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1. Introduction

Supramolecular self-assembly on metal surfaces has been ex-

tensively investigated because the resulting nanostructures
show potential for heterogeneous catalysis, gas storage and

magnetic storage.[1–11] The distinct physical/chemical properties
of these low-dimensional nanostructures originate from both

the characteristics of organic ligands and/or metal ions/atoms,

that constitute the building blocks of a self-assembly, and par-
ticularly how these building blocks are interacted and thus ar-

ranged on a solid substrate. Therefore, it is essential to control
the polymorphism of these supramolecular assemblies at both

the micro- and nanoscale, aiming at tailoring and optimizing
their functionality. Surface structures at different scales can be

manipulated using various external stimuli, such as light, pH,

and temperature.[12–19] For instance, Cometto et al. caused local
conformational switching in a supramolecular network by po-
larizing the surface molecules using the tip of a scanning tun-

nelling microscope (STM).[18] Reversible manipulation at both

the nano- and microscale in a supramolecular network were re-
alized and used to control guest release and capture.[15, 16]

Polymorphic network structures involving metal-organic co-
ordination motifs have attracted particular interests because

the ligands, bonding configurations and coordination numbers

at the metal coordination centres can be judiciously modified,
allowing to customize the catalytic and magnetic/spintronic

characteristics. Coordination motifs also offer high thermal sta-
bility attractive for practical applications. Metal-organic frame-

works have demonstrated potential in applications of light-
emitting, sensing and optical/electronic nanodevices.[20–22] Re-
garding to these distinct properties of the coordination motif,

researchers have made substantial efforts to control metal-or-
ganic coordination self-assembly on metal surfaces, such as by
altering the type and concentration of organic ligands or met-
allic atoms (e.g. transition, alkali and lanthanide metals),[23–33]

by selecting substrates and by tuning the ratio of metal/organ-
ic reactants.[6, 23, 30] Nevertheless, because of the intermediate of

substrates and the liability of coordination motifs, controlling
coordination assembly, especially at nanoscale, remains a
challenge.

Here we demonstrate the self-assembly based on Au-pyridyl
(py) coordination motifs, and the control over the polymor-

phism of the resultant two-dimensional coordination networks
at both global and local scale. Two distinct polymorphic net-

work structures were separately assembled by coordinating Au

atoms with the same organic ligand 1,3,5-tris[4-(pyridin-4-yl)-
phenyl]benzene L (Figure 1 a, inset). One structure, named a-

network, was formed via three-fold Au-py coordination on
Ag(111) with predeposited Au atoms; the other structure,

named b-network, was formed via two-fold Au-py coordination
on Au(111). Thermal annealing of the network on Au(111) se-
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lected exclusively single-oriented b-network domains as large
as &400 nm. This global control appeared to depend on the li-

ability of the Au-py coordination and a balance between
metal-organic coordination and the molecule-substrate interac-

tions. We were further able to locally manipulate the network
structure by using an STM tip to create a-network domains

(&10 nm) locally within otherwise homogeneous b-network

domains on Au(111).

2. Results and Discussion

First we examined whether Au (ad)atoms could coordinate
with py with sufficient lability so that we could globally control
the polymorphism of the resulting coordination networks

through a choice of substrates or thermodynamic conditions.

2.1. Pure a-Network Phase on Ag(111)

Deposition of compound L onto a pristine Ag(111) surface at
room temperature led to a close-packed monolayer structure

in which each L molecule was in the same orientation and had
six surrounding neighbours (Figure 1 a). The distance between
neighbouring molecules was 1.58:0.02 nm (Figure 1 b). We

propose a tentative structural model based on high-resolution
images (Figure 1 c). Based on the dimensions of L molecules in

gas phase in which the distance between the two outermost N
atoms was 1.74 nm, we deduced that the distance between

the outermost N atoms of one molecule with the nearest H
atoms in the central benzene of the neighbour molecule is
2.8–3.2 a. This value falls within the typical distance range for

H-bonds.[2] We annealed the sample up to 410 K in order to in-
crease the density of Ag lattice-gas adatoms and promote mo-

bility of the molecules.[34] Examination of the sample at room
temperature showed that the thermal annealing did not alter

the assembled close-packed structure. The formation of the
close-packed structure under these conditions indicates an in-
termolecular N···H bonding that stabilizes L molecules, and ex-
cludes the possibility of Ag adatoms incorporation as coordina-
tion metal centres to py endgroups.

