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Chirality is an important and widespread phenomenon in nature,
and its importance in applications such as catalysis, stereoselective
syntheses, and medical/pharmaceutical sensing has been well docu-
mented.' While numerous studies continue to elucidate the details
of the preparation of and interactions between chiral molecules in
solution, considerably less is known about chirality on surfaces.*> The
reduced inherent symmetry of two-dimensional (2D) surfaces makes
the study of chirality on surfaces especially interesting. The develop-
ment of scanning tunneling microscopy (STM)*~° allows for the details
of chiral surface assemblies to be viewed at atomic resolution, a level
of detail not available to solution-phase studies.

Chiral surfaces have been fabricated artificially by a variety of
methods: employing high-index chiral metal surfaces,* depositing chiral
molecules on nonchiral surfaces,*”** and depositing achiral molecules
on nonchiral substrates.**"' STM and synchrotron grazing incidence
X-ray diffraction have also been used'"'? to study chiral assemblies
formed at the air—water interface. Recently, a number of theoretical
investigations'*'* have helped elucidate the details of how chirality
is expressed on surfaces and how symmetry-breaking of macroscopi-
cally racemic mixtures can occur. It has generally been found,>'*'*
that substrate—adsorbate interactions dictate the conformation(s)
adopted by isolated molecules as they adsorb onto a surface, and the
subsequent adsorption of additional molecules is heavily influenced
by the conformation(s) of prior adsorbates. Each enantiomer of a chiral
compound tends to self-assemble into individual domains on the
surfaces. It is difficult, however, to predict a priori the extent to which
domain separation will occur. A particularly surprising example of
this uncertainty involves the deposition of a chiral diacetylene
isophthalic acid deravitive on highly oriented pyrolytic graphite
(HOPG), which resulted in a completely achiral surface.'®

Over the past few years, a variety of highly symmetric and complex
structures have been synthesized by dynamic self-assembly.'® More
recently, the higher-order self-assembly of these supramolecular
complexes on 2D surfaces and their resultant structures have received
considerable attention'”~'? because of their functionalities and the
variety of unique patterns that can be formed, likely to be of use in
heterogeneous stereoselective syntheses and catalysis. Our groups have
reported the STM images of self-assembled supramolecular cages,
triangles, and rectangles on HOPG and Au(111) surfaces.'” We have
also used a molecular template to promote the monodispersion of a
well-ordered array of supramolecular rectangles that otherwise form
disordered adlayers on HOPG.'® Schalley and co-workers have
reported a chiral adlayer of metallacyclic rhomboids at a chloride-
modified Cu(100) surface.'® These studies have demonstrated the facile
formation of well-defined, uniquely patterned arrays of supramolecular
metallacages and metallacycles on various surfaces and have also
shown domain separation'”" in some mixed monolayers. A natural
extension of such studies is to investigate the possibility of chiral
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Figure 1. (A) Chemical structure of a chiral 3D trigonal prism (CTP). (B)
Space-filling models of the MMM and PPP enantiomers.

Figure 2. (A) Large-scale STM image (E = 550 mV, Egp, =373 mV, Iy =
919.1 pA) of the racemic mixture adsorbed on a Au(111) surface. (B) High-
resolution STM image (E = 514 mV, Eyp = 393 mV, I, = 1.046 nA) of the
molecule on an Au(111) surface.

resolution upon the adsorption of chiral supramolecular metallacages
on surfaces. In the present Communication, we describe an STM study
of previously reported®® chiral supramolecular trigonal prisms (Figure
1A) on a Au(111) surface.

Details of the self-assembly of supramolecular chiral trigonal prisms
(CTP, Figure 1A) from 6 equiv of 90° Pt(II) acceptor 1 and 3 equiv
of tetrapyridyl “star” connector 2 have been reported elsewhere.”®
Molecular space-filling models of CTP’s two helical enantiomers—MMM
and PPP—are shown in Figure 1B. When viewed from the top, the
molecules appear as a trigonal prism, while when viewed from the
side, they look like parallelograms. For clarity, the parallelograms are
represented by dashed lines in the space-filling models.

Experimental details of the surface deposition of supramolecular
complexes have been described previously.'”'® Self-assembled mono-
layers of the supramolecular trigonal prisms were prepared by
immersing a gold bead for 1 min in a racemic mixture of CTP in
EtOH (10 uM). STM images were recorded with a Nanoscope E STM
instrument in 0.1 M HCIO,. The potentials applied to the Au(111)
surfaces were set at the double-layer region, and all STM images were
recorded in the constant-current mode without further processing.

