


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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R. Fasel, J. Am. Chem. Soc., 2008, 130, 8910–8912.

7 M. Blunt, X. Lin, M. D. Gimenez-Lopez, M. Schroder,
N. R. Champness and P. H. Beton, Chem. Commun., 2008,
2304–2306.

8 S. Stepanow, M. Lingenfelder, A. Dmitriev, H. Spillmann,
E. Delvigne, N. Lin, X. B. Deng, C. Z. Cai, J. V. Barth and
K. Kern, Nat. Mater., 2004, 3, 229–233.

9 R. Madueno, M. T. Raisanen, C. Silien and M. Buck, Nature,
2008, 454, 618–621.

10 S.-S. Li, H.-J. Yan, L.-J. Wan, H.-B. Yang, B. H. Northrop and
P. J. Stang, J. Am. Chem. Soc., 2007, 129, 9268–9269.

11 U. Schlickum, R. Decker, F. Klappenberger, G. Zoppellaro,
S. Klyatskaya, M. Ruben, I. Silanes, A. Arnau, K. Kern,
H. Brune and J. V. Barth, Nano Lett., 2007, 7, 3813–3817.

12 S. Stepanow, N. Lin, J. V. Barth and K. Kern, J. Phys. Chem. B,
2006, 110, 23472–23477.

13 A. Langner, S. L. Tait, N. Lin, C. Rajadurai, M. Ruben and
K. Kern, Proc. Natl. Acad. Sci. U. S. A., 2007, 104, 17927–17930.

14 S. L. Tait, A. Langner, N. Lin, S. Stepanow, C. Rajadurai,
M. Ruben and K. Kern, J. Phys. Chem. C, 2007, 111, 10982–10987.

15 N. Lin, A. Langner, S. L. Tait, C. Rajadurai, M. Ruben and
K. Kern, Chem. Commun., 2007, 4860–4862.

16 A. Langner, S. L. Tait, N. Lin, R. Chandrasekar, M. Ruben and
K. Kern, Angew. Chem., Int. Ed., 2008, 47, 8835–8838.

17 S. L. Tait, A. Langner, N. Lin, R. Chandrasekar, O. Fuhr,
M. Ruben and K. Kern, ChemPhysChem, 2008, 9, 2495–2499.

18 Y. Wang, M. Lingenfelder, T. Classen, G. Costantini and K. Kern,
J. Am. Chem. Soc., 2007, 129, 15742–15743.

19 S. Stepanow, T. Strunskus, M. Lingenfelder, A. Dmitriev,
H. Spillmann, N. Lin, J. V. Barth, C. Woll and K. Kern,
J. Phys. Chem. B, 2004, 108, 19392–19397.

20 S. L. Tait, Y. Wang, G. Costantini, N. Lin, A. Baraldi, F. Esch,
L. Petaccia, S. Lizzit and K. Kern, J. Am. Chem. Soc., 2008, 130,
2108–2113.

21 S. L. Tait, ACS Nano, 2008, 2, 617–621.
22 M. A. Lingenfelder, H. Spillmann, A. Dmitriev, S. Stepanow,

N. Lin, J. V. Barth and K. Kern, Chem.–Eur. J., 2004, 10,
1913–1919.

23 S. Stepanow, N. Lin, F. Vidal, A. Landa, M. Ruben, J. V. Barth
and K. Kern, Nano Lett., 2005, 5, 901–904.

24 F. Vidal, E. Delvigne, S. Stepanow, N. Lin, J. V. Barth and
K. Kern, J. Am. Chem. Soc., 2005, 127, 10101–10106.

25 G. Pawin, K. L. Wong, D. Kim, D. Sun, L. Bartels, S. Hong,
T. S. Rahman, R. Carp and M. Marsella, Angew. Chem., Int. Ed.,
2008, 47, 8442–8445.

26 G. Pawin, K. L. Wong, K. Y. Kwon and L. Bartels, Science, 2006,
313, 961–962.

27 T. Steiner, Angew. Chem., Int. Ed., 2002, 41, 48–76.

2504 | Chem. Commun., 2009, 2502–2504 This journal is �c The Royal Society of Chemistry 2009


