption of coadsorption
on the surface and complementarity of hydrogen-bonding sites.
Initial structures were built on the basis of assembly models

inspired from the STM results. It is important to stress that the
formation of a dense adlayer on graphite is incompatible with all
of the dodecyloxy side chains of the OPV cores lying flat on the
surface. The STM measurements indicate that one of the three
side chains is completely desorbed from the surface and solvated
by 1-octanol molecules for the CW I and CCW I dimers. Because
explicit solvent molecules are not considered in our calculations,
we simply removed one of the three dodecyloxy chains from each
A-OPV3T core for the sake of simplicity. As described below, the
other two chains partially adsorb on the graphite surface, thereby
contributing to the formation of the adlayer.
Models for monolayers including 16 A-OPV3T and 16

L-thymidine molecules were generated on top of a double layer
of graphite. The calculations were carried out with frozen lattice

parameters, which are in agreement with the corresponding STM
values. The resulting structures are shown in Figure 6.
In the CW I dimer (left column), the axes of the conjugated

backbones of the two OPV units belonging to neighbor dimers
are almost perfectly aligned, with the two thymidine molecules
located in front of the diaminotriazine groups and back-to-back
with respect to each other (Figure 6a). This geometry has the
following consequence on the size and shape of the unit cell: due
to the sterical hindrance between thymidines and the OPV side
chains on the central ring, the short axis value is larger with
respect to that observed in CW II. As a consequence, the space
available between OPV molecules is large enough to allow for
partial interdigitation of the long terminal alkyl chains, resulting
in the CW I pattern represented in Figure 6a. In the CW II dimer
(right column), the OPV backbones are clearly shifted with
respect to each other. Again, one thymidine molecule is located
in front of each diaminotriazine unit, but, due to the shift between
the conjugated backbones, each thymidine molecule can also
interact laterally with the other OPV molecule (Figure 6b). Such
a lateral interaction, combined with the absence of sterical
hindrance between the thymidines and the alkyl groups on
the central ring of the OPV unit, results in a smaller interstitial
space between the OPV molecules. The long axis thus elongates
with respect to what is observed for CW I, so as to reduce
the repulsion between the long alkyl chains, giving the CW II
arrangement in Figure 6b.
The influence of constraining the lattice parameters of the

assembly to their STM values is clearly visible in the region
between OPV rows, which features a higher degree of config-
urational disorder and partial or total desorption of the alkyl
chains from the surface (this is illustrated in the side views at the
bottom of Figure 6). To quantify this effect, we have estimated
the desorption ratio, D, of those chains by integrating the radial
distribution function of the corresponding carbon atoms above

Figure 6. Models for the monolayers of the CW I (left) andCW II (right) dimers on graphite. (a and b) Top view of the assemblies; (c and d) Side view of the
assemblies.Nitrogen atoms inblue andoxygen atoms in red. Insets in (a) and (b) were zoomed in fromFigure 5b anddand then rotated in theplanewith a proper
angle. A yellow unit cell and an OPV dimer (where one green rectangle covers one OPV unit) were both shown in (a), (b), and the zoomed-in STM images.
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a certain cutoff distance from the surface (5 Å, Supporting
Information S7). For model CW I, we obtain a desorption ratio
of 0.26, indicating that on average 9 out of the 12 carbon atoms
are in contact with the graphite surface in each dodecyl chain.
In model CW II, the desorption ratio is larger (D≈ 0.35); that is,
on average only 8 carbon atoms per dodecyl chain are in contact
with the surface. This more pronounced desorption of the alkyl
chains yields a more disordered arrangement, which is consistent
with the increased fuzziness in the STM images for type II
dimers.
It thus appears that the A-OPV3T/thymidine system prefer-

entially arranges intomonolayers (CW I andCW II) with a dense
molecular packing but disordered, partially desorbed alkyl chains,
rather than in a “more classical”, more ordered structure with
full adsorption of the alkyl chains but a less dense packing. To
understand that behavior, we have compared the energetics of
the adsorption on graphite for the CW I and CW II layers and
for hypothetical structures in which the alkyl chains are allowed
to fully adsorb. The total interaction energy per dimer, which is
mostly driven by molecule�surface interactions (Supporting
Information Table S8), is larger in those hypothetical assemblies,
because of the more favorable CH�π contacts between graphite
and the alkyl chains. However, when examining the total energy
per unit surface area, this is compensated by the smaller area
occupied by each dimer in the dense “disordered” assembly,
which is found to be the most stable: about �43 kcal mol�1

dimer�1 nm�2 for the dense “disordered” assembly versus
about�36 kcal mol�1 dimer�1 nm�2 for the ordered, less dense
structure (Supporting Information Table S8). Thus, the system
spontaneously evolves into a trade-off situation where the alkyl
chains are still significantly bound to the graphite surface but
partly desorbed to maximize the monolayer density. This trend
is expected to be even more favorable in the real situation, in
which the desorbed parts of the alkyl chains are further stabilized
by solvation, a process that is not taken into account in the
modeling.
The total interaction energies per dimer between the CW I and

CW II structures are very close:�42.87 kcalmol�1 dimer�1 nm�2

for CW I versus �43.20 kcal mol�1 dimer�1 nm�2 for CW II.
These values result from a trade-off between larger molecule�
molecule interactions in CW II (hydrogen bonding and Coulomb
interactions) and better CH�π interactions with the surface for
CW I (see Supporting Information Table S8 for details). Such a
similarity between the total interaction energies can explain the
fact that both types of arrangements can coexist on the surface;
the very small difference in favor of CW II is consistent with the
prevalence of that structure when the amount of thymidine
increases (i.e., when the A-OPV3T/thymidine ratio is close or
larger than 1). Note that the molecule�molecule interactions
are more clearly in favor of CW II, which further supports the
formation of that type of assembly.

