
Surface-Induced Diastereomeric Complex Formation of a Nucleoside
at the Liquid/Solid Interface: Stereoselective Recognition and
Preferential Adsorption
Zongxia Guo,†,∥ Inge De Cat,† Bernard Van Averbeke,§ Elke Ghijsens,† Jianbin Lin,‡ Hong Xu,†

Guojie Wang,†,# Freek J. M. Hoeben,‡ Željko Tomovic,́‡ Roberto Lazzaroni,*,§ David Beljonne,§

E. W. Meijer,‡ Albertus P. H. J. Schenning,*,‡,⊥ and Steven De Feyter*,†

†Division of Molecular Imaging and Photonics, Department of Chemistry, KU Leuven, Celestijnenlaan 200 FB-3001, Leuven,
Belgium
‡Laboratory of Macromolecular and Organic Chemistry, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands
§Service de Chimie des Materiaux Nouveaux, Universite ́ de Mons-UMONS, Place du Parc 20, 7000 Mons, Belgium
∥Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of Sciences, 189 Songling Road, 266101, Qingdao,
People’s Republic of China

*S Supporting Information

ABSTRACT: With the aim of achieving surface-mediated enantiose-
lective adsorption, the self-assembly of chiral oligo(p-phenyleneviny-
lene) (OPV3T) with nucleosides is investigated at the liquid/solid
interface by means of scanning tunneling microscopy and molecular
modeling. OPV3T enantiomers form mirror related hexameric rosette
patterns. The DNA nucleoside, thymidine, does not self-assemble into
stable adlayers but coadsorbs with OPV3T on the surface, leading to a
pattern transformation of OPV3T from rosettes to dimers, and a change in chiral expression as well. Diastereoselective
recognition between OPV3T and thymidine enantiomers can be used to resolve thymidine enantiomers at an achiral surface with
an OPV3T enantiomer as the resolving agent. The impact of molar ratio and concentration on the self-assembly and chiral
resolution is systematically investigated. Because there is no interaction between OPV3T and thymidine in solution, the liquid/
solid interface acts as the platform for the chiral resolution of thymidine enantiomers.

■ INTRODUCTION

The separation of a racemate into its enantiomers (resolution)
is of great importance in pharmaceutical and materials
technologies.1−4 The interaction of molecules with interfaces
provides interesting opportunities to resolve chiral mole-
cules.5−18 While in solution only 5−10% of all racemates
crystallize as a conglomerate (i.e., the enantiomers crystallize as
separate phases),19 on surfaces it seems that the majority of the
racemates self-assembling into monolayers organize into
enantiomorphous domains.20−27 Despite pronounced conglom-
erate formation on surfaces, isolation and collection of the
enantiomers remains a very difficult task, as the domain size is
often at the nanometer scale.28 From a practical point of view,
selective adsorption or crystallization of one of the enantiomers
on surfaces is more relevant for separation purposes.29−31

In this study, we explore in detail structural and dynamic
aspects, and concentration- and ratio-dependent effects of
surface-mediated diastereoselective recognition and adsorption.
In particular, we investigate the unprecedented situation in
which a chiral resolving agent and chiral compound do not
interact in solution, but only form a complex upon confinement
on a surface. Furthermore, the resolving agent is interacting

stronger with one of the enantiomers upon surface-confine-
ment; one of the so-formed diastereomers is more stable.
Following this difference in stability, a diastereomeric complex
formed by one of the enantiomers of the racemate and
resolving agent is preferentially formed and adsorbed on a
surface as a self-assembled monolayer. The other enantiomer is
left in solution.
A versatile tool to explore molecular self-assembly and

chirality aspects on atomically flat conductive surfaces is
scanning tunneling microscopy (STM). Even at liquid/solid
interfaces, STM has the potential to shine light on the
structural and dynamic aspects of chiral recognition,32−45

induction,46−55 and separation processes on surfaces,16 with
submolecular resolution.
We selected chiral oligo-(p-phenylenevinylene) derivatives

with a diaminotriazine headgroup (OPV3T) and thymidine
enantiomers (Figure 1) to explore surface-mediated diaster-
eoselective recognition and adsorption at the interface between
a solvent (1-octanol) and an atomically flat substrate (highly
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oriented pyrolytic graphite (HOPG)). The π-conjugated OPV
moieties act as markers, facilitating the identification of the
supramolecular architectures by STM. Thymidine is a DNA
nucleoside. OPV3T and thymidine have complementary
hydrogen-bonding sites, which can promote strong intermo-
lecular interactions and coadsorption at the interface.55