Figure 2A is a representative large-scale STM image of the adlayer.
Upon adsorption of the racemic mixture on Au(111), each enantiomer
forms separate, well-ordered, locally chiral domains, denoted as I and

10.1021/ja801934w CCC: $40.75 [ 2008 American Chemical Society


http://pubs.acs.org/action/showImage?doi=10.1021/ja801934w&iName=master.img-000.jpg&w=235&h=107
http://pubs.acs.org/action/showImage?doi=10.1021/ja801934w&iName=master.img-001.jpg&w=220&h=112

COMMUNICATIONS

Figure 3. (A) High-resolution STM image (E = 550 mV, Ey, = 446 mV, I,
=919.1 pA) of the molecular adlayer. The underlying Au(111)-(1x 1) lattice
is inserted in the upper right corner. (B) Structural model for the adlayer. Images
of the two enatiomers are shown in the upper left and upper right corners.

II in Figure 2A. The boundaries between domains I and II cross,
forming an angle of 25 + 2°. Figure 2B is a high-resolution STM
image of domain I showing the structural details of the adlayer. Each
molecule appears as a four-petal parallelogram with a bright spot in
the middle (pistil), indicating that the molecules lie edge-down on the
Au(111) surface while projecting their flat face upward, consistent with
the side-view model presented in Figure 1B. The dimensions of each
parallelogram are 1.5 x 1.4 £ 0.2 nm, which agrees very well with
the molecular size calculated from molecular modeling data. The
“pistil” corresponds to the Cp—Co groups, while the dark regions
around the parallelogram are attributed to the methyl groups. Only a
single shape can be seen in the image, implying that adsorption of the
racemic mixture on the Au(l111) surface results in spontaneous
symmetry-breaking and the formation of chiral domains. However,
molecules within a molecular row do not form perfectly straight lines
but, rather, ordered repeating units of three molecules each, such as
those marked 1, 2, and 3 in Figure 2B (see Supporting Information
for details).

Detailed information about the enantiomeric adlayer, including
symmetry and molecular orientation, is provided by the high-resolution
STM image shown in Figure 3A. Two domains are observed in the
image and are separated by a dotted white line. Because the exact
enantiomer cannot be determined from the STM images alone, we
have arbitrarily assigned the left domain as being composed of MMM
enantiomers and the right domain as PPP enantiomers. The molecules
in each domain are very similar, with the major difference being the
position of the ordered rows within the adlayer with respect to the
underlying Au(111) surface. Presumably this difference results from
the different “twist” of the enantiomers. Molecular defects do appear;
an example is indicated in the PPP domain by the white arrow where
two molecules are missing.

Though the individual molecules in the MMM and PPP domains
appear to have the same parallelogram shape, their molecular orienta-
tions are different. Enlarged STM images of single molecules from
the two domains in Figure 3A are shown in the upper corners of Figure
3B. The mirror image relationship between these two images suggests
that they are different enatiomers of the same molecule.

A structural model for the adlayer is shown in Figure 3B. In
constructing this model, molecules from the STM image were
transposed onto a simulated Au(111) surface, preserving the molecular
orientation of the two domains. In this model, the molecules at the
junction of the domains are shaded in purple (MMM) and yellow (PPP)
to emphasize the different orientation of each chiral domain. The Cp-
Co and the methyl groups have been omitted for clarity. The two
enantiomeric domains are separated by the 6 direction of the substrate,
and the molecular rows cross, forming an angle of 26°. On the basis
of the adlayer symmetry and the intermolecular distances, unit cells
were determined to be the same in both domains, with @ = 1.8 & 0.2
nm, b = 2.5 + 0.2 nm, and 6 = 50 + 2°, corresponding to a V39 x
/73 structure. Isolation of either pure MMM or pure PPP enantiomers
of CTP will allow for straightforward determination of the absolute
configuration of each chiral domain.

In conclusion, we have observed the formation of well-ordered chiral
domains upon deposition of a racemic mixture of a chiral supramo-
lecular trigonal prism on a Au(111) surface. This report sheds light
on chiral surface fabrication and has potential applications in stereo-
selective synthesis and chiral sensing. The results provide a facile
method for fabricating 2D chiral structures on a bare, nonchiral metal
surface using nanoscale 3D self-assembled supramolecular metallacages.

Acknowledgment. L.-J.W. thanks the NSFC (20673121 and
20733004), the National Key Project on Basic Research (2006CB806100
and 2006CB932100), and the CAS for financial support. P.J.S. thanks
the NIH (GM- 57052) and the NSF (CHE-0306720) for support.
B.H.N. thanks the NIH (Grant GM-080820) for support.

