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The coordination assembly of 1,3,5-trispyridylbenzene with Cu on a Au(111) surface has been investigated by scanning tunneling
microscopy under ultrahigh vacuum conditions. An open two-dimensional (2D) metal—organic network of honeycomb
structure is formed as the 2D network covers partial surface. Upon the 2D network coverage of the entire surface, further
increment of molecular density on the surface results in a multistep nonreversible structural transformation in the self-assembly.
The new phases consist of metal—organic networks of pentagonal, rhombic, zigzag, and eventually triangular structures. In
addition to the structural change, the coordination configuration also undergoes a change from the two-fold Cu—pyridyl binding
in the honeycomb, pentagonal, rhombic and zigzag structures to the three-fold Cu—pyridyl coordination in the triangular
structure. As the increment of molecular packing density on the surface builds up intrinsic in-plane compression pressure in the
2D space, the transformation of the structure, as well as the coordination binding mode, is attributed to the in-plane compression
pressure. The quantitative structural analysis of the various phases upon molecular density increment allows us to construct a
phase diagram of network structures as a function of the in-plane compression.

B INTRODUCTION

Supramolecular systems frequently exhibit structural trans-
formation, that is, different structures are formed under specific
external variables, for example, temperature, concentration,
pressure, solvent, and so forth."” In particular, structural
transformation of porous metal—organic framework (MOF)
structures has attracted increasing interest.” Recently, two-
dimensional (2D) supramolecular coordination networks as-
sembled on surfaces have been directly observed by scanning
tunneling microscopy (STM),” thus, providing model systems
for investigating the phase transformation mechanisms of
coordination self-assembly. In fact, understanding and control-
ling of the phase transformation in the self-assembled scaffolds
of surface-confined molecules afford a unique way to control
the structures and properties of 2D metal organic networks,* '
which are of fundamental importance in the design of nano.
structured materials. Various parameters such as solvent,®
concentratlon,6 temperature,7 coverage, molecular ratlos,9
electrical stimulation,'® and guest exchange11 have been proved
effective to induce the phase transformation in the 2D self-
assembled supramolecular architectures.
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The highly porous MOF structures are extremely flexible and
compressible, resulting in considerable sensitivity to applied
compression pressure. ~ Very recently, the structural transforma-
tion of MOFs induced by compression pressure has been studied
in the form of single crystals'> or powders'* via hydrostatic
compression in a diamond anvil cell filled with a pressure-
transmitting medium. Under the pressure up to several giga-
pascals, the pressure inducing structural transformation and
the lattice volume changes were observed by means of high-
pressure X-ray diffraction."*'* For 2D porous supramolecular
structures, however, the structural change under high pressure is
inaccessible since the external pressure could not be applied
directly toward the 2D systems either in liquid-phase or in
ultrahigh vacuum conditions. Here, we report a study which
makes use of intrinsic in-plane compression pressure built up by
2D gas phase molecules confined on a surface. We demonstrate
that on a Au(111) surface, the self-assembly of molecular ligands
of 1,3,5-tris(pyridyl)benzene (TPyB, shown in Figure 1a) with
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Figure 1. (a) Overview STM topograph (100 nm x 100 nm) of the TPyB—Cu honeycomb networks formed at a molecular density of 0.32 TPyB/nm’.
Inset: chemical structure of TPyB. (b) High-resolution image (20 nm X 20 nm) of the honeycomb network. (c) Structural model of the honeycomb

network (Cu in green and N in red).

Cu forms various coordination network structures steered by
in-plane compression. The structural characteristics of the various
networks and the phase transformation processes are monitored at
molecular resolution using STM. Our results shed new lights on
the roles that compression plays in 2D coordination self-assembly.

B RESULTS AND DISCUSSION

First, we deposit low-dosage TPyB molecules and copper
atoms on the Au(111) surface, that is, the adsorbed molecules
cover partial surface. Under this condition, a honeycomb net-
work structure is formed."”> As we continuously increase the
TPyB dosage on the surface (the Cu is assured to be always
overdosed as evidenced by the presence of extra Cu islands), the
honeycomb network gradually covers more surface area. At a
TPyB dosage corresponding to a molecular density of about
0.32 TPyB/nm’, one full monolayer of metal —organic coordina-
tion networks (i.e., the surface is fully covered by the networks) is
formed on the Au(111) surface. A typical overview STM
topography image is shown in Figure 1a revealing highly ordered
honeycomb networks with few defects (ca. 8% of TPyB). A high-
resolution STM image is shown in Figure 1b with molecular
resolution. The neighboring TPyB molecules are arranged in a
“corner-to-corner” manner; that is, the neighboring TPyB mol-
ecules approach each other with their pyridyl terminal groups.
One TPyB molecule can be identified to attach to three
neighboring TPyB molecules, thus, constructing the honeycomb
lattice. On the basis of the STM data, we propose a model as
drawn in Figure lc. A Cu atom coordinates the neighboring N
atoms of the pyridyl groups in a two-fold linear configuration."®
The Cu atoms are not resolved in the STM data, presumably due
to the electronic effect which was reported before.'®'” The area
of one hexagonal unit is 6.5 nm” and the densities of Cu atom
and TPyB molecule in honeycomb lattice are 0.46 Cu/nm” and
0.31 TPyB/nm™.