Consecutive deposition of Au atoms and L molecules on

Ag(111), followed by thermal annealing at 390–450 K, generat-
ed a porous rhombic a-network structure (Figure 1 d). We de-

fined the orientation of the a-network as one of three equiva-
lent directions, along which two adjacent pores are aligned.
Three rotational domains differing by 14:28 were distinguish-

ed, one of which aligned with the <11̄0> direction on the
Ag(111) surface. L molecules in each domain were held togeth-

er via py endgroups interlinked in a three-fold head-to-head
manner (Figure 1 e). The unit cell (black rhombic frame in Fig-

ure 1 e) of the structure were defined by its two vectors (a and

b) separated by 608, and ja j = jb j = 2.24:0.02 nm.
We observed the a-network only when Au atoms were pre-

deposited on the surface. This leads us to propose that Au
atoms are incorporated into the intermolecular links, forming

Au-py coordination that stabilizes the a-network. In a tentative
model (Figure 1 f), we propose that each Au atom serves as

a coordination centre to link three py endgroups, generating

a rhombic lattice with a Au@N bond length of 2.7 a.[35, 36] Com-
mensuration of surface coordination networks with the sub-

strate is largely determined by molecule-substrate and/or
metal centre–substrate interactions.[6, 37] In the a-networks de-

scribed here, the deviation of :148 between the network ori-
entation and the <11̄0> direction indicates that the phenyl/

py moieties of the adsorbed molecules coincide with none of

high-symmetry sites on the substrate. This suggests a weak in-
teraction between phenyl/py rings and the Ag(111) substrate,

implying that adsorption of the Au coordination centres deter-
mines network orientation.

These experiments show that Au adatoms can serve as coor-
dination centres in Au-py motifs. A three-fold configuration for

surface-confined Au-py coordination is probably thermody-

namically favoured, since the a-network in our experiments
was maintained against thermal annealing up to 450 K.

2.2. Pure b-Network Phase and Single-Crystalline b-Net-
works on Au(111)

In contrast to what we observed on Ag(111), deposition of L
molecules on a pristine Au(111) surface at room temperature
led to a honeycomb b-network structure covering most of the

surface (Figure 2 a). A small portion of the surface was covered
by an a-network structure similar to that obtained on Ag(111)

(see next section). The b-network structure showed two rota-
tional domains separated by 308, named b1- and b2-networks

(Figure 2 a). High-resolution imaging revealed that the L mole-

cules were held together via their py endgroups interlinked lin-
early in a head-to-head manner (Figure 2 b,c). Given the well-

known repulsion between two pyridines, we propose that the
Au atoms are incorporated into the links, forming two-fold Au-

py coordination. Unit cell analysis indicated that the vector a1

in the b1-network was parallel to <112̄> of the Au(111) sub-

Figure 1. a) STM overview of the close-packed monolayer structure of organ-
ic ligand L (1,3,5-tris[4-(pyridin-4-yl)phenyl]benzene) on Ag(111). Inset : chem-
ical structure of L. b) High-resolution image of the L monolayer. c) Tentative
structural model of an L monolayer. d) STM overview of the Au-py coordina-
tion a-networks on Ag(111). Two domains oriented &148 relative to each
other are visible. e) High-resolution image of the a-network. f) Tentative
structural model of the a-network. The black rhombic frames in (b, c) and
(e, f) delineate unit cells of, respectively, close-packed monolayers and a-net-
works. Colours in (c, f): C = grey; N = blue; H = white; Au = yellow.
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strate, while the vector a2 in the b2-network was parallel to

<11̄0> . The length of a1 and a2 were 4.00:0.02 nm and
4.03:0.02 nm, respectively. This suggests that the projected

length of Au@N bond was 1.5:0.1 a in the b1-network and
1.6:0.1 a in the b2-network.