Supporting Information Available: Details of adlayer preparation
and the adlayer conformation. This material is available free of charge via
the Internet at http://pubs.acs.org.

References

(1) Blaser, H.-U. 1991, 2, 843-866.

(2) Nakanishi, T.; Yamakawa, N.; Asahi, T.; Osaka, T.; Ohtani, B.; Uosaki,
K. - 2002, 124 740-741.

(3) France, C. B.; Pdrkmson B. A. iy 2003, /25, 12712—
12713.

(4) Barlow, S. M.; Raval, R. itheimiten 2003, 50, 201-341.

(5) Fasel, R.; Parschau, M.; Ernst, K.-H. 2006, 439, 449-452.

(6) Lakhani, A. M.; DeWitt, D. J.; Sant’Agata, N. M.; Pearl, T. P. LBhyug

2007, 111, 5750-5755.

(7) Blankenburg, S.; Schmidt, W. G. 2007, 18, 424030.

(8) Katsonis, N.; Minoia, A.; Kudernac, T.; Mutai, T.; Xu, H.; Uji-i, H.;
Lazzaroni, R.; De Feyter, S.; Feringa, B. L. jninuniisiiag. 2008, /30,
386-387.

(9) Katano, S.; Kim, Y.; Matsubara, H.; Kitagawa, T.; Kawai, M. joutsiiaialsii
Soc. 2007, 129, 2511-2515.

(10) Kiel, M.; Duncker, K.; Hagendorf, C.; Widdra, W. g 2007, 75,
195439.

(11) (a) Mamdouh, W.; Uji-i, H.; Dulcey, A. E.; Percec, V.; De Feyter, S.; De
Schryver, F. C. Lgugaudy 2004, 20, 7678-7685. (b) De Feyter, S.; De
Schryver, F. C. 2005, 109, 4290-4302.

(12) Weissbuch, L; Berfeld, M.; Bouwman, W.; Kjaer, K.; Als-Nielsen, J.; Lahav,
M.; Leiserowitz, L. . 1997, 119, 933-942.

(13) Paci, I; Szleifer, I.; Ratner, M. A. juuiiniiay 2007, /29, 3545—
3555.

(14) Dai, B.; Yang, J.; Hou, J. G.; Zhu, Q. il 2005, /09, 8833—
8837.

(15) Zhang, J.; Gesquiere, A.; Sieffert, M.; Klapper, M.; Miillen, K.; De Schryver,
F. C.; De Feyter, S. Ngugalg 2005, 5, 1395-1398.

(16) For reviews of the dynamic self-assembly of metal—organic structures, see:
(a) Fujita, M. saneeiiaiiag 1999, 32, 53-61. (b) Leininger, S.; Olenyuk,

.; Stang, P. J. . 2000, 700, 853-908. (c) Seidel, S. R.; Stang,

J - 2002, 35, 972-983. (d) Yaghi, O. M.; O’ Keeffe M.;

Ockwig, N. W; Chae H. K.; Eddaoudi, M.; Kim, J. W 2003, 423

705-714.

(17) (&) Gong. J.-R.: Wan.L.-J.: Yuan, Q.-H.; Bai, C.-L.; Jude, H.; Stang, P. J.

| 2005, 702, 971-974. (b) Yuan, Q.-H.; Wan,

L. J Jude, H.; Stang, P. J. innntisiias 2005, /27, 16279-16286.

(18) L1 S.-S.; Yan, H.-J.; Wan, L.-J.; Yang, H.-B.; Northrop, B. H.; Stang,
P.J. 2007 129 9268-9269.

(19) Jeong, K. S.; Kim, S. Y.; Shin, U.-S.; Kogej, M.; Hai, N. T. M.; Broekmann,
P.; Jeong, N Kirchner, B.; Reiher, M Schalley, C.A. “
2005 127, 17672-17685.

(20) Caskey, D. C.; Yamamoto, T.; Addicott, C.; Shoemaker, R. K.; Vacek, J.;
Hawkridge, A. M.; Muddiman, D. C.; Kottas, G. S.; Michl, J.; Stang, P. J.
I 2008, /30, 7620-7628.

JA801934W

J. AM. CHEM. SOC. = VOL. 130, NO. 28, 2008 8879


http://pubs.acs.org/action/showImage?doi=10.1021/ja801934w&iName=master.img-002.jpg&w=229&h=228

