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Surface modifications to create preconceived patterns are gener-
ally accomplished by various top-down lithographic technidues. ’
Alternatively, certain bottom-up approaches such as self-assembly
may provide facile entry into programmed structures of predictable .~
organizatior? In this context, coordination polymers and metal
organic frameworks may serve as versatile building blocks for the
bottom-up approach to exploit their varied multidimensional motifs
in patterning suitable surfaces, with or without chemical modifica-
tions3 It can be envisaged that properties of coordination polymers
and metat-organic frameworks related to catalysis, magnetism,
luminescence, and as storage materials, can be readily transferred
onto selected surfaces by the patterning process. pra |
Recently, we reported formation of a homoadenine metalla- > ) .
macrocyclic structure stabilized by intervening silver iénkhis -
structure assembled at near neutral pH and afforded graphiteFigure 1. (a) Crystal structure of showing both tetra- and pentacoordi-
patterning bearing close resemblance to the solid-state structureated Ag()). (b) Helical motif with N#Ag—N7 and N1-Ag—N1 coordina-
tion. Hydrogen atoms are omitted for clarity.
Continuing with our efforts, we became interested in evaluating
silver—adenine interaction at alkaline pH, having derived inspiration

from pH-dependent conformational transitions in polyadenylic &cid, " q“| ‘r_:?
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coordinated homoadenine duplex where two nonintervening su-

and the possibility of patterning ensuing coordination motif on \ »

surfaces such as graphite, silicon, and mica. bl b L el
The coordination number of silver normally varies from two to i

four, while higher coordination numbers and mixed-valence silver ,p\f

ions are rarely encounterédhterestingly, silver-adenine complex -:‘ ,;' ,:'!‘_‘-:

(2), at alkaline pH, led to a mixed silver coordination environment ‘\ | F‘E

in the solid state (Figure 1a) and exhibited formation of a silver- I “: N

pramolecular helicates of opposite orientations were stabilized via . 7 3 x 361;3

Ag—purine interactions and by a virtual metallamacrocycle. : e .\:; . v ‘;ﬁ_’
Complex1 was prepared by metalation of 9-allyladenine with ’34 ‘. : 1 :

silver nitrate in 50% aqueous methanol adjusted to pH 8.3 with . )

ammonium hydroxide solution (see Supporting Informafion Figure 2. (a) Two he||c_es with oppc_JS|te orientations. Hydrogen, aIIyI_ and

L nitrate groups are omitted for clarity. (b) Expanded view of the virtual

Complex1 was found to crystallize in the space grdepl/i (No. metallacycle: nitrate bridging and hydrogen bonding between two helical

14). The asymmetric unit consisted of two silver ions neutralized strands. Hydrogen and other atoms not involved in hydrogen bonding are

by four nitrate anions, out of which one Ag is tetracoordinated to omitted for clarity. Inset shows the separation between two stacked adenine

two N1 nitrogens and two nitrate counteranions, while the other 1ngs providing closure to the virtual metallacycle.

one exhibits pentacoordination to two N7 atoms, two nitrate

counteranions, and an ammonia molecule (Figure 1a). This situation A key stabilizing interaction in the helical structure is a virtual

is unique and differs from the usual alternating N1 and N7 linear metallamacrocycle composed of coordinated and stacked adenine

coordination. This spatial predisposition leads to a coordination ligands. Besides silveradenine interactions, it is stabilized by

helicate with intervening silver ions possessing alternating tetra- bridging nitrate counteranions tethering helical strands via silver

and pentacoordination environment (Figure 1b). ions present on the two helices and also by hydrogen bonding
The nonintervening coordination helices possess two adeninebetween nitrate anions and N6 exocyclic amino group (Figuré 2b).

residues per turn and with a pitch ef2.5 A (Figure 2a). The The closure of virtual metallacycle is achieved via favorabter-

distance between two successive silver atoms is 13.07 ANy stacking interaction between the two adenine rings, with a separation
is ~2.24, Ag-N7 is ~2.2, and Ag-NH3 nitrogen is 2.5 A, of ~3.6 A between the purine ring centroids. Favorable contribution
respectively. The nitrate counteranions are locat@b and~2.8 of z-stacking is well-known for metal-organic frameworks and self-