Thymidine coadsorbs with OPV at the interface and induces
morphological changes of the supramolecular architectures,
which depend on the concentration and molar ratio. The
thymidine enantiomers can be resolved at the liquid/solid
interface using OPV3T enantiomers as the resolving agent
because of chiral selective recognition and preferential
adsorption of one of the supramolecular diastereomers on the
solid surface, leading under optimized conditions to an
enantiomeric excess (ee) of 90%.

■ RESULTS AND DISCUSSION
Self-Assembly of Chiral OPV3T at 1-Octanol/HOPG

Interface. In the first stage, we explored the self-assembly of
the OPV3T pure enantiomers at the 1-octanol/HOPG
interface. Similar to previous reports on the self-assembly of
S-OPV3T at the 1-phenyloctane/HOPG interface,56,57 both
enantiomers form monolayers, which are composed of several
crystalline domains, the result of many nucleation sites
(Supporting Information S1). Figure 2a and b shows high-
resolution STM images of part of an S-OPV3T and R-OPV3T
domain at the 1-octanol/HOPG interface, respectively. The
bright rods correspond to the conjugated OPV backbone, while
the dodecyloxy chains appear as less bright lines. Only two out
of three alkyl chains per OPV3T molecule are adsorbed on the
HOPG surface, for sterical reasons. The third one is directed to
and probably solvated by the supernatant solution. Both
enantiomers assemble into ordered monolayers of cyclic
hexameric structures, called “rosettes”. The 1,3-diaminotriazine
groups point to the core of the rosette and stabilize the
supramolecular unit via hydrogen bonds. Adjacent rosettes
interact via van der Waals interactions between alkyl chains.
The unit cell parameters for both enantiomers are the same

within experimental error: a = 5.49 ± 0.12 nm, b = 5.47 ± 0.11
nm, γ = 119 ± 2° for S-OPV3T and a = 5.45 ± 0.10 nm, b =
5.50 ± 0.09 nm, γ = 120 ± 2° for R-OPV3T. The packing
patterns are not identical though. The rosettes are chiral, not
only because they are composed of chiral molecules, but also
because of the arrangement of the OPV3T molecules within
one rosette.58 Close inspection reveals a lateral offset for the
opposite OPV units within one rosette that are collinear, the
direction of which is enantiomer dependent. The chirality of
these rosettes is also nicely demonstrated by the orientation of
the alkyl chains. We label S-OPV3T rosettes as clockwise (CW)
and R-OPV3T rosettes as counterclockwise (CCW). Further-
more, both enantiomers self-assemble into an enantiomorphous
packing pattern, which belongs to the chiral plane group p6
(Figure 2), which is one out of a total of five chiral plane
groups.24,59

The transfer of molecular chirality into monolayer chirality is
also expressed by the nonrandom orientation of the adlayer
domains with respect to the graphite substrate underneath,
where symmetry axes of domains of R-OPV3T and S-OPV3T
are rotated over the same absolute angle, but with opposite sign
(see Figure 2 and Supporting Information S2). Monolayers
composed of solely thymidine molecules at the 1-octanol/
HOPG interface were never observed.

Self-Assembly of a Mixture of OPV3T and Thymidine:
STM and Modeling. In the second phase of the study, we
investigated the effect of thymidine on the self-assembly of
chiral OPV3T at the liquid/solid interface. In practice, we have
dropcast premixed solutions of the OPV3T enantiomers and
the thymidine enantiomers to minimize kinetic effects. Upon
dropcasting, patterns arise that differ from those formed by
pure OPV enantiomers. At this stage, we just introduce these
new patterns and comment on some structural aspects, while in
the next sections the importance and effect of solution
composition (concentration, ratio) on the outcome of the
self-assembly process will be discussed.

Figure 1. Structures of S-OPV3T, R-OPV3T, D-thymidine, and L-
thymidine.