In a two-dimensional space, moving adsorbates are in a 2D gas
phase, which build up in-plane 2D pressure. The in-plane 2D
pressure shares many similar properties with three-dimensional
pressure. For example, in correlation to the ideal gas law, PV =
nRT (n, the mole number of the substance; R, the ideal gas
constant; T, temperature in kelvin; P, pressure), the increment of
the density of molecules adsorbed on a surface would result in an
enhancement of in-plane pressure for the 2D gas phase. To
investigate in-plane compression inducing structural transforma-
tion, we gradually increase the molecular density on the surface
by depositing additional TPyB molecules stepwisely on the
surface. After each step, the sample is annealed at 420 K allowing
efficient self-assembly and cooled down to 300 K later for
structural characterization using STM. Figure 2a is a typical
overview STM topography image of the sample on which the
molecular density is increased to 0.34 TPyB/nm”. This figure
shows the total area occupied by the honeycomb networks is
reduced (ca. 73% of TPyB), and in addition, a new structure
consisting of pentagons appears (ca. 14% of TPyB).18 So, our
strategy does work to induce structural transformation of 2D
coordination networks through increasing the density of ad-
sorbed molecules. We propose that the phase transformation is
driven by in-plane compression in a way that the new phases can
effectively reduce the 2D pressure.

In the high-resolution image of this new phase (see Figure 2b),
one can see each pentagon shares its two edges of meta-position
with the two neighboring pentagons. In each pentagon, four out
of five molecules attach to three neighboring molecules in a
“corner-to-corner” manner, whereas the one remaining TPyB
only attaches to two neighboring molecules. The pentagons tile
one by one and two adjacent pentagons always point to opposite
directions to constitute a waved string as highlighted by the frame
in Figure 2b. The adjacent strings running in parallel then tile
staggeredly, forming the periodic ordered network structure. In a
structural model as shown in Figure 2¢, one can see that in a
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Figure 2. (a) Overview STM topograph (100 x 100 nm) of the TPyB—Cu networks formed at a molecular density of 0.34 TPyB/nm”. (b) High-
resolution image (20 X 20 nm) of the pentagon network. (c) Structural model of the pentagonal network.

Figure 3. (a) Overview STM topograph (100 nm x 100 nm) of the TPyB— Cu networks formed at a molecular density of 0.38 TPyB/nm”. (b) High-
resolution image (10 nm x 10 nm) of the rhombic cyclic network. (c) Structural model of the rhombic network.

pentagon, five TPyB molecules link with the neighboring mol-
ecules in the two-fold Cu—pyridyl coordination. The length of
the pentagon side is 2.73 & 0.0S nm, which is the same as the one
of hexagon in the honeycomb network. Among the five mol-
ecules, four are involved in the neighboring pentagons and all of
their three pyridyl terminal groups participate in coordination.
The remaining TPyB molecule in the pentagon only coordinates
with two neighboring molecules, while the uncoordinated pyr-
idyl group points toward the benzene core of a TPyB molecule in
the adjacent string. The distance between the N atom and the C

atom is 0.56 nm, which is beyond the distance of typical
hydrogen bonds (0.15—0.35 nm)."” Thus, the neighboring
pentagon strings are likely packed together due to the in-plane
compression. In the pentagonal network, a periodic structural
unit can be defined by the frame in Figure 2¢c. On the basis of the
STM image, the densities of Cu and TPyB in the network are
calculated as 0.50 Cu/nm” and 0.37 TPyB/nm”, which are higher
than those in the honeycomb network.

Figure 3a is a typical overview STM topography image of the
sample on which the TPyB density is increased to 0.38 TPyB/nm”.
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Figure 4. (a) Overview STM topograph (100 nm X 100 nm) of the TPyB—Cu networks formed at a molecular density of 0.40 TPyB/ nm?>. (b) High-
resolution image (20 nm x 20 nm) of the zigzag phase. (c) Structural model of the zigzag phase.

