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ABSTRACT: Alkali metal cations are known as the significant
participants in biological processes and play the vital role in nucleic
acid structures. The interactions between alkali metals and nucleobases
have therefore attracted a lot of attention. As a peculiar nucleobase in
RNA, uracil with its magic number clusters induced by alkali metals has
attracted tremendous interest over the past decades. Here, 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 trimeric, tetrameric, and pentameric uracil clusters
induced by alkali metals (Li, Na, and K) on the Au(111) surface, and further investigate their specific configurations at the atomic-
scale, which would be of importance for understanding the formation process of biologically relevant nanostructures involving
cations in vivo.

■ INTRODUCTION
Alkali metals, generally cationized in the cellular environments,
are known as significant participants in several biological
processes and play a vital role in some nucleic acid structures,
such as inhibiting the chain initiation process by RNA
polymerases and stabilizing nucleobase quartets within the
telomere.1,2 These functions of alkali metals are realized by
interacting with negatively charged phosphate groups and
nucleic acid bases through the electrostatic interaction, which
further affects the syntheses, replication, and structural
integrity of DNA and RNA.3−5 Therefore, the interactions
between alkali metals and nucleobases are significant and have
attracted a lot of attention.6−20 Among others, extensive
studies reported that alkali metals, specifically lithium (Li),
sodium (Na), and potassium (K), can significantly increase
self-aggregation of the nucleobases and lead to the formation
of uniquely stable magic number clusters,8,9,16,17,19 such as the
well-studied guanine (G) quartet stabilized by Na or K,21−25

uracil (U) and thymine (T) quintets stabilized by K,26 etc.
These biologically relevant complexes with the magical
aggregation number have potential in forming sophisticated
nanostructures, whose configuration and stability are thus
fundamentally important in different disciplines.27,28 As a
peculiar nucleobase in RNA, uracil with its magic number
clusters induced by alkali metals has attracted tremendous
interest over the past decades with theoretical investiga-
tions12−15,17,18 and spectroscopy studies16,19,20 performed in
solution and gas phase. The G clusters induced by alkali metals
have been successfully introduced to the surface science
community and extensively studied by scanning tunneling
microscopy (STM),22−25 which provides atomic-scale struc-
tural information. Thus, it is of utmost interest to construct a

system of uracil and alkali metals under well controlled
ultrahigh vacuum (UHV) conditions with the aim of
potentially forming series of uracil clusters on the surface,
and further providing real-space structural evidence at the
atomic scale.
Herein, we choose U molecules and alkali metals Li, Na and

K, together with the noble Au(111) surface as a model system
to explore the fundamental interactions between U molecules
and alkali metals. The Au(111) surface is employed as a
template to ensure that the molecules adopt flat adsorption
geometries to facilitate the potential formation of the potential
U-M clusters (where M denotes Li, Na, and K, respectively).
From the interplay of high-resolution STM imaging and
density functional theory (DFT) calculations, we show that the
formation of U−Li trimers, U−Na tetramers, and U−K
pentamers stabilized by a combination of hydrogen bonds and
electrostatic ionic interactions is achieved on the Au(111)
surface (cf. Scheme 1). This systematic study demonstrates the
feasibility on the formation of magic number U clusters and
moreover allows us to explore the fundamental interactions
between U molecules and alkali metals in real space.

■ EXPERIMENTAL AND THEORETICAL METHODS

All STM experiments were performed in a UHV chamber
(base pressure 1 × 10−10 mbar) equipped with a variable-
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temperature, fast-scanning “Aarhus-type” STM using electro-
chemically etched W tips purchased from SPECS,29,30 a
molecular evaporator and an e-beam evaporator, and other
standard instrumentation for sample preparation. The Au(111)
substrate was prepared by several cycles of 1.5 keV Ar +

sputtering followed by annealing to 800 K for 15 min, resulting
in clean and flat terraces separated by monatomic steps. The
Uracil molecule (purchased from Sigma-Aldrich, purity >98%)
was loaded into the glass crucible in the molecular evaporator.
After a thorough degassing, the molecules are deposited onto

the Au(111) surface by thermal sublimation. The alkali metals
lithium and sodium were evaporated from Alvasource (from
Alvatec), and potassium was evaporated from alkali metal
dispensers (from SAES) via conventional resistance heating
after fully degassing. The sample was thereafter transferred
within the UHV chamber to the STM, where measurements
were carried out at ∼100−150 K. All of the STM images were
further smoothed to eliminate noises.
The calculations were performed in the framework of DFT

by using the Vienna ab initio simulation package (VASP).31,32

Scheme 1. Schematic Illustration on the Formation of Trimeric, Tetrameric, Pentameric Uracil Clusters Induced by Alkali
Metals (Li, Na, and K) on the Au(111) Surface

