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From the interplay of high-resolution scanning tunneling microscopy imaging and density functional theory calculations, we show
the real-space evidence of the formation of Watson–Crick and
Hoogsteen adenine–uracil base pairs on an Au(111) surface with
the employment of base derivatives, and further investigate the
relative stability of the two types of adenine–uracil base pairs.

DNA and RNA are both essential building blocks for life, which
play pivotal roles in biological processes with their abilities to
store and reproduce genetic information. The general doublehelix structure of DNA discovered by Watson and Crick1 and the
duplex structure of RNA2–6 in vivo have shown that both of them
are built up on the principle of complementary base-pairing
sets of guanine(G)/cytosine(C), adenine(A)/thymine(T) and
adenine(A)/uracil(U). These specific bindings rely on the basis
of molecular recognition processes where genetic codes are
carried and are moreover responsible for the interstrand binding
and stabilization of DNA and RNA.1,7,8 Thus, the principle of
complementary base-pairing is believed to be the foundation of
genetic information. A series of previous studies have been
reported to investigate specific molecular recognitions of base
pairs by scanning tunneling microscopy (STM), such as adenine–
thymine quartets,9 guanine–uracil wobble base pair,10 and guanine–
cytosine Watson–Crick base pair.11,12 As the peculiar base pair in
RNA, the adenine–uracil (AU) pair has attracted tremendous interest
over the past decades with theoretical investigations13–17 and spectroscopy studies18–21 performed in solution systems. However, the realspace evidence of the AU base pair has not been demonstrated to
the best of our knowledge. Thus, it is of general interest to
construct a system under well-controlled ultrahigh vacuum
(UHV) conditions with the aim of forming different types of
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AU base pairs (e.g. Watson–Crick and Hoogsteen) on the surface
and resolving the atomic-scale structures by STM imaging.
According to our previous studies, molecular recognitions
are more eﬃcient between complementary base derivatives than
archetypal nucleobases on surfaces.11,12 In this study, firstly, we
also try to deposit prototypal uracil and adenine molecules on the
Au(111) surface, and find out that the uracil and adenine molecules
keep their own self-assembled phases (close-packed structure22–25
and honeycomb network,26,27 respectively) which are separated on
the surface, as shown in Fig. 1. Annealing the sample step by
step still results in phase separation up to 390 K (the desorption
temperature of uracil molecules).
Herein, we choose modified bases, i.e., 9-methyladenine
(9mA) molecule and 1-ethyluracil (1eU) molecule together with
the noble Au(111) surface as a model system to explore the
possibility of molecular recognitions between complementary
bases. Both base derivatives are modified at the same sites as
those of the natural nucleosides (cf. Scheme 1). The Au(111)
surface is employed as a template to ensure that the molecules
adopt flat adsorption geometries to facilitate the potential base
pairing.9–12 From the interplay of high-resolution STM imaging
and density functional theory (DFT) calculations, we show that
(i) the formation of Watson–Crick and Hoogsteen AU base pairs
(cf. Scheme 1) is feasible on Au(111); (ii) by regulating the

Fig. 1 (a) Large-scale and (b) close-up STM images showing the coexistence
of uracil and adenine molecules on Au(111).
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Scheme 1 Schematic illustration of Watson–Crick and Hoogsteen AU
base pairs. 9-Methyladenine (9mA) molecule and 1-ethyluracil (1eU)
molecule are indicated by A and U notations, respectively.

deposition sequence and the ratio of 1eU/9mA to B1 : 1 results
in the formation of a network structure composed of pure
Hoogsteen AU base pairs; (iii) DFT calculations demonstrate
that the Hoogsteen AU base pair (0.80 eV per pair) is slightly
thermodynamically more stable than the Watson–Crick AU base
pair (0.75 eV per pair). Such a study may provide a model system
to unravel some biologically relevant issues in RNA duplex, e.g.,
the relative stability of different kinds of AU base pairs.
After deposition of the 1eU and 9mA molecules on Au(111) at
room temperature (RT), respectively, we observed the formation of
the corresponding self-assembled structures as shown in Fig. 2.
The large-scale STM image (Fig. 2a) shows a well-ordered selfassembled structure of the 1eU molecules on Au(111). From the
close-up STM image (Fig. 2b), we identify a single 1eU molecule as a
relatively dark ellipse part (i.e. the uracil moiety) with a bright
round protrusion (i.e. tilted ethyl group). On the basis of our