Fo-of

Figure 5. (a) Overview STM topograph (100 nm X 120 nm) of the TPyB—Cu networks formed at a molecular density of 0.47 TPyB/nm>. (b) High-
resolution image (10 nm X 10 nm) of the region marked by the green frame in panel a. (c) Structural model of the phase shown in panel b. (d) High-
resolution image (15 nm X 15 nm) of the region marked by the blue frame in panel a. (e) Structural model of the phase shown in panel d.

One can clearly see that the total area of the honeycomb hexagonal
networks shrinks remarkably (ca. 1% of TPyB) and the pentagonal
networks become dominant (ca. 86% of TPyB). Moreover, a new
phase consisting of ordered packing rhombic structures appears
(ca. 2% of TPyB). A high-resolution STM image of Figure 3b
reveals that each rhombus is composed of four TPyB molecules
forming a cyclic unit. In a structural model as shown in Figure 3¢,
one can see that in a rhombic cycle, four TPyB molecules link with
each other in the two-fold Cu—pyridyl coordination. The length
of the rhombus side is 2.70/2.98 + 0.05 nm, which is close to the
size of hexagon in the honeycomb network. Each TPyB has one
uncoordinated pyridyl ligand that points toward the benzene
core of a TPyB molecule in the adjacent rhombic cycle. In this

phase, a periodic structural unit can be defined by the frame
in Figure 3c. On the basis of the unit cell size, the densities of
Cu and TPyB in this phase are calculated as 0.50 Cu/nm” and
0.50 TPyB/nm”.

When further increasing the molecular density to 0.40 TPyB/
nm?, as shown in Figure 4a, the honeycomb and rhombic phases
become very few and the pentagonal network phase (ca. 75% of
TPyB) is still the main phase. A new structure with densely
packed molecules appears in Figure 4a. This new phase con-
sumes about 10% of TPyB. In the high-resolution image of this
new phase (see Figure 4b), one may identify here a zigzag-like
arrangement of single chains of the TPyB molecules. Figure 4c
shows a structural model of the zigzag-chain phase, in which
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Figure 6. Overview STM topograph (200 nm x 200 nm) showing large
area of TPyB— Cu triangular network formed at a molecular density of
0.52 TPyB/nm’.

Table 1. Molecular Packing Density and Coordination
Binding Modes of Each Phase

structure density (TPyB/nm?) coordination bond
honeycomb 0.31 2-fold
pentagon 0.37 2-fold
rhombus 0.50 2-fold
zigzag chain 0.58 2-fold
triangle 0.59 3-fold

every molecule links two neighboring molecules via the two-fold
Cu—pyridyl coordination forming the wavy zigzag chains. The
remaining uncoordinated pyridyl groups of the TPyB molecules
point toward the benzene core of the TPyB molecules of the
adjacent chains. The distance between the N atom and the C
atom in N+ - -H—C is also 0.56 nm, which again excludes inter-
chain hydrogen bonding, so the zigzag chains are likely packed
together due to the in-plane compression. The structural unit of
this phase is deﬁned by the rectangle in the model and the unit
area is 3.4 nm”. The packing densities of Cu atom and TPyB
molecules in the zigzag-chain phase are 0.58 Cu/nm” and 0.58
TPyB/nm”, higher than those of the open structures of the
honeycomb, the pentagonal and the rhombic phases At even
higher molecular density up to 0.50 TPyB/nm’, the area of the
zigzag phase is enlarged and the area of the pentagon phase is
reduced, indicating the in-plane compression drives the mol-
ecules to form the denser phase.

Figure Sais a typical STM overview of the sample on which the
TPyB density is increased to 0.47 TPyB/nm” showing besides
the pentagonal phase and the zigzag-chain phase, two new phases
emerge as marked by the green frame at the upper and the
blue frame at the lower portion of Figure Sa. Figure Sb is a
magnified view of the green frame region, where one can see a
structure containing hexagonal units connected by rhombic
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Figure 7. Tentative phase diagram of network structures as a function
of molecular density constructed based on the statistical analysis of
samples with different molecular coverage.

