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Tailoring on-surface supramolecular architectures
based on adenine directed self-assembly

Cite this: Chem. Commun., 2014,
50, 356

Received 13th August 2013,

Accepted 25th October 2013 Aiguo Hu*b and Wei Xu*3<

DOI: 10.1039/c3cc46149a

www.rsc.org/chemcomm

From an interplay of high-resolution scanning tunneling microscopy
(STM) imaging and density functional theory (DFT) calculations we
demonstrate that by delicately choosing the parent molecule (adenine)
we are able to tune the self-assembled nanostructures of adenine
derivatives which are directed by the specific intermolecular interactions
provided by the adenine moiety.

Controllable self-assembly of functional molecules has been a promis-
ing approach not only for constructing supramolecular nanostructures
but also for realizing miniaturization and functionalization of molecule-
based devices."® Employing certain templates, directing agents or
external stimuli to precisely assemble molecules or nanoparticles in
solution has proven to be an effective approach to fabricate desired
functional nanostructures or nanodevices,” "> while directed arrange-
ment of target moieties based on controllable on-surface self-assembly,
yet, has attracted little attention to date. To explore such a process, one
feasible route would be to take advantage of a well-studied parent
molecule providing anticipated and reliable intermolecular interactions,
and modify this parent molecule with a certain moiety at a specific
position. With the templating effect provided by the parent molecule
the target moiety could thus be arranged in a directed manner. Such a
study may provide deeper insight into the role of the parent molecule in
directing the formation of functional nanostructures especially with the
possibility of extending to the third dimension, which could also shed
light on the fabrication of on-surface molecular nanodevices.

In this communication, we present a detailed study of the directed
self-assembly of two adenine derivatives (p-bromophenyl-modified
adenine and p-bromobenzyl-modified adenine, shortened as BPA and
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Scheme 1 (a) Gas-phase optimized structural models of adenine (A),
p-bromophenyl-modified adenine (BPA) and p-bromobenzyl-modified
adenine (BBA), respectively. (b) Top and side views of the DFT optimized
structure of the BPA molecule adsorbed on a Au(111) surface. (c) Top and
side views of the DFT optimized structure of the BBA molecule adsorbed
on a Au(111) surface with the adenine moiety lying flat on the surface.
Br: red, N: blue, C: gray, H: white, and Au: yellow.

BBA, respectively, as shown in Scheme 1a) on a Au(111) surface under
ultrahigh vacuum conditions. Adenine, with the ability to form well-
defined ribbon structures by intermolecular hydrogen bonding,*™®
is chosen to be the parent molecule. It is seen that the BPA and BBA
molecules are modified from adenine at a specific N9 site. We expect
that such chemical modifications would not influence the potential
hydrogen bonding for the formation of ribbon structures directed by
the adenine moiety. From the interplay of high-resolution scanning
tunneling microscopy (STM) imaging and van der Waals corrected
density functional theory (vdW-DFT) calculations we show at the
atomic-scale that the formation of well-ordered surface nanostructures
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of both BPA and BBA molecules is directed by the parent adenine
moiety via double NH- - -N hydrogen bonds (i.e. employed in adenine
ribbon structure), and moreover, the “joint” (i.e. methylene group) on
the BBA molecule leads the bromophenyl moiety out of the surface
plane which is also naturally regulated in the third dimension. These
findings demonstrate the capability of arranging the moiety in 3D
directed by the parent molecule, and open a way for aligning target
moieties with increasing complexity and functions in the third
dimension, which will be appealing for pursuit of more complicated
3D molecular nanodevices.

