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Metal-metal bonded units with the “paddlewheel” framework Scheme 1

have been employed to build supramolecular artafsseries of
neutral complexes with both discrete and extended structures have w @ 'T"N
been synthesized from a “subunit-linker” combinatorial library.
Q.

2 4>
Most of these compounds undergo multiple redox processes without 0.1 mMin Ether

0 1 mMin Toluene

loss of structural integrity and display extensive electronic coupling @) (0)
between M centers. Previous studies have suggested that the half-

wave potentials of these redox reactions can be both significantly S~

and precisely tuned by the substitutents at the ligand perighery. Rh—R“‘ ’

However, to date efforts to investigate these metaétal bonded 9, @, O utiayerfim
complexes have been limited to solution-based systems. To harness O ng repeat

the electronic, optical, and magnetic properties of these materials M@—Rh—Rh— 4 — Meo\©\ M ome
in solid-state applications and devices, development of new methods NS N%(:\N/@/

for making thin films containing functional metametal bonded

complexes are needed. The excess compounds on the surface are removed by copious
In particular, the rich electrochemistry makes these materials washing between each dipping in toluene foand ether for2.

interesting in molecular junctions. Two-terminal vertical molecular The formation of1 at low temperature is essential to prevent

devices require metal to be deposited on top of the molecular layer, dissolution of the linke2 back into solution.

often leading to shorted junctions through defects and to unknown  Film growth was monitored by U¥vis spectroscopy, as shown

and uncharacterized interfaces between the metal electrode and thi Figure 1. The peaks at 258 and 298 nm correspond to the

molecules. Lateral device structures that do not require the top metalcharacteristic absorptions df and 2, respectively. The linear

deposition have recently been reporteeresently e-beam lithog-  increase in absorbance as a function of the number of added bilayers
raphy provides the simplest route to fabricate electrodes with small indicates that the same amount of material is being deposited in
spacings, but the smallest reported separations~&e10 nm? each dipping cycle. Assuming that the solutigqx values are the

much larger than many molecules that are short enough to be solublesame as those of the two-dimensional surface extinction coefficients,
and that may be of interest. Layer-by-layer growth has been the calculated average bilayer coverage of the film@9 x 1020
demonstrated as a route to assemble multilayer méggind mol/cn? and the ratio ofl to 2 is 1:2. This value is consistent with
structure$. In this communication, we report the layer-by-layer that of 1.0x 10-1° mol/cn? obtained from the single-crystal X-ray
growth of a new system of inorganic coordination complexes, structure’ suggesting that the film formation is packed as in the
namely metat-metal bonded supramolecules, and the fabrication bulk solid.

of nanoscale lateral devices by templating the growth of such  The thickness of the films was evaluated by atomic force
supramolecules from electrodes separated by80nm until they microscopy (AFM) using a step edge in the substrate to provide

meet in the middle of the gap. an internal standard. The step edge was fabricated by selectively
Layer-by-layer growth of metalmetal bonded compounds is  etching into a photolithographically patterned $i@00 A) on Si

exemplified by the infinite tubular moleculg[Rhx(DANIF),]»(O»- wafer, using the wafer as an etch stop, evaporating Au/Ti, and

CCH,C0,)5(NCsH4,CHCHGHsN) 2} (DANIF = N,N-di-p-anisyl- lifting-off the resist. Figure S1 shows the increase in assembly

formamidinate), made by employing molecular IdbfScheme 1) thickness as a function of the number of bilayers, together with
and the axial linkertrans1,2-bis(4-pyridyl)ethylene,2. This the corresponding AFM images near the step edge. The best-fit
molecule has previously been synthesized and structurally characdine gives a slope of 1.5 nm, corresponding to the average bilayer
terized in single-crystal forthA monolayer of 4-pyridylethylmer- thickness, and an intercept of 1.4 nm, corresponding to the thickness
captan was first self-assembled on the substrate from an ethanobf the thiolate monolayer. X-ray structure analysis on single crystals
solution® The assembly of molecular lodbwas then templated  of the analogous compound yields a length of 1.61 nm for each
on this pyridyl-terminated surface by dipping in 0.1 mM toluene bilayer. Our results suggest that the molecular tube formed in the
solution at—15 °C for 1 h through the strong interaction between film is nearly perpendicular to the substrate surface. Film rough-
Rh and N atoms. Following the initial deposition hfthe second nesses of 0.62 and 0.56 nm were found for 5 and 20 bilayers,
layer consisting of a dipyridyl ethylene linker coordinates the axial respectively (Figure S2), less than a monolayer thickness.
positions of RR-Rh bonds by soaking in a 0.1 mM ether solution In all dirhodium formamidinate compounds the Rhunit can