Au coordination on a Au(111) surface can occur when there
exist Au adatoms lifted up from the substrate, in which case
the Au(111) herringbone structure is usually “damaged”.[38] Al-
ternatively, the coordination centre can form when Au atoms

at the “top” sites are slightly displaced; in this case, the
Au(111) herringbone structure is preserved beneath the coordi-
nation structures.[39] By artificially blurring a typical STM image
displaying a Au(111) surface area covered by b-networks (Fig-
ure 2 d), we were able to observe integral herringbone patterns
underneath the b-network. This indicates that the observed
two-fold Au coordination centres are built via vertical displace-

ment of substrate Au atoms. Consistently, Au coordination cen-
tres in b-networks coordinated with more substrate atoms and

therefore fewer py endgroups than the three-fold Au-py coor-

dination centres on Ag(111). It should be noted that in both a-
and b-networks the Au coordination nodes (Figures 1 e, 2 b,c)

showed similar depressed feature, which can be presumably
attributed to a shorter Au coordination-surface distance with

respect to the molecule-surface distance. Due to limitation of
the instrument, we cannot determine unambiguously the

height difference between two types of nodes.

Atomic-resolution imaging of the b1-network (Figure 2 e) re-
vealed the network to be commensurate with the substrate

lattice, displaying an (8
p

3 V 8
p

3)R308 superstructure. (The
sites where the molecular centre adsorbed to the substrate

could not be unambiguously determined because of a tip arte-
fact.) We propose a tentative model of the b1-network on the

Au(111) lattice (Figure 2 f). In this model, Au atoms at the “top”

sites serve as coordination metal centres (yellow dots in Fig-
ure 2 f), and each of them coordinates with two N terminals

belonging, respectively to two adjacent py endgroups. The re-
sulting b1-network model is exactly commensurate with the

Au(111) lattice; the deduced lattice constant of 3.99 nm indi-
cates a Au-N coordination bond of 1.5 a. We propose an ana-

logue model for the b2-network, with the Au atoms at top

sites acting as coordination centres (Figure 2 g). The result is
a commensuration superstructure (14 V 14) with a lattice con-

stant of 4.03 nm, indicating a Au@N bond length of 1.6 a.
These lattice parameters for the b1- and b2-networks are in

good agreement with STM observations. The quite small differ-
ence in the Au@N bond length for the two types of b-network
implies a small bonding energy difference, presumably explain-

ing why we observed the two oriented b-networks coexisting
at room temperature.

The b-network covered most of the surface areas even after
thermal annealing at high temperatures or for long durations,
suggesting that the b-network is thermodynamically favoured
on Au(111) in comparison with the a-network on Ag(111). Fig-
ure 2 h shows a typical overview, represented by the mapping

of the tunnelling current, of the sample resulted from a post-
annealing at 540 K for 30 min, which manifests large single-ori-

entated b1-network domains covering over several terraces. In
fact, fast Fourier transform (FFT) of the image (Figure 2 h, inset)
showed clear discrete diffraction spots, indicating that all terra-
ces were covered by b1-network. The single-crystalline domain