A from tetra- and pentacoordinated silver, respectively. Conse- assembling supramolecular systeins.

quently, distorted tetrahedral and square-pyramidal geometries were We further wished to determine if the solid-state helical lattice
observed for tetra- and pentacoordinated silver, respectively (Figure structurel, which exhibits luminescencegould be readily trans-
la). ferred to pattern a surface to fabricate artificial surfaces with a
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Figure 3. (a) AFM micrograph ofl with a repetitively patterned surface
(a) on HOPG. Image size is 402 400 A% (b) Proposed model of
coordination helicate deposition. Transparent ovals are used to signify
similarities between AFM image and the crystal structure: (c) on Si(100)
wafer, (d) on mica surface. Panels ¢ and d are 10A®00 nn? dimension.

function. To achieve this goal, we employed an admix of ammo-
niacal silver nitrate and 9-allyladenine, adjusted to pH 8.3, to pattern
surfaces such as highly oriented pyrolytic graphite (HOPG) or
silicon wafer or micd.

Analysis of the noncontact mode AFM micrographs for the
HOPG surface afforded a remarkable similarity between the surface
deposition pattern and the crystal structurelofFigure 3a,b).
Interestingly, the angle between the two axes of zigzag and
stepladder patterns observed in the AFM micrograph, was found
to be 96+ 2° throughout the probed surface (Figure 3a). This angle
is nearly equal to the crystal angle= 96.96, formed between
the crystal axea andc, observed in the solid-state structurelof
Such a notable similarity between a discreet solid-state structure
and reproducible surface patterning reveals persistent silver
adenine interaction in solution. As a control experiment, 9-allyl-
adenine ligand alone did not exhibit structured deposition on the
graphite surface.

In contrast, the deposition df on a Si(100) wafer as well as
mica surface lacked obvious pattern formation (Figure 3c,d).
Analyses of silicon and mica surfaces revealed a nonuniform
deposition ofl with a maximum surface roughness-eb and~7.5
nm, respectively. This suggests that silvadenine coordination
helicate prefers a graphite surface, but lacks ordering on silicon
and mica. The preferential deposition on the graphite surface may
be attributed to known adeningraphite interaction¥These results,
together with other recent repoft&? affirm that surfaceligand
and hydrogen-bonding interactions could be crucial in dictating
stable patterning and retention of crystal structure on surfaces.

As a conclusion, we have the described molecular structure of a
novel mixed-coordinate silveradenine helicate, where single-
stranded coordination helices are stabilized by anion bridges,
stacking, and hydrogen bonding interactions and facile deposition

of this metalated complex on a graphite surface. The AFM
micrograph pattern ol on the HOPG surface was remarkably
similar to the crystal structure. These results suggest utility of shape-
persistent coordination motifs for fabricating functionalized surfaces
for advanced nanoscale applicatichs.

Acknowledgment. We thank single-crystal CCD X-ray facility
at [IT-Kanpur, CSIR for senior research fellowship (CSP), and DST,
India, for funding under the Special Bioinorganic Chemistry
Initiative.

Supporting Information Available: Synthesis and characterization
data forl, crystallographic information and tables (including CIF), and
AFM sample preparation. This material is available free of charge via
the Internet at http://pubs.acs.org.

References

(1) (a) Mendes, P. M.; Preece, J. @urr. Opin. Colloid Interface Sck004
9, 236-248. (b) Wouters, D.; Schubert, U. 8ngew. Chem., Int. Ed.
2004 43, 2933-2936. (c) Geissler, M.; Xia, YAdv. Mat. 2004 16, 1249-
1269. (d) Xia, Y.; Whitesides, G. MAngew. Chem., Int. EdL998§ 37,
550-575.

(2) (a) Lehn, J-M. Science2002 295, 2400-2403. (b) Whitesides, G. M;
Grzybowski, B. Science2002 295 2418-2421. (c) Lewis, P. A,
Donhauser, Z. J.; Mantooth, B. A.; Smith, R. K.; Bumm, L. A.; Kelly, K.
F.; Weiss, P. SNanotechnology2001, 12, 231-237. (d) Bowden, N.
Sciencel997, 276, 233—-235. (e) Ulman, AChem. Re. 1996 96, 1533~
1554. (f) Whitesides, G. M.; Mathias, J. P.; Seto, C.SEiencel99]
254, 1312-1319.