Figure 2. STM-images of chiral OPV3T at the 1-octanol/HOPG
interface. (a) S-OPV3T, Iset = 0.448 nA, Vset = −0.43 V. (b) R-OPV3T,
Iset = 0.68 nA, Vset = −0.28 V. In (a) and (b), red solid lines reflect
symmetry axes of graphite, and yellow dotted lines run parallel to unit
cell vector b. Insets are images of HOPG, recorded underneath the
monolayer. In each of the images, a rosette model is superimposed.
(c,d) Rosette models. (c) Clockwise (CW) rosette from S-OPV3T.
(d) Counterclockwise (CCW) rosette from R-OPV3T. [OPV3T] =
1.0 mM. Size of STM images is 20 × 20 nm2.
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Typically, rows or lamellae of dimer-like bright rods appear.
The dimensions of a single bright rod correspond to the oligo-
(p-phenylenevinylene) unit of OPV3T. There are no features in
the images that can be assigned unequivocally to the thymidine
units, similar to our previous study of the self-assembly of
achiral OPV3T with thymidine.55 All possible combinations of
OPV3T enantiomers and thymidine enantiomers were
investigated (Figure 3). The unit cell parameters (a, b, and γ)
and the angle α between the short lamella axis and the main
symmetry directions (i.e., the ⟨112 ̅0⟩ directions) of HOPG are
summarized in Table 1. The mixtures form several types of

what we will call “dimer”-like patterns. In this Article, “dimer”
only refers to the appearance of the OPV3T units. The dimers
can be rotated clockwise (CW) or counterclockwise (CCW)
with respect to the short lamella axis. The combinations
containing D-thymidine produce CCW dimers and those
containing L-thymidine give rise to CW dimers, independent
of the chirality of the OPV3T enantiomer. Furthermore, any
combination including OPV3T and thymidine can lead to two
different types of dimers, identified as type “I” or type “II”. “I”
indicates that the dimers are rotated over a large angle with
respect to the short lamella axis, while “II” refers to dimers that

are nearly parallel to the short lamella axis. On the basis of this
information, we labeled the dimers of all combinations of chiral
OPV3T and thymidine as shown in Figure 3. High-resolution
STM images, taking molecular structures and unit cell
parameters into account, show the formation of diastereomeric
as well as enantiomorphous patterns. The latter mirror-image
patterns also have opposite orientations with respect to the
main symmetry axis of the substrate (Table 1). There are four
enantiomorphous pairs: DS-CCW-I and LR-CW-I; DS-CCW-II
and LR-CW-II; DR-CCW-I and LS-CW-I; and DR-CCW-II
and LS-CW-II. As discussed above, the pattern and domain
chirality are dominated by the chirality of thymidine instead of
the chirality of OPV3T.
The appearance of the type I and type II dimers depends on

the solution composition. Therefore, the transformation from
rosettes to dimers upon addition of thymidine was investigated
in detail by changing the solution ratio (R) of D-thymidine or L-
thymidine versus S-OPV3T (R = [thymidine]:[S-OPV3T]), for
a constant concentration of S-OPV3T. Besides the trans-
formation from rosettes to dimers, a molar ratio-dependent
pattern transformation from dimer I to dimer II was observed.
Figure 4a−c shows a set of representative STM images at

different ratios R at a constant S-OPV3T concentration for the
mixture of D-thymidine and S-OPV3T (abbreviated as DS
mixture). Figure 4d shows the population of the different
structures as a function of R. The steep drop in fraction of
rosettes and the concomitant rise in the fraction of dimers at
low R suggests a strong substrate-driven 1:1 complexation (see
Figure 4d). The fraction of rosettes decreases with increasing R,
and from R = 2 on, no rosettes can be observed. While a
decrease of the population of rosettes goes hand in hand with
an increase in fraction of dimer-like features, there is a clear
different ratio dependence for DS-CCW-I as compared to DS-
CCW-II dimers. Initially, DS-CCW-I dimers are formed almost
exclusively, reaching a maximum at about R = 1. At higher
ratios, the population of DS-CCW-II increases at the expense of

Figure 3. STM-images of monolayers formed from a solution of S-OPV3T or R-OPV3T with D- or L-thymidine at the 1-octanol/graphite interface.
The labels underneath the STM images refer to the solution composition (e.g., “DS” refers to D-thymidine and S-OPV3T) and type of arrangement
on the surface; “CCW” (counter clockwise) and “CW” (clockwise) refer to the orientation of the dimers with respect to the short axis of the
molecular rows. “I” indicates that the dimers are rotated over a large angle with respect to the short lamella axis, while “II” refers to dimers that are
nearly parallel to the short lamella axis. [OPV] = 1 mM in all cases. [Thymidine] = 1 mM for a, c, a′, and c′. [Thymidine] = 10 mM for b, d, b′, and
d′. Insets are STM images of graphite underneath the respective monolayer. The red solid lines reflect main symmetry axes of graphite, and the
yellow dotted lines run parallel to the unit cell vector a. The size of all images is 18 × 18 nm2. Green solid lines cover a dimer. Purple dotted lines
show the short lamella axis.