Figure 2. a) STM topograph of Au-py coordination b-networks out of deposi-
tion of molecule L on pristine Au(111). The domains b1 and b2 aligned
along the <112̄> and <11̄0> vectors of the Au(111) substrate, respectively.
b, c) High-resolution image of b1- and b2-networks. The unit cells are de-
lineated as black rhombic frames (ja1 j = 4.00:0.02 nm;
ja2 j = 4.03:0.02 nm). d) STM image show both b-networks (upper panel)
and the underneath herringbone patterns (bottom panel). The bottom
panel is artificially blurred to illustrate the herringbone patterns, two of
them marked by zigzag dashed lines. e) STM topograph obtained with an
atypical tip showing both the Au(111) atomic lattice and the b1-network.
f, g) Tentative structural models of the b1- and b2-network with the underly-
ing Au(111) lattice. Substrate Au atoms that serve as coordination centres
are highlighted by yellow dots. h) Mapping of the tunnelling current in a typ-
ical STM analysis of a sample following a post-annealing at 540 K for 30 min.
Inset in (h): FFT of the image.
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of the b1-network extended as long as 400 nm over an entire
terrace.

Similar pure network phases on Ag(111) have been reported
in which molecular adsorption onto the substrate induced for-

mation of single-crystalline Co-sexiphenyl networks.[40] In our
experiments, besides the small bonding energy difference due

to the different Au@N bond lengths, the adsorption energy of
the L molecule can also contribute to the emergence of the
pure b1-network. For instance, a close inspection to the

models reveals that the adsorption sites of the py or phenyl
moieties for two network structures are considerably different.

Future calculations based on density functional theory or ex-
periments based on infrared reflection-absorption spectrosco-

py are needed to address the mechanism of network forma-
tion and the observed thermodynamic preference. In the

meantime, we propose that the preference for two-fold Au-py
coordination and the favourable adsorption of L molecules on
Au(111) drive the observed selectivity for a pure b1-network
phase following thermal annealing.

2.3. a-Networks on Au(111)

The minor a-network phase was reproducibly obtained under
a broad range of conditions with different molecule dosages,

deposition temperatures, and post-thermal annealing regimes.
In total, the occurrence of the a-network is as low as 9.2 %, in

terms of the portion of the molecules in a-network versus the
total amount of the molecules (&6 V 104, corresponding to an

absolute coverage &0.5 mm2 for b-networks.) By carefully in-

specting in large surface areas, we observed frequently that a-
networks extended from the lower step edges of the substrate,

in an epitaxial growth mode (ellipses in Figure 3 a).[19] Unit cell
parameters of the a-network (black rhombus in Figure 3 b) in-

dicate that ja j = jb j = 2.17:0.02 nm. The deduced projected
Au@N bond length was 2.5:0.1 a, similar to that for a-net-
works on Ag(111) (2.7 a), but much larger than that for b-net-

works (&1.5–1.6 a).
Au coordination centres can be supplied by gas adatoms re-

leased from kink sites, step edges and other defects.[34] The a-
networks on Au(111) were frequently observed in the proximity

of the lower step edges, where the density of Au adatoms is

much higher than that in open terraces according to the
Gibbs-Thomson relationship in two dimensions.[41, 42] This sug-

gests that a-networks tend to emerge on Au(111) in areas
where the density of Au adatoms is high. In agreement with

this tendency, the absolute concentration of Au coordination
centres for the a-network (0.245 nm@2) was also higher than

that for the b-network (0.216 nm@2). Thereby, we propose that
the formation of a-network on Au(111) is predominated by the
presence of a high density of Au adatoms in local surface

areas.

2.4. The a-Network Formation Induced with an STM Tip

Given the distinct bonding modes of Au (ad)atoms on Au(111),

we attempted to use an STM tip to locally create a-networks
from a homogeneous b1-network phase. We scanned surface

areas covered with b1-networks using tunnelling conditions
U =@50 mV and I = 80 pA, as well as an atypical scanning
speed (v) &50 ms/line, which is three times faster than the
normal speed (150–250 ms/line). The typical feedback circuit

was retained. These scanning conditions were set so that “tip
contact” to the surface,[41–43] and thus the damage of the b1-
networks were expected. To further disturb b1-networks be-

neath the tip and create Au islands,[41] we applied voltage
pulses (@2 V, and the time span is &30 ms.) randomly during