(3) (a) Ruben, M.; Lehn, J.-M.; Mueller, Ehem. Soc. Re2006 35, 1056-
1067. (b) Lin, N.; Stepanow, S.; Vidal, F.; Kern, K.; Alam, M. S,;
Stroemdoerfer, S.; Dremov, V.; Mueller, P.; Landa, A.; RubenDilton
Trans.2006 2794-2800. (c) Ruben, MAngew. Chem., Int. EQR005
44, 1594-1596. (d) De Feyter, S.; De Schryver, F. Chem. Soc. Re
2003 32, 139-150. (e) Olenyuk, B.; Leininger, S.; Stang, P.Chem.
Rev. 200Q 100, 853-907. (f) Semenov, A.; Spatz, J. P.; Moller, M.; Lehn,
J.-M.; Sell, B.; Schubert, D.; Weidl, C. H.; Schubert, UABgew. Chem.,
Int. Ed. 1999 38, 2547-2550.

(4) Purohit, C. S.; Verma, Sl. Am. Chem. So@006 128 400-401.

(5) (a) Rich, A.; Davies, D. R.; Crick, F. H. C.; Watson, J. D.Mol. Biol.
1961 3, 71-86. (b) Holcomb, D. N.; Tinoco, I., JBiopolymersl965 3,
121-133. (c) Finch, J. T.; Klug, AJ. Mol. Biol. 1969 46, 597—598. (d)
Daune, M.; Dekker, C. A.; Schachman, H. Biopolymersl966 4, 51—
76. (e) Arya, S. K.; Yang, J. TBiopolymers1975 14, 1847-1861. (f)
Yakabe, Y.; Sano, T.; Kure, N.; Murakami, K.; YasunagaBibpolymers
1982 21, 1703-1711.

(6) (a) Carvajal, M. A.; Novoa, J. J.; Alvarez, $. Am. Chem. SoQ004
126, 1465-1477. (b) Fox, B. S.; Beyer, M. K.; Bondybey, V. E. Am.
Chem. Soc2002 124, 13613-13623.

(7) See Supporting Information for details.

(8) (@) Sun D.; Ma S.; Ke Y.; Collins D. J.; Zhou H-G. Am. Chem. Soc.
2006 128, 3869-3870. (b) Janiak CDalton Trans.200Q 3885-3896.

(c) Claessens, C. G.; Stoddart, JJFPhys. Org. Chen1997, 10, 254~

272.

(9) (a) Ortmann, F.; Schmidt, W. G.; BechstedtPhys. Re. Lett.2005 95,
186101-186104. (b) Sowerby, S. J.; Cohn, C. A.; Heckl, W. M.; Holm,
N. G. Proc. Natl. Acad. Sci. U.S.£2001, 98, 820-822. (c) Edelwirth,
M.; Freund, J.; Sowerby, S. J.; Heckl, W. Nurface Sci1998 417,
201-209. (d) Freund, J. E.; Edelwirth, M.; Kioel, P.; Heckl, W. MPhys.
Rev. B: Condens. Matter Mater. Phy4997 55, 5394-5397.

(10) (a) Mamdouh W.; Dong M.; Xu S.; Rauls E.; Besenbach&r Bm. Chem.
Soc.2006 128 13305-13311. (b) Surin, M.; SamarP.; Jouaiti, A.;
Kyritsakas, N.; Hosseini, M. WAngew. Chem., Int. EQ006 46, 245—
249. (c) Yuan, Q. H.; Wan, L. J.; Jude, H.; Stang, B.Am. Chem. Soc.
2005 127, 16279-16286. (d) Keeling, D. L.; Oxtoby, N. S.; Wilson, C.;
Humphry, M. J.; Champness, N. R.; Beton, P.Mano Lett.2003 3,
9—12. (e) Ducker, W. A.; Grant, L. Ml. Phys. Chent996 100, 11507
11511.

(11) (a) Barth, J. V.; Costantini, G.; Kern, Klature2005 437, 671-679. (b)
Theobald, J. A.; Oxtoby, N. S.; Phillips, M. A.; Champness, N. R.; Beton,
P. H. Nature2003 424, 1029-1031.

JA068892B

J. AM. CHEM. SOC. = VOL. 129, NO. 12, 2007 3489