Table 1. Orientation Angle of the Short Lamella Axis with
Respect to HOPG Main Symmetry Directions (α) and Unit
Cell Parameters (a, b, and γ) of CCW and CW Dimers

α (deg) a (nm) b (nm) γ (deg)

DS-CCW-I +7 ± 2 1.9 ± 0.1 4.5 ± 0.1 93 ± 2
LS-CW-I −8 ± 2 1.8 ± 0.1 4.7 ± 0.2 92 ± 5
DS-CCW-II +15 ± 3 1.5 ± 0.1 5.5 ± 0.3 97 ± 4
LS-CW-II −15 ± 2 1.5 ± 0.1 5.5 ± 0.2 97 ± 2
DR-CCW-I +9 ± 2 1.9 ± 0.1 4.8 ± 0.2 91 ± 4
LR-CCW-I −7 ± 4 1.9 ± 0.1 4.8 ± 0.1 93 ± 3
DR-CCW-II +16 ± 2 1.6 ± 0.1 5.6 ± 0.2 98 ± 2
LR-CW-II −16 ± 1 1.6 ± 0.1 5.5 ± 0.2 96 ± 4
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DS-CCW-I. The monolayers are composed almost exclusively
of DS-CCW-II dimers at very high R (Supporting Information
S3).
As compared to the previous results, the diastereomeric

monolayer mixtures of L-thymidine and S-OPV3T (abbreviated
as LS mixture) seem to be very similar at first sight (Figure
4a′−d′). At very low R, rosettes are exclusively observed, while
at higher ratios, LS-CW-I dimers are formed peaking at R ≈ 2,
and being replaced by LS-CW-II dimers at even higher ratios
(Supporting Information S3). However, there is a big difference
at low R when comparing the surface coverage of rosettes and
dimers formed by S-OPV3T with L- or D-thymidine. This
difference is reflected in Figure 4a and a′, where the surface
coverage of dimers is marked in green and yellow, respectively.
Furthermore, Figure 5 compares the rosette surface coverage

with the total dimer surface coverage (i.e., dimer I and dimer II)
of DS mixtures, and its diastereomeric LS mixtures as a function
of R. In case of DS mixtures, dimers are formed (and rosettes
disappear) at lower R values as compared to LS mixtures. For
example, at R = 0.5, there was already about 50% of the surface
covered by dimers from the DS mixture, but only very few LS-
dimers were found on the surface. Assuming that the self-
assembly process occurs under equilibrium conditions, and that

the “invisible” thymidine enantiomers are part of the
monolayer, these results suggest that the interaction in DS
assemblies might be stronger than that in LS assemblies or that
DS assemblies are preferentially adsorbed.
One should note that the surface coverage of rosettes and

dimers does not only depend on the ratio between thymidine
and OPV3T in solution, but also on their concentration. Figure
6 shows the evolution of the number of dimers as a function of

the S-OPV3T concentration for DS (R = 0.5; R = 2) and LS (R
= 0.5) mixtures. These experiments reveal three trends: (1) the
dimer complex formation is favored for larger values of R, in
agreement with the data in Figure 5; (2) at low solution
concentrations, hardly any dimer complex is formed; and (3)
the fraction of LS-dimers increases much slower than the
fraction of the diastereomeric DS-dimers upon increasing the
solution concentration, which is in line with the anticipated
higher stability of the DS-dimers.
The trends observed in Figure 6 can be related to the

existence of a number of solution and surface equilibrium
processes. The question rises if the diastereomeric complex is