Figure 1. Formation of the hexagonal structure composed of the U3Li trimers after deposition of U and Li on the Au(111) surface followed by
annealing at 350 K. (a) A large-scale STM image showing the discretely distributed hexagonal structures. (b) A close-up STM image allows the
elementary building blocks as depicted by blue triangles to be distinguished. The superimposed DFT-optimized model shows the interconnections
between the U3Li trimers via hydrogen bonds. (c) A high-resolution zoom-in STM image of the U3Li trimer superimposed with the DFT-
optimized model on Au(111) (the substrate is omitted for clear presentation). Hydrogen bonds are depicted by blue dashed lines. (d) The
simulated STM image of the U3Li trimer at a bias voltage of 1.7 V. (e) Top and side views of the DFT-optimized structural model of the U3Li
trimer on Au(111) with the bader charge analysis of Li and O. Au, yellow; H, white; C, gray; N, blue; O, red; Li, green. Scanning conditions: It =
1.2 nA, Vt = 1.7 V.
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The projector-augmented wave method was used to describe
the interaction between ions and electrons;33,34 the Perdew−
Burke−Ernzerhof generalized gradient approximation (GGA)
exchange-correlation functional was employed,35 and van der
Waals interactions were included using the dispersion-
corrected DFT-D3 method of Grimme.36 The atomic
structures were relaxed using the conjugate gradient algorithm
scheme as implemented in the VASP code until the forces on
all unconstrained atoms were ≤0.03 eV/Å. The simulated
STM images were obtained by the Hive program based on the
Tersoff-Hamann method.37,38

■ RESULTS AND DISCUSSION
Deposition of U molecules and metal Li at a low surface
coverage (ca. 0.2 monolayer) on the Au(111) surface followed
by annealing at 350 K leads to the formation of the hexagonal
structures which are discretely distributed on the surface
(Figure 1a). It is reported previously that U molecules form a
close-packed self-assembled structure on the Au(111) sur-
face,39−41 without any structure transformation on Au(111)
after annealing at 350 K as showing in our experiment (Figure
S1). The hexagonal structure thus results from the interactions
between U and Li by forming a metal−organic structure. The
close-up STM image (Figure 1b) reveals that the hexagonal
structure is composed of triangular clusters (depicted by blue
triangles). The cluster shows three bright protrusions and a
dim center (more clearly resolved in Figure S2). Theoretical
studies13,14,20 showed that alkali metals prefer to interact with
the uracil molecule at the O4 site (cf. Scheme 1, the single U
molecular model). Based on the above analysis, we performed
DFT calculations to build up the atomic-scale model on the
triangular cluster. From the high-resolution zoom-in STM
image and the superimposed structural model shown in Figure

1c, we then attribute the triangular cluster to a U3Li trimer, in
which the central Li interacts with U molecules via electrostatic
ionic bonds, and the neighboring U molecules are linked with
each other by NH···O hydrogen bonds (depicted by blue
dashed lines). The corresponding simulated STM image
(Figure 1d) shows a good agreement with the experimental
one. From the superimposed DFT-optimized model in Figure
1b, we identify that the U3Li clusters are linked with the
adjacent ones via the CH···O and NH···O hydrogen bonds
between U molecules (depicted by blue dashed lines).
Moreover, Bader charge analysis of the U3Li cluster on
Au(111) is performed as shown in Figure 1e. As seen, the
central Li is positively charged (in a + 0.86 charged state), and
the three O atoms are all negatively charged (in around −1.2
charged states), which confirms the electrostatic ionic
interactions between Li and O within the U3Li cluster.
Interestingly, if we change the alkali metal from Li to Na,

deposition of U molecules and Na on the Au(111) surface
followed by annealing at 350 K leads to the formation of a
metal−organic network structure as shown in Figure 2a. From
the STM image, we identify that such a network is composed
of the quadrilateral clusters as depicted by the blue squares.
Closer inspection of the network (Figure 2b) shows that the
square motif is formed by four bright protrusions and a dim
central spot, which are attributed to U molecules and Na
cation, respectively. Note that the central Na cation can be
visible in a special tip state, as illustrated in Figure S3. From
the high-resolution zoom-in STM image and the superimposed
structural model shown in Figure 2c, we then attribute the
square motif to a U4Na tetramer, in which the central Na
interacts with U molecules via electrostatic ionic bonds, and
the neighboring U molecules are linked with each other by
NH···O hydrogen bonds (depicted by blue dashed lines). The