Fig. 2 Self-assembled structures of 1eU and 9mA molecules on Au(111),
respectively. (a and c) Large-scale STM images showing the self-assembled
structures after deposition of 1eU and 9mA molecules on Au(111) held at RT,
respectively. (b and d) Close-up STM images showing more details of the
two self-assembled structures where the corresponding DFT-optimized gas
phase models are superimposed and the hydrogen bonds are depicted by
blue dashed lines. The unit cell of the 1eU self-assembled structures is
indicated by white rhomboid, and the 9mA ribbons are separated by dashed
wavy lines. H: white; C: gray; N: blue; O: red.
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experimental observations, DFT calculations are performed and
the most stable DFT-optimized model in the gas phase is superimposed on the STM image (Fig. 2b). As seen in the model, we
identify that the 1eU molecules bind to each other via four NH  O
hydrogen bonds within the unit cell (as indicated by a white
rhomboid), and the molecules interact with each other via van
der Waals forces from the tilted ethyl groups in between the unit
cells. As for the 9mA self-assembled structure, the large-scale STM
image (Fig. 2c) reveals that the 9mA islands are formed by laterally
connected zigzag ribbons. From the DFT-optimized gas phase
model superimposed on the close-up STM image (Fig. 2d), we
identify that, along the ribbon, each molecule binds to the other
two via double NH  N hydrogen bonds, and between the ribbons,
the molecules interact with each other via van der Waals forces
from the methyl groups. It is noted that the desorption of the
1eU and 9mA molecules occurs at 370 K and 400 K on Au(111),
respectively.
In order to obtain and investigate AU base pairs, we then
introduce the 1eU and 9mA molecules onto the Au(111) surface
together. We first deposit the 9mA molecules and then the 1eU
molecules, followed by annealing the sample to 330 K resulting
in the formation of intercalated structures as shown in Fig. 3.
As shown in the large-scale STM image (Fig. 3a), the 1eU
molecular strips are inserted into the 9mA islands at the
interior and the edge. The close-up STM image (Fig. 3b) allows
us to distinguish the Watson–Crick AU base pair and Hoogsteen
AU base pair at the 1eU/9mA interface. Upon inserting into the
interior of the 9mA islands, the 1eU molecules recognize and
match the 9mA molecules laterally on both sides of strips by
forming Watson–Crick AU base pairs; in the other case, the 1eU
molecules match the 9mA molecules on one side forming
Hoogsteen AU base pairs at the edge of the 9mA islands. The
corresponding Watson–Crick AU base pairs and Hoogsteen AU
base pairs are depicted by white and blue contours, respectively,
as shown in Fig. 3b. On the basis of these experimental observations,
we build up structural models containing both AU base pairs, and
relax by DFT calculations. The most stable DFT-optimized gas phase
model is overlaid on the top of the high-resolution STM image as
shown in Fig. 3c. Hydrogen bonds are depicted by dashed lines
which demonstrate the different types of AU base pairs. The
structures remain unchanged upon further annealing up to 370 K
(the desorption temperature of 1eU molecules).
Interestingly, when changing the deposition sequence, i.e.,
we first deposited the 1eU molecules and then the 9mA
molecules, followed by annealing the sample to 330 K resulted
in the coexistence of the two phases composed of the mixed
Watson–Crick and Hoogsteen AU pairs (outlined by white
rectangles in Fig. 4a) and the pure Hoogsteen AU pairs forming
well-ordered islands as shown in Fig. 4a. Note that the codeposition of the 1eU and 9mA molecules at a ratio of 1 : 1 to the
Au(111) surface leads to similar results. The close-up STM
images (Fig. 4b and c) with sub-molecular resolution allow us
to identify the alternating 1eU and 9mA molecules from the
morphologies. In comparison with the well-analysed structure in
Fig. 3, the Watson–Crick and Hoogsteen AU base pairs can be
distinguished as depicted and notated in Fig. 4b. The DFT-optimized
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Fig. 3 STM images and DFT-optimized structural models of the 1mA selfassembled island with 1eU strips inserted. (a) A large-scale STM image
showing the 1mA self-assembled islands with the 1eU strips inserted at the
interior and edge (highlighted by black outlines and pointed out by white
arrows). (b) A close-up STM image with sub-molecular resolution to distinguish
the Watson–Crick AU pairs and Hoogsteen AU pairs (depicted by white and blue
contours, and indicated by W–C and H notations, respectively). (c) Highresolution STM image superimposed with the DFT-optimized gas phase models,
where the hydrogen bonds are depicted by dashed lines. 1eU strips are highlighted by black dash lines. H: white; C: gray; N: blue; O: red.