of 2 for 10 min. Alternate dipping into these two solutions is used undergo two one-electron reversible oxidation proce$3ém films

to build multilayer assemblies. After the first bilayer is formed, grown on Au surfaces have been examined by cyclic voltammetry
dipping times for both solutions can be reduced to 1 min, since the in 1 M NaCl aqueous solutions. The results for 5 bhilayers are
longer dipping times do not show any change in-tls spectra. displayed in Figure 2. The oxidation potential of Rhto Rhp>* in
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Wavelength (nm) Figure 3. Fabrication of the device. (a) Device structure, (b) AFM images
Figure 1. UV—vis spectra of bilayer films as multilayers are assembled Showing the closing of the gap while increasing the number of bilayers, (c)
increasing the film thickness from 1 to 10 bilayers. (Inset) (a)-t¥is cross-sections of their corresponding AFM images, | el curve.
spectra of the first three bilayers (total six monolayers) showing the
alternative addition ofl (at 258 nm) and® (at 298 nm). (b) Increase in
absorbance at 258 (circles) and 298 (triangles) nm as a function of the
number of added bilayers

voltage-controlled negative differential resistance, as shown in
Figure 3d, are attained. This-V curve is only observed in the
first cycling of the device, but is reproducible from device-to-device
on the same chip and devices on different chips. We speculate that

80 the characteristics arise from oxidation of the;Rhits, consistent
60 - with the voltage drop across each dimetal unit as observed
40 electrochemically, but that it is irreversible in the solid state or in
20 | this symmetric device configuration.
g or In summary, we have demonstrated the layer-by-layer assembly
= 20t of metak-metal bonded molecules to form thin films that may be
40 | directed on different substrate surfaces using monolayer templates.
60 | These thin film structures and their physical properties, such as
80 | . half-wave redox potentials, may be tuned by choosing from a broad
100 . . 3oan'Bte Tvre) range of metals and equatorial and axial linkers. The application
800 600 ?so?mV) 200 0 of these multilayers as active materials for switching and other

molecular devices is currently being investigated.
Figure 2. Cyclic voltammograms of a five-bilayer film on a Au substrate
with scan rates of (from inside to outside) 50, 100, 200, 400, 600, 800, and
1000 mV/s. (Insert) Plot off,a andipc Vs scan rate.

Supporting Information Available: Figure S1 (AFM measure-
ments of thin film thickness), Figure S2 (AFM images of thin films
with 5 and 20 bilayers) (PDF). This material is available free of charge

bilayer films occurs at 406 mV vs Ag/AgCI, aCCOI‘ding Ei)IZ = via the Internet at http://pubslacslorg.

(Epa + Epd/2, close to that found for compountl in CHxCl
solutions (365 mV). Th&,, andE, values remain unchanged with
a separation of 116 mV, and the peak currents show a linear
dependence with scan rate between 50 and 1000 mV/s. Peak shapes
are invariant with repetitive cycling. These results indicate that the
molecular tubes in the bilayer films are a surface-bound, unusual
quasi-reversible redox active spectésThe second oxidation of
the Rb core is not visible due to the solvent limit under current
experimental conditions. The above film growth method has also
been demonstrated on oxide substrates and with different axial
linkers, such as zinc 5,10,15,20-tetra(4-pyridylH223H-por-
phinelt

Utilizing the above layer-by-layer directed assembly method, we
have fabricated lateral devices. In a typical experiment, electrodes
(18 nm Au-on-2 nm Ti) with 66-80 nm gaps were prepared by
e-beam lithography on oxidized Si wafers. Following the same
deposition procedures described above, assemblies consisting of
and?2 are grown off the metal electrodes, narrowing the measured
gap and spanning the spacing between electrodes as the number of )
bilayers are increased. This process is monitored by AFM as shown ©) g(;’_ft%’}éfénﬁgr:’vﬁéosg': Ro)'(“f(")’:g"“‘l’g%go”ds Between Metal Atontnd
in the images (Figures 3b) and in the corresponding cross-sections (10) Feldberg, S. W.; Rubinstein, J. Electroanal. Chem1988 240, 1.
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