Figure 4. (a−c, a′−c′) STM-images of diastereomeric monolayers formed from solutions containing S-OPV3T and enantiopure thymidine at the 1-
octanol/HOPG interface at different ratios (R) of thymidine versus S-OPV3T (R = [thymidine]:[S-OPV3T]) for a constant concentration of S-
OPV3T (1.0 mM). (a−c) D-Thymidine and S-OPV3T: (a) R = 0.5, Iset = 0.75 nA, Vset = −0.32 V. (b) R = 2.0, Iset = 0.728 nA, Vset = −0.247 V. (c) R
= 10, Iset = 0.65 nA, Vset = −0.25 V. (a′−c′) L-Thymidine and S-OPV3T: (a′) R = 0.5, Iset = 0.397 nA, Vset = −0.43 V. (b′) R = 2.0, Iset = 0.20 nA, Vset
= −0.23 V. (c′) R = 10. Iset = 0.75 nA, Vset = −0.30 V. The blue arrows point to rosettes, the red arrows point to type I dimers, and the black arrows
point to type II dimers. Size of all STM images is 65 × 65 nm2. (d,d′) Surface coverage (%) of rosettes and the dimers as a function of R for (d) D-
thymidine and (d′) L-thymidine. The sum of the surface coverage does not always reach 100%, because defects are not included.

Figure 5. Surface coverage (%) of rosettes and dimers formed from a
DS mixture (black) and dimers formed from a LS mixture (red) as a
function of R. R = [thymidine]:[S-OPV3T]. [S-OPV3T] = 1.0 mM.

Figure 6. Surface coverage evolution of the total dimer species
adsorbed from DS mixtures with R = 0.5 (black) and R = 2.0 (red) and
the total dimers adsorbed from LS mixtures with R = 0.5 (green) as a
function of the concentration of S-OPV3T.
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formed in solution or on the surface. In other words, does the
presence of the achiral surface facilitate the formation and
adsorption of one particular diastereomer, or is the preferred
diastereomeric complex preformed in solution prior to self-
assembling on the HOPG surface? Complex formation in
solution was evaluated under the same conditions (solvent,
concentration) as for the STM experiments by using NMR
(Supporting Information S5). These experiments showed no
indication for hydrogen-bonded thymidine/OPV3T complexes
in solution, which means that the substrate plays a key role in
this process. This is in line with the ability of the solvent (1-
octanol) to compete with the solute for hydrogen bonding.47

Molecular Modeling. The pattern transformation from
rosettes to dimers indicates that thymidine interacts with OPV
on the surface.55 STM images were analyzed in detail, and the
unit cell parameters were used as input for molecular modeling
studies.
The approach used for modeling the mechanistic aspects of

chiral recognition and dimer formation involves a combination
of molecular mechanics (MM) and molecular dynamics (MD)
simulations. It was applied only to diastereomeric combinations
of S-OPV3T and L- (or D-) thymidine molecules in a 2:1 ratio,
but we expect the corresponding R-OPV3T-based monolayers
to show a mirror imaged behavior. We have previously argued
that the formation of a dense OPV3T adlayer on graphite is
incompatible with all of the dodecyloxy side chains lying flat on
the surface.55 The STM measurements indeed indicate that one
out of the three side chains of the OPV core is completely
desorbed and solvated by the supernatant solution. As solvent
molecules are not explicitly considered in the simulations, we
removed one of the three side chains for the sake of simplicity.
The other two chains partially adsorb on the graphite substrate,
thereby contributing to the formation of the adlayer. Models
for monolayers including 16 S-OPV3T and 8 L- (or D-)
thymidine molecules were generated on top of a double layer of
graphite, which was kept frozen (see the DS-CCW-I model in
Figure 7). The calculations were carried out maintaining the
lattice parameters to the STM-determined values for L(D)S-
(C)CW-I and L(D)S-(C)CW-II.
The modeling studies indicate that the formation of

coassemblies involving S-OPV3T and thymidine molecules on
graphite proceeds similarly to what has been previously
reported for the corresponding monolayers made of achiral
OPV3T (A-OPV3T) in combination with thymidine.55 In both
cases, the codeposition of OPV3T and thymidine occurs in two
possible ways, referred to as “linear inclusion” and “lateral
inclusion” hereafter, and depicted schematically in Figure 8 in
the case of the DS combination. In the linear inclusion scenario,
two OPV3T molecules belonging to neighbor dimers align
along their longitudinal axes and are separated by two
hydrogen-bonded thymidine molecules lying in the interstitial
space. Such a spatial arrangement of the molecules yields a
relatively large (as compared to the lateral inclusion model)
value for the short axis lattice parameter, which allows for
partial interdigitation of the long terminal alkyl chains. In the
lateral inclusion case, thymidine molecules intercalate within
the OPV3T rows, resulting in alternated OPV3T-thymidine
sequences. This supramolecular organization favors interactions
between hydrogen-bonding sites and promotes short lateral
contacts. As a result, the unit cell is characterized by a small
length along the short axis, while the long axis elongates to
reduce the repulsion between the alkyl chains.