Figure 2. Formation of the network structure composed of the U4Na tetramers after deposition of U and Na on the Au(111) surface followed by
annealing at 350 K. (a) A large-scale STM image showing the network structure composed of U4Na tetramers as depicted by the blue squares. (b)
A close-up STM image allows the elementary U4Na tetramer building blocks to be distinguished with the superimposed DFT-optimized model. (c)
A high-resolution zoom-in STM image of the U4Na tetramer superimposed with the DFT-optimized model on Au(111) (the substrate is omitted
for clear presentation). Hydrogen bonds are depicted by blue dashed lines. (d) The simulated STM image of the U4Na tetramer at a bias voltage of
1.2 V. (e) Top and side views of the DFT-optimized structural model of the U4Na tetramer on Au(111) with the bader charge analysis of Na and
O. Au, yellow; H, white; C, gray; N, blue; O, red; Na, pink. Scanning conditions: It = 0.9 nA, Vt = 1.2 V.
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corresponding simulated STM image is shown in Figure 2d.
From the superimposed network model in Figure 2b, we
identify that the U4Na tetramers are linked with the adjacent
ones via two NH···O hydrogen bonds between U molecules
(depicted by blue dashed lines). Moreover, Bader charge
analysis of the U4Na cluster on Au(111) is performed as shown
in Figure 2e. The central Na is positively charged as +0.83 e−

and the four O atoms are all negatively charged as −1.2 e−

confirming the electrostatic ionic interactions between Na and
O within the U4Na cluster.
A step further, if we change the alkali metal from Na to K,

deposition of U molecules and K on the Au(111) surface
followed by annealing at 350 K leads to the formation of a
metal−organic network structure composed of the pentagonal
clusters as shown in Figure 3a. Closer inspection of the STM
image with the superimposed structural models (Figure 3b,c)
shows that the pentagon motif is formed by five U molecules
and a K cation, which is then attributed to a U5K metal−
organic motif, where the central K cation is normally visible.
The same as U3Li and U4Na motifs, within the U5K one, the
central K interacts with U molecules via electrostatic ionic
bonds, and the neighboring U molecules are linked with each
other by NH···O hydrogen bonds (depicted by blue dashed
lines). The corresponding simulated STM image of U5K motif
is shown in Figure 3d. From the superimposed network model
in Figure 3b, we identify that each U5K pentamer shares two U
dimers with the adjacent ones on both sites to form one-
dimensional chains, and the chains are linked together laterally
by double NH···O hydrogen bonds between U molecules
(depicted by blue dashed lines). The Bader charge analysis of
the U5K cluster on Au(111) is performed as shown in Figure
3e. The central K is positively charged as +0.89 e− and the five

O atoms are all negatively charged as −1.2 e− confirming the
electrostatic ionic interactions between K and O within the
U5K cluster.

■ CONCLUSION

In conclusion, by the combination of STM imaging and DFT
calculations, we have presented the real-space experimental
evidence on the formation of U3Li trimer, U4Na tetramer, and
U5K pentamer on Au(111), in which the size of metal cations
is an important factor for determining the formation and
stability of metal−organic motifs with different aggregation
numbers. Such a systematic study may help to increase our
fundamental understandings on the function and effect of alkali
metals to nucleic acids, and moreover provide a method to
form the metal−organic clusters with controllable aggregation
numbers on surfaces.
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STM image showing the close-packed structure after
deposition of pure uracil on Au(111) followed by
annealing to 350 K without addition of any alkali metal;
a close-up STM image with exaggerated contrast to
show the dim center of U3Li cluster; a high-resolution
STM image in special tip state where the Na ions are
resolved (PDF)

Figure 3. Formation of the metal−organic network structure composed of the U5K pentamer after deposition of K and U on the Au(111) surface
followed by annealing at 350 K. (a) A large-scale STM image showing the network structure composed of U5K pentamers as depicted by the blue
pentagons. (b) A close-up STM image with the superimposed DFT-optimized model allows to distinguish the elementary U5K pentamer building
blocks and their hydrogen bonding interconnections. (c) A high-resolution zoom-in STM image of the U5K pentamer superimposed with the DFT-
optimized model on Au(111) (the substrate is omitted for clear presentation). Hydrogen bonds are depicted by blue dashed lines. (d) The
simulated STM image of the U5K pentamer at a bias voltage of 1.4 V. (e) Top and side views of the DFT-optimized structural model of the U5K
motif on Au(111) with the bader charge analysis of K and O. Au, yellow; H, white; C, gray; N, blue; O, red; K, purple. Scanning conditions: It = 0.8
nA, Vt = 1.4 V.
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