gas phase model is superimposed on the corresponding STM
image (Fig. 4c). The hydrogen bonds depicted in Fig. 4c allow
identification of the two different types of AU base pairs in the
structure.
Noticeably, a well-ordered 2D nanostructure is more attractive as it is homogeneous in a relatively large area on the terrace
as shown in Fig. 4d. The close-up STM image (Fig. 4e) allows
identifying that the structure is composed of pure Hoogsteen
AU pairs. Based on the experimental observations, DFT calculations
are performed in the gas phase, and the optimized structural
model together with the STM simulation (the gray part) are partially
superimposed on the STM image (Fig. 4e). The two phases remain
coexisting on the surface after further annealing up to the
desorption temperature of 1eU molecules at 370 K.
These various structures formed by the Watson–Crick or/and
Hoogsteen AU base pairs show the comparable stability of the
AU base pairs on the Au(111) surface. To further quantify the
relative stabilities of different AU pairs, DFT calculations are
performed in the gas phase and the binding energy (Eb) is
computed to characterize their relative stabilities. As it is
known that the inert Au(111) surface has little influence on

This journal is © The Royal Society of Chemistry 2018

Fig. 4 Adenine–uracil base pairs on Au(111). (a) Large-scale STM image
showing the coexistence of the two phases formed by the AU base pairs. One
phase is mixed with Watson–Crick and Hoogsteen AU pairs that are outlined by
white rectangles. The other phase is composed of pure Hoogsteen AU pairs.
(b) A close-up STM image showing the phase composed of the Watson–Crick
and Hoogsteen AU pairs (depicted by white and blue contours, and indicated by
W–C and H notations, respectively). (c) High-resolution STM image superimposed with the DFT-optimized gas phase model. (d) A large-scale STM image
showing the phase composed by the pure Hoogsteen AU pairs. (e) A close-up
STM image partially superimposed with the DFT-optimized gas phase model
and the STM simulation (the gray part) at a bias voltage of 1.2 V. One of the
Hoogsteen AU pairs is depicted by a blue contour and indicated by the H
notation. Hydrogen bonds are depicted by dashed lines. H: white; C: gray; N:
blue; O: red.

the hydrogen bonded molecular structures,9–12 the interactions
between the adsorbed molecules and the substrate are mainly
van der Waals forces, which justifies the gas-phase calculation.
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Eb is defined as the total energy of the whole relaxed system
minus the individual energies of the relaxed components. That
is, Eb = Esys Ecom, where Esys represents the total energy of the
AU base pair, and Ecom represents the individual energies of
the 9mA and 1eU molecules. The Eb of the Watson–Crick AU
base pair is calculated to be 0.75 eV per pair, and the Eb of the
Hoogsteen AU base pair is 0.80 eV per pair. From the above, it is
seen that the Hoogsteen AU pair is slightly more stable than the
Watson–Crick AU pair, which is in accordance with the theoretical
studies of the archetypal adenine–uracil base pair.14,16
From the interplay of sub-molecularly resolved STM imaging
and DFT calculations, we have presented the real-space experimental evidence of Watson–Crick and Hoogsteen adenine–uracil
base pairs on Au(111) with the employment of base derivatives,
and further revealed their comparable stabilities. Such a surface
science study on the essential building blocks of RNA duplex
may help to increase our fundamental understanding of basepairing principles in RNA.
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