All the STM experiments were performed in a UHV chamber (base
pressure 1 x 10~'° mbar) equipped with a variable-temperature
“Aarhus-type” STM.'*?° The Au(111) substrate was cleaned using a
standard procedure. The BPA and BBA molecules were loaded in two
separate glass crucibles in a molecular evaporator. After thoroughly
degassing, we deposited the BPA and BBA molecules onto the clean
Au(111) substrate held at room temperature, respectively, at ~370 K
for a few minutes. The sample was thereafter transferred within the
UHV chamber to the STM, where measurements were carried out
over a temperature range of 120-150 K. All the calculations were
performed by using the Vienna ab initio simulation package
(VASP).>"** The projector augmented wave method was used to
describe the interaction between ions and electrons.”* We
employed the PBE generalized gradient approximation exchange-
correlation functional,® and van der Waals (vdW) interactions were
included using the dispersion corrected DFT-D2 method of
Grimme.*® The atomic structures were relaxed using the conjugate
gradient algorithm scheme as implemented in VASP until the forces
on all unconstrained atoms were <0.03 eV A~ ", The simulated STM
images were obtained using the Tersoff-Hamann method.””

Upon deposition of BPA molecules on the Au(111) surface, a
well-ordered self-assembled nanostructure is observed as shown in
Fig. 1a. A closer inspection reveals that the single molecule appears as a
dark triangle with a bright long oval. From the DFT optimized structure
of the BPA molecule adsorbed on a Au(111) surface (¢f Scheme 1b), we
can see that both the adenine moiety and the bromophenyl part tend
to adopt flat-lying geometries on the surface. The typical STM image
(¢f Fig. 1a) shows that the self-assembled nanostructure with an
alternating zipper-like arrangement of the triangle parts resembles very

Fig. 1 (a) High-resolution STM image of self-assembled surface nanostructures
formed by the BPA molecule superimposed with the DFT optimized ribbon structure.
Scanning conditions: i, = 0.5 nA, V, = 1051 mV. (b) The DFT optimized structural
model of the network structure. The white dashed lines both in (a) and (b) indicate the
ribbon structures directed by the adenine moieties via double NH---N hydrogen
bonds (cf. the blue dashed lines). (c) The corresponding charge density difference
map of the nanostructure calculated at the isosurface value of 0.016 e A=3. Blue and
red isosurfaces indicate charge depletion and accumulation, respectively.
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much the adenine ribbon structure.*#

To further investigate the
intermolecular interactions and the resulting self-assembled nano-
structure, DFT calculations and STM image simulation (¢f Fig. S1,
ESIt) have been performed. Fig. 1b shows the energetically most
favorable gas-phase structural model with the binding energy of
0.71 eV per molecule, which is identified to be in good agreement
with the experimental data. Combination of experimental and theo-
retical data suggests that the dark triangle and the bright long oval are
attributed to the flat-lying adenine moiety and the bromophenyl part
(the Br atom has higher contrast in the STM image), respectively. The
white dashed lines in Fig. 1a and b show the correlation between
the experimental and theoretical data and the in-between structure is
the so-called adenine ribbon structure stabilized by Watson-Crick and
Hoogsteen hydrogen bonds,"*'* ie. each BPA molecule links to the
neighboring ones via two NH-: --N hydrogen bonds (indicated by the
blue dashed lines) provided by the adenine moiety. The ribbons
are subsequently linked together by weak CH---Br hydrogen bonds
forming a zipper-like arrangement as well. To further recognize the
dominant interaction directing the self-assembly process within the
observed nanostructure, the charge density difference map is plotted as
shown in Fig. 1c. Notable charge redistributions mainly gather around
the double hydrogen bonds provided by the adenine moiety while the
charge transfer of the weak CH---Br hydrogen bonds can only be
visible when the isosurface value is at a rather small level indicating
that the self-assembled nanostructure is predominantly directed by the
adenine moiety through intermolecular hydrogen bonding.
Interestingly, different stripe structures are observed when the
methylene group is added to connect the adenine moiety with the
bromophenyl part (¢f BBA molecule in Scheme 1a), which increases
the flexibility of the molecule on one hand and extends the molecule to
the third dimension on the other hand. Combination of DFT calcula-
tions (¢f Fig. S2, ESIT) and STM images indicates that the BBA molecule
would tend to adopt a non-planar adsorption geometry with the
adenine moiety lying flat on the surface and the bromophenyl part
out of the surface (¢f Scheme 1c). Deposition of BBA molecules on the
Au(111) surface results in the formation of subtly different self-
assembled nanostructures simultaneously and the representative
STM images are shown in Fig. 2a and b. In both domains alternating
zipperlike stripe structures are formed through the dark parts which
are naturally assigned to the adenine moieties as the separations have
been measured to be similar for structures shown in Fig. 1a, 2a and b
(¢f Fig. S3, ESIT), while the bright ovals (the bromophenyl parts) tend to
be, however, arranged in a face-to-face manner. To further investigate
the intermolecular interactions and the resulting self-assembled nano-
structure, DFT calculations and STM image simulations (¢f Fig. $4 and
S5, ESIT) have been performed and the energetically most favorable gas-
phase structural models of adenine-ribbon directed stripe structures are
superimposed on the corresponding STM images as shown in Fig. 2c
and d, respectively, where a good agreement is achieved. Moreover, line
profiles across the whole molecule of BPA and BBA in the corres-
ponding self-assembled structures (¢f. Fig. S6, ESIT) are also compatible
with the gas-phase structural models. From the comparison of experi-
mental data and calculations we can identify that the difference in the
two stripe structures lies in the chirality of the adenine moieties. The
stripe structures in Fig. 2c and d are directed by the homo-
chiral adenine ribbon and the heterochiral one, respectively. As a
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Fig. 2 (a) and (b) show high-resolution STM images of self-assembled surface
nanostructures formed by the BBA molecule with the adenine ribbon struc-
tures being homochiral and heterochiral, respectively. Scanning conditions: /, =
0.5nA, V; =1051 mV. (c) and (d) show the corresponding close-up STM images
superimposed with the DFT optimized structural models.

