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Based on STM imaging and DFT calculations, we demonstrate that it
is feasible to construct a series of metal—-organic U + Cs structures
composed of configuration-adjustable multiple-metal-center
motifs, which is the consequence of the synergy and competition
between hydrogen bonds and ionic bonds. Moreover, assisted by U
molecules, the central Cs cations tend to form linear arrays.

Surface-assisted self-assembly is a promising method for bottom-
up fabrication of functionalized supramolecular nanostructures
with atomic precision,™ in which the synergy and competition
among various non-covalent interactions such as hydrogen
bonds,>* coordination bonds,>® and electrostatic interactions”™°
are found to play an important role. In many self-assembled
systems, the coexistence of a variety of non-covalent interactions
is commonly encountered, and the delicate balance among them
leads to the formation of various specific surface supramolecular
nanostructures. By regulation of different parameters like sub-
strate temperature,'® molecular coverage,'"'* and molecule/metal
ratio,” ™ various metal-organic structures can be fabricated
owing to the balance between hydrogen bonds and coordination
bonds, and moreover, reversible conversions among these surface
nanostructures were also achieved owing to the dynamic nature of
non-covalent interactions.’>**'> With respect to the formed
metal-organic coordination motifs, in most of the cases, there
were merely one or two metal centers within the elementary
structural motif."**® It is interesting to note that by utilizing
nucleobase molecules such as guanine (G), cytosine (C) and uracil
(U) as precursors, the formation of three-metal-center structural
motifs like GjFes;,"® G3Niz,'* C3Niz?° and U;Niz?' has been
achieved, in which the metals form specific triangular configura-
tions binding with the molecules through coordination bonds. In
comparison to the studies of metal-organic systems involving
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hydrogen bonds and coordination bonds, meanwhile, the synergy
and competition between hydrogen bonds and electrostatic ionic
bonds has been less discussed.?*2® Furthermore, in contrast to
the directionality and saturability of coordination bonds, ionic
bonds seem more flexible which may render the possibility to
build up diverse multiple-metal-center structural motifs by balancing
hydrogen bonds and ionic bonds within the whole structure.

It is well known that alkali metals are typical active metals that
can form metal-organic structures involving ionic bonds.****?°
Among others, cesium (Cs) possesses the strongest metallicity
which means the highest tendency to lose an electron and turn
into a cation (Cs"). In this study, we then choose Cs to interact
with one of the DNA base molecules, uracil (U), which contains
two ionic bonding sites: 02 and O4 (see the chemical structure of
U in Scheme 1), to introduce ionic bonds into hydrogen-bonded
networks. From the interplay of high-resolution scanning tunneling
microscopy (STM) and density functional theory (DFT) calculations,
we present that: (i) by deposition of Cs atoms onto the U-precovered
Au(111) surface step by step, we achieve the sequential forma-
tion of various surface nanostructures composed of UsCs;, UgCs,,
and UgCs; metal-organic motifs, respectively (¢f. Scheme 1).
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Scheme 1 Schematic illustration of the structural transformations among
UsCsy, UgCs,, and UgCss motifs by adding Cs atoms step by step on a
U-precovered Au(111) surface.
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Fig.1 STM images showing the structural transformations in response to the amount of Cs atoms. (a) Formation of the close-packed U island structure
at RT. Structural transformations from the U island structure to metal-organic structures composed of (b) UsCs; motif, (c) UgCs, motif, and (d) UgCss
motif, respectively, by the stepwise dosage of Cs atoms on the U-precovered Au(111) surface and annealing at 370 K.

(ii) Interestingly, within the UgCs; motif, Cs cations are aligned
into a linear array, which is different from the triangular
configuration of metal clusters formed by transition metals
like Fe and Ni."»">?%?! (iii) From the DFT relaxed structural
models, we deduce that the formation of such a linear array of
Cs cations is the consequence of the synergy and competition
between hydrogen bonds and ionic bonds.

Deposition of U molecules on Au(111) at room temperature
(RT) results in the formation of close-packed structures as shown
in Fig. 1a (a high-resolution STM image is shown in Fig. S1,
ESIY). After deposition of Cs atoms step by step in a controllable
amount onto the U-precovered surface (~0.5 monolayer of U)
followed by annealing at 370 K, it results in the formation of a
series of 2D ordered metal-organic structures composed of various
elementary structural motifs composed of UsCs; (Fig. 1b), UsCs,
(Fig. 1c) and UgCs; (Fig. 1d), respectively.

