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Two-dimensional metal–organic coordination networks at a

Cu(100) surface are transformed to a new supramolecular

structure with one-dimensional coordination character by the

addition of a second organic ligand.

Rational design and structural control of highly-ordered

nanometre-scale frameworks are fundamental ambitions of

supramolecular assembly research in solution-based systems,1–3

and more recently, for the efficient ‘‘bottom-up’’ nano-

patterning of surfaces.4–6 We demonstrate a transition from

two-dimensional to one-dimensional organization in a surface-

supported supramolecular assembly, triggered by the addition

of a second ligand to the system. A structural reorganization

from a homotopic, two-dimensional coordination network

into 1D coordination chains is triggered by the addition of

terephthalic acid. The possibility to tailor the structure and

function of such systems is of great interest for a wide variety

of applications, including host–guest systems7,8 and growth

templates.9,10 The self-organization of highly regular,

extended structural domains requires supramolecular inter-

actions that are selective, directional, and non-covalent

(i.e., reversible for error correction), such as hydrogen bonding

or metal–ligand complexation. Two-dimensional metal–

organic coordination networks (2D-MOCN) have been

demonstrated with design control over size,11,12 nanopore

aspect ratio,13 geometry,14,15 and adsorptive activity.8 The

higher level of complexity in some of these systems13,15,16 is

achieved through multi-ligand mixtures, which may be critical

for full realization of sophisticated, hierarchically organized

surface architectures for designable chemical function and

physical properties.

In this paper we demonstrate a further level of control in the

design of 2D-MOCN systems. We present a transition from a

stable 2D coordination network17 to a 1D coordination

structure with low coordination number, triggered by the

addition of a second ligand to the system. The added ligand

orders and stabilizes the final cooperative assembly via

hydrogen bonding. Whereas prior reports of co-

crystallization16,18 improved stability and order, the mixed

molecular phase reported here is particularly interesting since

it is preferred to the homotopic alternatives, which are

individually stable.

For this purpose, 4,40-bis(4-pyridyl)(2,20-bipyrimidine)

(PBP, Scheme 1),17 a linear aromatic molecule with 4-pyridyl

end groups and a 2,20-bipyrimidine backbone, was chosen. In

the presence of Cu atoms, PBP self-organizes directly in

thermally stable and extended 2D metal–organic coordination

networks on Cu(100) (Fig. 1), Ag(100), and Ag(111)

surfaces.17 On each of these surfaces, differing in lattice

constant and symmetry, the same robust coordination geo-

metry is observed: bidentate coordination of two nitrogen

atoms of the bipyrimidine moiety of one ligand to a Cu atom

and the pyridyl end group of another ligand attaching

perpendicular to the first (see molecular model in Fig. 1).

In this work, the bipyrimidine PBP (synthesized according

to ref. 17) and terephthalic acid (TPA, Scheme 1, Fluka

Chemie GmbH, 499% purity) are sequentially evaporated

under ultra high vacuum (UHV) conditions onto an

atomically flat Cu(100) single-crystal surface, which has been

cleaned by standard sputtering–annealing procedure.16 Due to

the sequential deposition, the PBP–Cu structure will form on

the surface before TPA deposition, according to previous

work, which demonstrated formation of that structure

immediately upon room temperature deposition.17 Subsequent

deposition of the TPA triggers a transformation to the struc-

tures reported here. The sample is subsequently annealed to

400 K to allow efficient mixing and assembly. In the absence of

TPA, this annealing step would allow ripening of the PBP–Cu

structure.17

The sample is characterized in situ using a home-built

scanning tunnelling microscope at room temperature. It has

been demonstrated previously that the carboxylic acid groups

of TPA deprotonate during the adsorption or subsequent

annealing on Cu(100),19,20 leaving carboxylate moieties which

are excellent electron acceptors for the intermolecular

hydrogen-bond-type interactions described below. The UHV

environment enables detailed analysis of the structures using
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surface analysis methods (especially local structural character-

ization with scanning probes) and also allows a high degree of

experimental control, especially with regard to surface

composition and temperature.21

Fig. 2a, an STM topograph overview recorded at room

temperature shows that the codeposition of PBP and TPA

onto Cu(100) results in highly ordered and extended domains

of a mixed phase of both molecules. The yield of this structure

is quantitative, i.e., limited by the smaller of the surface

coverage of either PBP or TPA. Experiments were performed

with either an excess of PBP or of TPA, the mixed phase in

Fig. 2 is again found in quantitative yield and the excess

molecule forms separate homoligand domains. In the mixed

phase structure of Fig. 2, the PBP ligands form parallel 1D

rows, which are interconnected by the shorter TPA molecules,

fixing the well-defined periodic spacing between the pyridyl

rows to 15.8 Å � 0.1 Å (measured by STM). Four rotational

domain orientations are observed by STM, where the

coordination chain direction (indicated by dashed lines in

Fig. 2a) is �231 from the [011] or [0�11] principle directions

of the substrate (arrows in Fig. 2a).

The close-up in the inset of Fig. 2a, shows that these rows

consist of individual PBP molecules lined up with a segment

spacing of 19.5 Å � 0.1 Å. Considering the length of the PBP

‘‘building blocks’’ as 15.4 Å, the gap between pyridyl moieties

of adjacent PBP molecules facing each other, can be deter-

mined as 4.1 Å, which is too large for direct stable interaction.

However, this distance is in very good agreement with the

previously reported linear N–Cu–N coordination node

stabilizing 1D Cu–bipyridyl coordination rows.14 In addition,

in the STM data, bright round protrusions can be observed in

the intersection of neighboring PBP molecules along these

rows, displaying the position of Cu coordination centers.