We next turn to the energetic aspects of the assemblies, with
a 2-fold objective. On one hand, we assess the resolving
capability of a thymidine enantiomer with respect to OPV3T;
on the other hand, we compare the relative stabilities of the two
models proposed above as a function of the molecular ratio
between thymidine and OPV3T molecules. We demonstrated
earlier that A-OPV3T and thymidine coadsorb on graphite into
monolayers featuring dense molecular packing but with
disordered, partially desorbed alkyl chains.55 That organization
turns out to be more stable than an ordered monolayer
structure where the alkyl chains would lie completely flat on the
surface as this would yield a less dense layer. Both types of
dimers are stable entities under the experimental conditions;
that is, for a certain concentration/ratio range, no conversion of
one type of dimer into the other one is observed as a function
of time. Type I dimers are also not kinetically trapped species,
as adding extra thymidine to the supernatant solution leads to
an overall increase of type II dimers (Supporting Information
S4). We speculate that under such conditions, the type II
dimers are further stabilized by additional interactions with
thymidine molecules, alhough not in the plane of the
monolayer. An alternative explanation is that type I dimers
are initially better stabilized in a “sea” of rosettes, although
there is no experimental proof for this. The total interaction
energies per surface area are summarized in Table 2.
Importantly, the modeling studies prove that the coassem-

blies composed of S-OPV3T and D-thymidine are more stable
(larger absolute values for the total interaction energies, Table
2) than the diastereomeric coassemblies formed with L-
thymidine counterparts. The calculations suggest that the
difference in stability is related to the conformation of the
thymidine molecule on the surface. In the DS assembly, both
the thymidine−OPV3T intermolecular interactions and the
thymidine−graphite interactions are optimal: the thymine units
adsorb almost perfectly flat-on the substrate, which maximizes
the CH−π and π−π interactions. In contrast, in the LS
assembly, the most stable thymidine−OPV3T arrangement
implies that the thymidine molecule is distorted with respect to
adsorption on graphite; in particular the thymine unit is tilted

Figure 7. Molecular model for the self-assembled monolayer of D-
thymidine/S-OPV3T on graphite (model DS-CCW-I, see text).
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with respect to the graphite plane, which decreases the
interaction energy with the substrate. This difference in the
adsorption geometry of the two thymidine enantiomers is
illustrated in Figure S7. In other words, the D-thymidine
molecules can simultaneously interact favorably with the S-
OPV3T molecules (via H-bonds) and the substrate, whereas
the L-thymidine molecules “must make a choice”: optimal H-
bonding with S-OPV3T implies tilted adsorption on the
substrate. The L-thymidine molecule can adsorb in the most
favorable way only if it is associated with the R-OPV3T species.
These results thus support the view that an OPV3T enantiomer
can act as resolving agent for the separation of the thymidine
enantiomers, which we explore experimentally in the next step.
Resolving Thymidine Enantiomers by Using a Chiral

OPV3T. The preferred association of thymidine with a specific
OPV3T enantiomer provides the opportunity to explore the
preferential adsorption of one of the thymidine enantiomers
from a racemate of thymidines. Because the domain chirality
upon coadsorption of OPV3T and thymidine is ruled by the
absolute configuration of thymidine, STM can be used directly
to evaluate enantioselective adsorption of thymidine enan-
tiomers at the liquid/solid interface (Figure 9).
We first evaluated a solution composed of a thymidine

racemate (rac-thymidine) with [S-OPV3T] = 1 mM and [D-

thymidine]:[L-thymidine]:[S-OPV3T] = 1:1:2. A typical image
of the adlayer adsorbed from this three-component mixture is
shown in Figure 10a. The domains with CCW dimers resulting