Fig. 2a shows the formation of an ordered UsCs; network
(the ordering is also indicated by the periodic bright dots in the
fast Fourier transform (FFT) image in the inset). The unit cell of
the network is measured to be a; =20.1 & 0.5 A, b; = 19.6 & 0.5 A,
and 0; = 100° & 1°. On the basis of previous literature,**>" the
brighter protrusions are assigned to Cs cations and the dimmer
protrusions are U molecules. The elementary structural motifs are
depicted by white pentagons. Closer inspection allows us to
identify that the structural motif is composed of five U molecules
and one Cs cation resulting in a five-membered metal-organic
motif (i.e., UsCs;) as shown in Fig. 2b. Note that by incorporation
of Cs into hydrogen-bonded U structures, we thus introduce
another non-covalent interaction, that is, electrostatic ionic
bonds (e.g., between O and Cs) into hydrogen-bond networks,
and by doing so, interestingly, we achieve the structural trans-
formation from a close-packed structure (ie., U self-assembled
one) to an ordered network (ie., UsCs; structure). To further
understand such a structural transformation, we have performed
DFT calculations on periodic structures to build up atomic-
scale models. From the superimposed DFT-relaxed model in
Fig. 2b, we identify that each UsCs; motif shares a U dimer 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. Further analysis
of the high-resolution STM image superimposed with the

This journal is © The Royal Society of Chemistry 2019

Fig. 2 Formation of the 2D metal—organic structure composed of UsCs;
motifs. (a) A large-scale STM image to distinguish UsCs; elementary motifs
as depicted by white pentagons where the Cs cations are indicated by
circles and the corresponding FFT inset of the UsCs; structure. The unit cell
is indicated. (b) An STM image of the UsCs; network superimposed with the
DFT-optimized model on Au(11l) (the substrate is omitted for clear
presentation). (c) An STM image of the UsCs; motif superimposed with
the DFT-optimized model on Au(111). Hydrogen bonds are depicted by blue
dashed lines. (d) Top and side views of the DFT-optimized structural model
of the UsCs; motif on Au(111). H: white; C: gray; N: blue; O: red. Cs: orange.

structural model shown in Fig. 2c allows us to distinguish
that within the U;Cs; motif, the central Cs interacts with
O sites of U molecules via ionic bonds, and the neighboring
U molecules are linked with each other by NH-:--O single
or double hydrogen bonds (depicted by blue dashed lines).
The top and side views of the structural model of the motif
including the Au(111) surface are shown in Fig. 2d. Based on
the above analysis, the delicate balance between hydrogen
bonds and ionic bonds results in the structural transformation
from a hydrogen-bonded molecular structure to a metal-
organic structure.
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To use Cs/U ratio as a regulation parameter to vary the formation
of 2D metal-organic structures, we then controllably deposit Cs
atoms onto the UsCs;-precovered surface in the same procedure
followed by annealing at 370 K; interestingly, another ordered
U + Cs network is achieved as indicated by the periodic bright dots
in the FFT image as shown in Fig. 3a. The unit cell of the network is
measured to be a, = 12.8 + 0.5 A, b, = 17.2 + 0.5 A, and
0, = 101° £ 1°. The elementary structural motifs are depicted by
white contours in Fig. 3a, and closer inspection allows us to identify
that the structural motif is composed of six U molecules and two
Cs cations resulting in a sixmembered metal-organic motif
(e, UeCs,) as shown in Fig. 3b, in which the DFT-relaxed model
on periodic structures is also superimposed. From the further
observation of Fig. 3b, we identify that each UsCs, motif shares
a U dimer with the adjacent ones on both sites to form
one-dimensional chains, and the chains are linked together
laterally via hydrogen bonds between U molecules. From the
high-resolution STM image together with the structural model
shown in Fig. 3c and the model including the Au(111) surface
in Fig. 3d, we distinguish that within the six-membered ring,
two Cs cations interact with O sites of six U molecules via ionic
bonds, and in comparison with the U;Cs; motif (in which all of
the U molecules are linked by hydrogen bonds), it is noted that
some neighboring U molecules are not linked by hydrogen
bonds any more, which indicates that the increased amount of

Fig. 3 Formation of the 2D metal-organic structure composed of UeCs;
motifs. (a) A large-scale STM image to distinguish UgCs, elementary motifs
as depicted by white contours where the Cs cations are indicated by
circles and the corresponding FFT inset of the UgCs, structure. The unit
cell is indicated. (b) An STM image of the UgCs, network superimposed
with the DFT-optimized model on Au(111). (c) An STM image of the UgCs,
motif superimposed with the DFT-optimized model on Au(111). Hydrogen
bonds are depicted by blue dashed lines. (d) Top and side views of the
DFT-optimized structural model of the UgCs, motif on Au(111). H: white;
C: gray; N: blue; O: red. Cs: orange.
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Cs atoms induces the breakage of the original hydrogen bonds
between U molecules and meanwhile introduces additional
ionic bonds to keep the whole structure stable.