units. Interestingly, three adjacent hexagons are joined together
in a three-fold junction, that is, an arrangement which is identical
to the Fe—TPyB network formed on Au(111)."> The structural
model shown in Figure Sc illustrates that the hexagonal and
rhombic units contain two-fold Cu—pyridyl coordination, while
the three TPyB molecules at three-fold junction coordinate with
a central Cu atom in a trigonal configuration. So, Cu atom is in a
different coordination from the two-fold Cu—pyridyl coordina-
tion pattern in all previous networks. Figure 5d is a magnified
view of the blue frame region. It shows a phase of triangular
networks in which the three-fold coordination becomes domi-
nant as illustrated in the structural model in Figure Se. Hexagonal
corner holes and linear defect lines exist at the domain bound-
aries of triangular networks. Each corner of the big triangular
lattice is a hexagon which is identical to the honeycomb network
unit. Accordmg to the STM image, a triangular unit occupies
1.70 nm®. The densities of Cu atom and TPyB molecules in the
triangular network are 0.59 Cu/ nm? and 0.59 TPyB/ nm?.
Figure 6 is a STM overview of the sample in which the TPyB
density is increased to 0.52 TPyB/nm” showing that the honey-
comb phase disappears, and both the pentagonal phase (ca. 24%
of TPyB) and the zigzag-chain phase (ca. 10% of TPyB) are
reduced remarkably while the triangular network phase grows
larger (ca. 48% of TPyB), as signified by the triangle defect lines.
This phenomenon highlights that the alteration of the coordina-
tion chemistry of the central metal occurs to accommodate more
molecules as the density of the 2D metal—organic coordination
network becomes high. Table 1 summarizes the molecular
packing density and coordination binding modes of each phase.
Obviously, the phases of high molecular packing density appear
at the samples in which the molecular density is higher, that is, at
higher in-plane compression. To gain quantitative relationship
between the molecular density on the surface and the phase
transformation, we have analyzed the total amount of TPyB
molecules involved in various network structures based on
statistical analysis of the STM data of 9 samples providing dif-
ferent molecular densities. Figure 7 presents a tentative diagram
showing the phases transformation upon increment of molecular
density. The graph illustrates with increment of the molecular
density, the most open honeycomb structure is diminished

18764 dx.doi.org/10.1021/ja2056193 |J. Am. Chem. Soc. 2011, 133, 18760-18766



Journal of the American Chemical Society

gradually while the less open pentagonal and rhombic, or more
densely packed zigzag and trigonal structures become increas-
ingly more dominant. As in the self-assembly processes all
molecules are confined in the 2D space, and a high molecular
density corresponds to high intrinsic in-plane compression, we
propose the observed phase transformation is a consequence of
this compression as the transformation to denser network would
release the compression effectively. As the molecular density is
above 0.47 TPyB/nm? some Cu atoms are coordinated in three-
fold, which indicates the intrinsic alteration of the coordination
chemistry occurs at high molecular density. We have carried out
cross-checking experiments to validate the compression-induced
structural transformation. In the Cu-deficient case, the honey-
comb network phase and close-packed TPyB molecular layer
were formed at low molecular density (below the full monolayer
of honeycomb phase). In other words, the lack of Cu will not
result in those high-packing density phases.

Bl CONCLUSION

In summary, we have investigated the phase transformation of
the 2D metal—organic coordination networks driven by in-plane
compression. We have found that the honeycomb network is
formed at first below full monolayer coverage, and transforms
under higher molecular density, that is, high in-plane compres-
sion, to the pentagonal networks, rhombic cycles, then to the
zigzag structure, and finally to the triangular networks. It is very
interesting to find that the Cu—pyridyl binding is in the two-fold
coordination configuration in most networks but can be trans-
formed to the three-fold coordination configuration in the
triangular network under high molecular density, which illus-
trates the coordination chemistry of Cu—pyridyl can be altered
under high compression. This work demonstrates that a subtle
modification of the parameters such as compression can lead to
distinctive 2D coordination networks and different coordination
chemistry, which offers an alternative route in guiding the 2D
supramolecular self-assembly.

B EXPERIMENTAL METHODS

Synthesis. TPyB ligand was synthesized according to the reported
procedure.”®

Sample Preparation and STM Measurement. All sample
preparations and STM measurements were performed in ultra high
vacuum conditions. A single-crystal Au(111) was cleaned by cycles of
Ar" jon sputtering and annealing to 850 K. Copper atoms were
deposited for 10 min using an electron beam metal evaporator on the
Au(111) surface held at room temperature and the Cu was assured to be
always overdosed as evidenced by the presence of extra Cu islands in all
samples. On the same surface, TPyB molecules were deposited at
470 K using an organic molecular beam deposition source. The sample
was held at room temperature for all depositions. After the TPyB
deposition, the sample was annealed at 420 K. Then, the sample was
characterized in situ by an Omicron scanning tunneling microscope
(STM) at 293 K in the constant current mode (bias voltage = -1.3 V and
tunneling current = 0.3 nA). The data analysis was conducted using
WSxM software.*!
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