from coadsorption with D-thymidine are highlighted in green,
while the domains with CW dimers resulting from
coadsorption with L-thymidine are indicated in yellow. The
remaining surface is covered with rosettes and disordered
structures. It is clear that for a mixture of S-OPV3T and both
thymidine enantiomers, the surface is covered with CCW as
well as CW diastereomeric dimers. Because of the higher
coverage of CCW dimers (∼37%) as compared to CW dimers
(∼2%), one can conclude that DS dimers preferentially form on
the surface. For a solution of rac-thymidine with R-OPV3T ([D-
thymidine]:[L-thymidine]:[R-OPV3T] = 1:1:2, [R-OPV3T] =
1 mM), a clear preference for CW domains is found (Figure
10b). The surface is covered with ∼42% of CW dimers and
only ∼5% of the diastereomeric CCW dimers, confirming that
LR dimers are preferentially adsorbed over DR dimers in the
latter case.
So, the chiral OPV3T molecules can conceptually be used as

resolving agent and partly resolve thymidine enantiomers at the
1-octanol/HOPG interface. Because there is no preorganization
and complex formation in solution under the experimental
conditions, the diastereomeric complex formation must occur
on the surface. In other words, chiral resolution is mediated by
the presence of the achiral surface, facilitating the formation of

Figure 8. Unit cells (red dashed lines) and representation of linear inclusion for model DS-CCW-I (left) or lateral inclusion for model DS-CCW-II
(right) assemblies.

Table 2. Total Interaction Energies Averaged over the MD
Simulations for the Different Assemblies Investigated

model
totel interaction energy

(kJ mol−1 nm−2)
standard deviation
(kJ mol−1 nm−2)

DS-CCW-I −987.0 12.7
DS-CCW-II −1036.4 13.7
DL-CW-I −920.9 12.3
DL-CW-II −955.6 13.7

Figure 9. The mechanism of enantioselective adsorption of thymidine
on HOPG by using S-OPV3T enantiomer as a resolving agent.

Figure 10. STM-images at the 1-octanol/HOPG interface of (a) S-
OPV3T with thymidine racemate, and [rac-thymidine]:[S-OPV3T] =
1. Iset = 0.65 nA, Vset = −0.30 V. (b) R-OPV3T with thymidine
racemate, and [rac-thymidine]:[R-OPV3T] = 1. Iset = 0.60 nA, Vset =
−0.30 V. [OPV3T] = 1 mM. Size of all STM images is 80 × 80 nm2.
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hydrogen-bonded thymidine/S-OPV3T complexes and adsorp-
tion of one particular diastereomer.
In the next phase, different molar ratios with a constant S-

OPV3T concentration were explored to optimize the resolving
conditions (Supporting Information S6). For several mixtures
of S-OPV3T with the thymidine racemate, the amount of
diastereomeric DS- and LS-dimers was calculated for different
solution ratios between rac-thymidine and S-OPV3T (Figure
11a). The resulting curves for DS-complexes and LS-complexes

adsorbed from rac-thymidine mixed with S-OPV3T show the
same tendency as compared to mixtures of D-thymidine and S-
OPV3T or L-thymidine and S-OPV3T. The surface coverage of
both dimer complexes increases upon increasing R (R = [rac-
thymidine]:[S-OPV3T] and [S-OPV3T] = 1.0 mM), and both
curves reach a plateau after approximately R = 2 (Figure 11a).
The surface covered by DS- and LS-complexes, next to the
coexistence of rosettes or disordered phases, was determined to
evaluate the fraction of the surface area (A) active in chiral
resolution (the resolving surface area). The resolving surface
area percentage can be defined by the area occupied by DS-
dimers (ADS) divided by the total surface area of the HOPG
substrate (Atotal). To assess the efficiency of the resolving
surface, two contributions have to be taken into account. First,
the enantiomeric excess (ee) of D-thymidine on the surface was
calculated ((ADS − ALS)/(ADS + ALS)), assuming formation of a
1:1 complex. Second, the percentage (%) of the dimer complex
area was defined as ((ADS + ALS)/Atotal), as a function of R as
well (Figure 11b). The occupied surface area by thymidine/S-
OPV3T complexes increases with increasing R and reaches a
plateau at R = 2. The ee of D-thymidine decreases with
increasing R and levels off at R = 2. The maximum ee is about
93%, and the minimum is about 74%. From the experimental
data, we can conclude that for higher R more dimer complexes
will form on the surface but at the expense of the efficiency of
the resolving surface area, as seen from a decreasing ee.
We also investigated the concentration effect on the resolving