Neighboring bipyrimidine chains are bridged by three TPA

molecules per PBP ligand, i.e. in a segment of 19.5 Å. Notably,

the spacing between adjacent TPA molecules is significantly

compressed compared to their homotopic hydrogen-bonded

phase (three TPA molecules in a segment of 23.0 Å in

Cu(100)-(3 � 3)-TPA structure).22 Along with that compres-

sion, we observe that the distance between neighboring

Cu–PBP rows (15.8 Å) is larger than observed for the

Cu–bipyridyl chains (15.3 Å) in similar cases, where TPA

interacted purely via hydrogen bonds.16 Another notable

structural difference is the orientation of the coordination

chains along the [05�2] direction of the surface here rather than

the low index directions as found in the prior study. The

compression along the TPA rows, broadening between the

rows, and reorientation compared to the previous work with

4,40-bis(4-pyridyl)biphenyl ligands10 indicate a different

bonding geometry, due to the presence of the bipyrimidine

backbone here. Although the STM does not provide direct

characterization of the intermolecular interactions and

coordination bonding, insight into the formation of these

structures can be gained by careful analysis of the data.

A molecular model of the assembly superimposed on a

Cu(100) substrate is shown in Fig. 2b. As deduced from the

STM data, the bipyrimidine chains are turned by 231 in respect

to the [011] direction of the substrate (running in [05�2]

direction, indicated by dashed lines in Fig. 2a), which allows

commensurability of the segments with the substrate, i.e. the

Fig. 1 High-resolution STM image (8.2 nm � 4.6 nm) of thermally

stable open pore coordination network of PBP on Cu(100), super-

imposed with molecular model. Image reproduced from ref. 17 with

permission from Wiley-VCH.

Fig. 2 (a) STM topograph (49 nm � 35 nm) of the hybrid phase of

PBP and TPA on Cu(100) with different possible domain orientations,

indicated by white dashed lines. The PBP molecules are forming linear

Cu–pyridyl coordination chains, interconnected by TPA molecules.

Inset: close-up image of structure (5.0 nm � 5.8 nm). (b) Tentative

molecular model of the PBP–TPA mixed phase. The upper part

reflects the information deduced directly from the STM data, where

the red ovals represent TPA molecules. In the lower part, Cu centers in

the proximity of the bipyrimidine side groups and the possible con-

figuration of the TPA molecules are added to the model in the most

likely supramolecular arrangement, as discussed in the main text.
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Cu centers and the bipyrimidine molecules are always in

the same position relative to the substrate. Considering the

spacing between neighboring chains, their lateral displacement

d = 4.2 � 0.5 Å (measured by STM, see Fig. 2b) and the

substrate geometry suggests that this is not only the case along

the coordination chains, but that all PBP molecules and Cu

centers, in the same domain, have an identical position relative

to the substrate, as depicted in the model.

The relative position of the Cu centers and ligands with

respect to the substrate atoms cannot be determined unam-

biguously from the STM data, since atomic resolution of the

network and the substrate at the same time was not achieved.

The red ovals in the upper part of Fig. 2b, depict the position

of the bridging TPA molecules, as determined from the STM

data, but the exact orientation of the individual TPA

molecules at these positions is not clear.

In the bottom part of Fig. 2b we depict the TPA more

explicitly in order to provide a speculative model, in our view

the most likely, for the TPA bonding and orientation. In two

out of three TPA positions, one carboxylate group faces a

bipyrimidine group of the pyridyl chain (indicated by a red

lightning bolt), which would be repulsive in the case of direct

bonding due to the negative charge density on each of the

functional groups. In the homoligand phase of PBP, these

bipyrimidine side groups are attractive for chelate coordina-

tion of Cu atoms, while a second pyridyl molecule attaches

perpendicularly via a pyridyl group forming a three-fold N–Cu

coordination (see Fig. 1). In the tentative part of the molecular

model (lower part of Fig. 2b) it is proposed that a Cu atom is

coordinated similarly in the bipyrimidine side group in the

PBP–TPA mixed phase, allowing a TPA ligand to attach by

chelation. This TPA molecule could interact with an adjacent

bipyrimidine chain via hydrogen bonding (indicated by the

dashed green line), bridging both rows. Interestingly, with the

[05�2] structure orientation, these Cu atoms could all sit in

energetically favorable hollow sites of the Cu(100) substrate.

In this model, the coordination bonds are all set to 2.0 Å, while

the hydrogen bonds are between 2.0 Å and 2.5 Å, which are

consistent with reported values for studies at surfaces23–26 and

in solution.27 While two TPA molecules are interacting with

the Cu centers at the sides of the bipyrimidine backbones of

PBP, the third TPA molecule, which appears tilted in the STM

data compared to the others, seems to be solely interacting via

hydrogen bonds, stabilizing the pyridyl chains as well as the

two TPA neighbors. In this configuration the third TPA

molecule maximizes its hydrogen bonds, while the distances

to the Cu centers inside the pyridyl rows are too large to form

coordination bonds in any possible orientation. Although the

exact orientation of the TPA molecules is not unambiguously

determined from the data, we think that the model described

above is the most likely scenario.

We have demonstrated that by codeposition, the TPA

molecules ‘‘passivate’’ the side groups of the PBP ligands

and prevent the growth of a 2D homotopic coordination

network of the PBP ligand. The TPA drives the PBP into

parallel 1D coordination chains, which are regularly arranged

with a well defined separation determined by the bridging TPA

molecules. Such transformative, cooperative assembly is a

valuable tool for structural control in 2D supramolecular

assembly, which can even reduce the coordination dimension-

ality of the assembly. This strategy in the toolkit of rational

2D supramolecular assembly will contribute to the current

rapid development of functional supramolecular architectures

at surfaces.
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