’CONCLUSIONS

The self-assembly of A-OPV3T, and the thymidine-induced
self-assembly of A-OPV3T, were systematically studied at the
1-octanol/HOPG interface by STM and modeling tools.
A-OPV3T can form an ordered racemic conglomerate mono-
layer composed of CW and CCW rosette domains. In a mixture
of A-OPV3T with thymidine, A-OPV3T interacts with thymi-
dine on the surface by hydrogen bonding, although there is no
interaction between these two building blocks in solution, under

the experimental conditions used for self-assembly at the liquid/
solid interface. A thymidine-induced morphological change of
the A-OPV3T monolayer pattern was observed. Enantiomor-
phous dimers were obtained from A-OPV3T with D-thymidines
and A-OPV3Twith L-thymidines. The chirality of the dimers and
the monolayer was dominated by the chirality of thymidine.
An overall chiral monolayer was induced by the introduction of
thymidine enantiomers. The thymidines play a key role in not
only the chiral expression but also the surface packing. The
control of surface packing and chiral expression of A-OPV3T
was realized by changing the molar ratio of both components.
With the assistance of molecular modeling simulations, type II
dimers were found to be the dominant superstructures
by evaluating the adsorption energy per unit area, which is in
agreement with the STM measurements. Controlling the chiral
supramolecular organization of π-conjugated molecules by using
(oligo)nucleotides is an appealing approach to create well-
defined 2D supramolecular patterns, which is of importance in
the fields of molecular recognition and (nano)electronic devices.

The present research can give new insights into the assembly
of biological/conjugated molecules in the use of organic electro-
nic devices as well: First, it expands the concept from DNA
strand-templated to nucleoside-induced or further nucleobase-
induced assembly; second, the moieties with complementary
sites can be reversed in principle, and superstructure features and
properties could be further exploited; and third, not only the
binding group but also the conjugated unit can be replaced,
that is, other nucleobases or nucleosides as binding groups, and
other conjugated systems such as oligothiophene derivatives as
conjugated backbone.

’EXPERIMENTAL SECTION

Synthesis. Details of the synthesis of A-OPV3T were reported
before.93 D-Thymidine and L-thymidine were bought from Carbosynth
and used as received.
Scanning Tunneling Microscopy. All experiments were carried

out at 20�25 �C. Experiments were performed using a PicoSPM
microscope (Agilent). Tips were mechanically cut from Pt�Ir wire
(80:20 alloy, diameter 0.25 mm). Prior to imaging, the A-OPV3T and/
or the thymidines were dissolved in 1-octanol (Anhydrous, 99+%,
Sigma-Aldrich), and a drop of this solution was applied onto a freshly
cleaved surface of highly oriented pyrolytic graphite (HOPG, grade
ZYB, Advanced Ceramics Inc., Cleveland, OH). Almost all of the STM
imaging started at least 90 min after dropcasting to avoid interference of
the initial dynamics at the liquid/solid interface. Images were recorded
in the constant current mode. Vset refers to the sample bias. The graphite
lattice was recorded by lowering the sample bias immediately after
obtaining images of the monolayer. Drift effects were corrected via
scanning probe image processor (SPIP) software (ImageMetrology ApS).
Molecular Modeling. The physisorption of the adlayers on

graphite was modeled by means of a Molecular Mechanics/Molecular
Dynamics (MM/MD) approach. The DREIDING force field,94 as
implemented in the FORCITE tool pack of Materials Studio, was used,
because it is particularly adapted to account for the hydrogen bonds
that promote the self-assembly of the molecules. To validate the force
field for the estimation of adsorption energies, we have considered a
series of alkane molecules, for which experimental data are available
in literature.95 The energies obtained with DREIDING are in close
agreement with those experimental values, which validates the choice of
this force field here. The force field calculations were performed on
model systems including A-OPV3T and L-thymidine molecules in a 1:1
ratio deposited on graphite. The initial geometric configurations were
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inspired from assemblymodels based on the STMmeasurements. These
were then subjected to energy minimization at 0 K, releasing step by step
all constraints imposed during the construction of the assemblies,
followed by MD simulations in the NVT ensemble at 298 K for 1 ns.
The long-range nonbonded interactions were turned off with a cubic
spline cutoff set at 18 Å.

’ASSOCIATED CONTENT

bS Supporting Information. STM images, NMR spectra,
and molecular modeling. This material is available free of charge
via the Internet at http://pubs.acs.org.
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