scanning. Afterwards, we rescanned the surface using normal
tunnelling conditions (U =@1.2 V, I = 50 pA, v = 150–250 ms/

line) and observed small sheets of a-network. These a-net-

works are visible in Figure 4 a, where frame 1 (20 nm V 20 nm)
denotes the area we manipulated. In the frame, a small Au

island, presumably created by a pulse of @2 V, is visible on the
right side. Repeat scanning showed that a-network sheets

became larger and more stable within 30 min (Figure 4 b). The
a-networks did not strictly embrace the Au island because of

the instability of molecules at the borders of the b1-networks,

and of the perturbing of the STM tip. Nevertheless, we pro-
pose that the high density of the Au adatoms in the Au island

likely helped to drive growth of the a-networks as follows. The
STM tip and high-voltage pulses created small islands or cra-

ters,[41, 42] and the released L molecules re-assembled into a-
networks, which was driven by the high adatom density main-

tained by the Au islands. Because of the instability of the tip
and the unknown shape of its apex, this approach may cause

an unintended “damage” to the networks and the substrate,
and therefore the size and the shape of resultant a-networks
are somehow less controlled. As the resultant a-networks ap-

peared at open terraces (i.e. with low Au adatom density), we
expected that re-annealing would transform them back to b-

networks.
In the second approach to locally manipulate the two-di-

mensional coordination network, we gradually increased the

tunnelling setpoint or decreased the magnitude of bias voltag-
es. The STM tip was therefore brought closer to the sample, to

gently “disturb” surface structures. This approach simultane-
ously allowed for surface imaging. Figure 4 c shows a typical

image obtained during scanning of frame 2 (20 nm V 20 nm)
with reduction in the magnitude of bias voltages from @1.2 V

Figure 3. a) Typical STM topograph showing the coexistence of a-networks
and b-networks on Au(111). The two ellipses denote a-networks. b) High-res-
olution image (30 nm V 30 nm) of the a-networks on Au(111). The circular
inset shows a unit cell with ja j = jb j = 2.17:0.02 nm.
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to @0.2 V and then to @50 mV; I was kept constant at 50 pA,
and v was kept constant at &50 ms/line. The “steamy” appear-

ance in the central area suggested that the b1-network had
partially dissociated, and that “released” L molecules had been

migrating on the surface, and thus not resolved by STM. After

reshaping the STM tip elsewhere, we rescanned the area and
observed a small sheet of a-network in frame 2 (Figure 4 d).
No Au island, however, was observed. We propose that the
high density of Au adatoms necessary for a-network formation

arose when Au atoms transferred onto the tip and then back
onto the substrate. Such transfer, well known to occur during

STM of metallic surfaces,[43] is especially likely under our atypi-
cal scanning conditions involving an extremely short tip-
sample distance or more frequent “tip-contacts”. The a-net-

works obtained under these experimental conditions were
smaller than the scanning frames, suggesting that the density

of Au adatoms (i.e. the absolute number of Au adatoms within
the scanning area) transferred on the substrate from the tip

was not high enough to allow extensive assembly of a-net-

works (Figure 4 d).
In the third approach, we scanned frame 3 (20 nm V 20 nm)

continuously for 15 min using a positive bias voltage (U = +

1.2 V, I = 160 pA, v&50 ms/line), which generated a small

patch of a-network (Figure 4 e). We propose that using positive
bias voltages one can inject electrons from the tip into mole-

cules, which are thus destabilized by the additional kinetic
energy brought by the electrons.[43–46] At the same time, the

fast scanning speed causes unintended “tip contacts” to the
surface, thereby damaging the b-network and producing Au

adatoms. The magnitude of bias voltages per se were found
not to be essential for a-network formation, since the bias vol-

tages from @2.0 V to + 3.5 V were used and produced similar
results. This allows us to exclude electric fields or sample polar-

ity as an essential factor in these local manipulation of the co-

ordination networks.[18]