To our surprise, with the increase of the Cs dosage, the Cs cations
tend to form a linear array with the number of Cs from two to three
by forming a third kind of U + Cs network composed of UgCs; motifs
as shown in Fig. 4a. The unit cell of the network is measured to be
a; =213+ 0.5 A, b;=21.7 & 0.5 A, and 0; = 84° + 1°. The elementary
structural motifs are depicted by white rectangles, and closer
inspection allows us to identify that the structural motif is composed
of eight U molecules and three Cs cations which are aligned into a
linear array resulting in an eight-membered metal-organic motif
(i.e., UgCss) as shown in Fig. 4b, in which the DFT-relaxed model
on periodic structures is also superimposed. It is noted that in
this UgCs; motif, three Cs cations are aligned into a linear array
enclosed by eight U molecules in the periphery, which is dramati-
cally different from our previous studies on the formation of the
U;Ni; metal-organic coordination motif, in which three Ni atoms
form a triangular configuration.”® From the high-resolution STM
image together with the structural model shown in Fig. 4c and the
model including the Au(111) surface in Fig. 4d, we distinguish that
within the motif three Cs cations interact with O sites of eight U
molecules via ionic bonds, and the neighboring U molecules are
divided into four hydrogen bonded dimers. Also note that, within
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Fig. 4 Formation of the 2D metal-organic structure composed of UgCsz
motifs. (a) A large-scale STM image to distinguish UgCsz elementary motifs
as depicted by white rectangles where the Cs cations are indicated by
circles and the corresponding FFT inset of the UgCss structure. The unit
cell is indicated. (b) An STM image of the UgCsz network superimposed
with the DFT-optimized model on Au(111). (c) An STM image of the UgCss
motif superimposed with the DFT-optimized model on Au(111). Hydrogen
bonds are depicted by blue dashed lines. (d) Top and side views of the
DFT-optimized structural model of the UgCsz motif on Au(111). H: white;
C: gray; N: blue; O: red. Cs: orange.
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Fig. 5 Formation of the 2D ordered structure composed of UgCs,4 motifs.
(@) An STM image of the UgCs, structure. The unit cell is indicated. (b) The
STM image superimposed with the DFT-relaxed structural model on Au(111).
(c) A close-up STM image of the UgCss motif superimposed with the
DFT-relaxed structural model on Au(111). Hydrogen bonds are depicted
by blue dashed lines. H: white; C: gray; N: blue; O: red. Cs: orange.

this UgCs; motif, the contribution of hydrogen bonds is further
weakened by ionic bonds. To further elaborate the charge state, we
have also calculated the Bader charge for each motif as shown in
Fig. S2 (ESIT). It is seen that the Cs almost loses ~0.9 ¢~ in each
motif, and each O around Cs gets ~1.2 e~ indicating the electro-
static interactions between Cs and O within the metal-organic
motifs. The Au substrate gets less than 0.1 e. In the observed
UsCs;, UgCs, and UgCs; structures, all of the U molecules are linked
by ionic bonds with the Cs cations within the motifs, and hydrogen
bonds also exist between some U molecules. The synergy and
competition between molecule-molecule, molecule-metal, and
metal-metal interactions on the substrate lead to the stability of
the observed periodic close-packed structures.

Depositing more Cs atoms onto the UgCs;-precovered surface
in the same procedure followed by annealing at 370 K results in a
more intricate ordered U + Cs structure in which four Cs cations
are similarly aligned in a linear array as shown in Fig. 5. The
unit cell of the network is measured to be a, = 19.4 £+ 0.5 A,
b,=27.3+0.54,and 0, =90° + 1°. The DFT-relaxed model of the
periodic structure is superimposed on the STM image (Fig. 5b).
From the zoomed-in STM image together with the structural
model shown in Fig. 5c, it is noticed that the electrostatic
interactions play the main role in stabilizing such a metal-
organic motif. Moreover, with further increase of the Cs dosage,
we achieve the formation of metallic linear arrays involving even
more than four Cs cations within the metal-organic motifs as
shown in the supporting information (¢f. Fig. S3, ESIf).

In conclusion, by a combination of STM imaging and DFT
calculations, we have successfully achieved the on-surface for-
mation of metal-organic structures composed of configuration-
adjustable multiple-metal-center motifs, in which the synergy
and competition between hydrogen bonds and ionic bonds are
found to be the key. These findings demonstrate the feasibility of
using the versatile ionic bonds to regulate various metal-organic
structural motifs; in particular, owing to the non-directionality
and non-saturability of ionic bonds, fabrication of more and
more complicated metal-organic structures can be foreseen.
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