Fig. 3 (a) and (b) show the DFT optimized structural models of the network
structures formed by the BBA molecule where the adenine ribbon is homo-
chiral and heterochiral, respectively. (c) The charge density difference map of
structure in (a) calculated at the isosurface value of 0.016 e A~ Blue and red
isosurfaces indicate charge depletion and accumulation, respectively.

consequence of the sp® hybridization of the connecting methylene
group, the bromophenyl part in the BBA molecule is significantly tilted
from the flatlying adenine moiety which leads to the increased
apparent height in STM images.

To gain further insight into the interactions between the neighbor-
ing stripes, we also performed a wide structural search by proposing
several possible structures from the gas-phase calculations and
obtained the energetically most favorable network structures with the
binding energy of 0.78 eV per molecule and 0.68 €V per molecule as
shown in Fig. 3a and b, respectively. The tilted bromophenyl parts
interact with the neighboring ones by van der Waals interactions in a
face-to-face manner. Considering the similarity of the two network
structures, only the charge density difference map of the nanostructure
of Fig. 3a is plotted as shown in Fig. 3c. As illustrated from the charge
density difference map, the main charge transfers also concentrate on
double NH- - -N hydrogen bonds indicating the dominant interaction,
which is in analogy to the nanostructure formed by the BPA molecule.
These observations together with the calculations validate that the
double hydrogen bonds provided by the adenine moiety are capable of
directing the self-assembled process as expected, while the secondary
weak CH: --Br hydrogen bonds or van der Waals interactions further
stabilize the adenine-directed ribbon structures in the whole network.
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In conclusion, from an interplay of high-resolution STM ima-
ging and DFT calculations, we have investigated the directed self-
assembly of two adenine derivatives on the Au(111) surface and
presented the influence of different modified groups on the
resulting self-assembled patterns. Our results demonstrate that
by delicately choosing the parent molecule we are able to tune
the self-assembled nanostructures directed by the specific inter-
molecular interactions provided by the parent molecule. Such kind
of directed self-assembly may provide an interesting and simple
route for building desired nanostructures even extending to the
third dimension, which would be interesting for design and
fabrication of functional nanodevices using the bottom-up strategy.
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