Using the approaches aforementioned, we were able to
create a-network domains as large as &25 nm by scanning
within larger frames. As shown in Figure 4 f, frame 4 (40 nm V

40 nm) was scanned using U =@50 mV, I = 160 pA and v
&50 ms/line. The resulted a-networks extended outside the

scanning frame, probably reflecting tip-substrate contacts and

the dynamic nature of the self-assembly.
These experiments demonstrate a local manipulation on the

polymorphism of coordination networks, where we could local-
ly create a-networks (out of three-fold Au-py coordination) by

damaging the b1-network (out of two-fold Au-py coordination)
using tip contact during fast STM scanning. Such a process de-

pends on a high density of Au adatoms produced either

through Au atom transfer from an STM tip, or through forma-
tion of Au islands induced by voltage pulses or “tip-contacts”.

3. Conclusions

We have achieved global and local control of two-dimensional

Au-pyridyl coordination networks on metal surfaces. Both
types of control are determined by the adsorption of organic

molecules and the density of Au adatoms. We believe that

a similar strategy can be valid for coordination systems involv-
ing other labile metal coordination centres such as Fe or Co.

Controlling polymorphism of coordination networks at either
micro or nanoscale by tailoring the metal coordination motifs

may allow for a full manoeuvre over the catalytic and spintron-
ic properties of a functional surface. The local manipulations
shown here, performed on a homogeneous single-crystalline

b1-network region, may support artificial patterning of
a metal-organic functional surface potential for optical/elec-
tronic nanodevices.

Experimental Section

Sample preparation processes were performed in an ultrahigh
vacuum (UHV) system (SPECS GmbH) at a base pressure &3.0 V
10@10 mbar. The single-crystal Ag(111) and Au(111) substrates
(MaTeck, 99.999 %) were cleaned by cycles of Ar ion sputtering at
an energy of 900 eV and annealing at 800 K. The atomic lattices of
the samples were determined by STM scanning at room tempera-
ture that produced atomic-resolution topographs. Au atoms were
evaporated, by using an electron-beam evaporator, from gold
wires (Alfa, 99.999 %) contained by a Mo crucible. The organic com-
pound L (1,3,5-tris[4-(pyridin-4-yl)phenyl]benzene, purity>96 %)
was evaporated by organic molecular beam epitaxy (DODECON
Nanotechnology GmbH) and the sublimation temperature was
390 8C.

Figure 4. Creation of a-networks within b1-network domains using an STM
tip. a) An image obtained after an atypical scanning (U =@50 mV, I = 80 pA;
the scanning area is indicated by the white square frame marked by 1)
shows that a-networks appear around the frame. A small Au island, induced
by tip pulses, is visible on the right side of the frame. b) a-networks grow
and become more stable after 30 min. c) A typical STM image of frame 2.
The image was obtained during an atypical scanning (U =@1.2 to @0.05 V,
I = 50 pA). d) a-network appearing in frame 2. e) a-network emerging after
an atypical scanning (U = + 1.2 V, I = 160 pA) in frame 3. f) Large a-network
domains. The image was obtained after an atypical scanning (U =@0.05 V,
I = 160 pA). The scanning speed (v) for all atypical scan was &50 ms/line.
Scale: (a, b) 40 nm V 40 nm; (c) 20 nm V 20 nm; (d, e) 30 nm V 30 nm.
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All STM experiments were performed using an Aarhus SPM appara-
tus controlled by the Nanonis electronics. Topographic data were
acquired in constant current mode. Typical scan conditions used to
imaging topographs: bias voltages (sample vs. tip) U =@1.2 to
@0.8 V; tunnelling current I = 50–200 pA; feedback loop circuit, P
gain = 0.2 nm, time constant = 0.3 ms; image resolution, 512 V 512
pixels; scanning speed (v) &150–250 ms/line. Atypical scan condi-
tions used to create a-networks were indicated in figure captions.
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