process. At R = 0.5, increasing the concentration of S-OPV3T
from 1.0 to 1.6 mM resulted in a large increase in the occupied
surface by dimers (from 6% to 61%) and a relative small
decrease in the ee of D-thymidine (from 93% to 78%)
(Supporting Information S7). From the molar ratio and
concentration dependency, one concludes that a relatively
low molar ratio (R) and high overall concentration leads to a
good compromise between yield and ee for resolving thymidine
enantiomers via chiral OPV3T at the 1-octanol/HOPG
interface. Note that “yield” refers to the fraction of the graphite
substrate covered by thymidine/OPV3T dimer complexes. It

does not refer to the solution composition. Under the
experimental conditions, only a small fraction of thymidine
molecules are coadsorbed on the surface (less than 0.001%).60

■ CONCLUSIONS
We have explored the self-assembly of mixtures of an
enantiopure oligo-(p-phenylenevinylene) derivative (OPV3T)
and enantiopure thymidine or its racemate at the liquid/solid
interface. STM was used to visualize the molecular nano-
patterns at the interface between the substrate, that is, graphite,
and the solvent, that is, 1-octanol. Molecular mechanics and
dynamics simulations provided insight into the structural
aspects of the nanopatterns. Addition of thymidine drastically
changes the supramolecular motifs of the chiral OPV3T
derivatives. Rosettes are converted into dimers, which was
attributed to the coadsorption of thymidine, leading to the
formation of diastereomeric complexes. Investigation of all
possible combinations of OPV3T and thymidine enantiomers
revealed surface-mediated preferential diastereomeric complex
formation and adsorption. This was applied to bias the
adsorption of thymidine enantiomers from the solution
racemate by using a chiral OPV3T enantiomer as resolving
agent. Molar ratio and concentration of the components play a
key role in the surface-mediated resolution process.
These studies shine light on the complexity of adsorption

processes at the liquid/solid interface for multicomponent
mixtures, and highlight the role of achiral atomically flat
surfaces as potential supports for enantioselective adsorption
processes, potentially leading to the separation of enantiomers.
In particular, in solution the intermolecular recognition is less
specific due to many possible conformations, while it is more
specific due to lower dimensionality at a surface.

■ EXPERIMENTAL SECTION
Synthesis. The synthesis of S-OPV3T has been reported

previously61 while the synthesis of R-OPV3T is analogous to S-
OPV3T and will be reported elsewhere.

Scanning Tunneling Microscopy. All STM 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 OPV3T
and/or the thymidines were dissolved in 1-octanol (anhydrous, 99+%,
Sigma-Aldrich), and a drop of the solution was applied onto a freshly
cleaved surface of graphite (HOPG, grade ZYB, Advanced Ceramics
Inc., Cleveland, OH). The STM investigations were then performed at
the liquid/solid interface at least 90 min after drop casting. Images are
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
(Image Metrology ApS). To ensure a statistical relevant approach
when analyzing the ratio between rosette and dimer domains, for each
“R”, different samples were prepared and at least 15 large-scale images
(80 × 80 nm2) were selected randomly for statistical analysis. The
surface coverage is calculated by counting the number of OPV units.

Molecular Modeling. The physisorption of the adlayers on
graphite was modeled by means of a molecular mechanics/molecular
dynamics (MM/MD) approach. The DREIDING62 force field, 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 under
investigation. The validity of the force field for studying H-bonded
supramolecular systems has been proven previously for a similar
system.55 The force field calculations were performed on model
systems including S-OPV3T and D/L-thymidine molecules in a 2:1
ratio deposited on graphite. The initial geometric configurations were

Figure 11. Detailed analysis of solution mixtures of rac-thymidine and
S-OPV3T. (a) Surface coverage (%) of diastereomeric DS and LS
dimer complex as a function of the molar ratio R. (b) Surface ee (%) of
D-thymidine and dimer complex area (%) as a function of molar ratio.
R = [rac-thymidine]:[S-OPV3T]. [S-OPV3T] = 1 mM.
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inspired from assembly models based on the STM measurements.
These were then subjected to energy minimization at 0 K, releasing
step by step all constraints imposed by 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.
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