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(57) ABSTRACT 

A method for forming arrays of metal, alloy, semiconductor 
or magnetic clusters is described. The method comprises 
placing a scaffold on a substrate, the scaffold comprising 
molecules selected from the group consisting of polynucle 
otides, polypeptides, and perhaps combinations thereof. 
Polypeptides capable of forming (X helices are currently 
preferred for forming scaffolds. Arrays are then formed by 
contacting the scaffold With plural, monodispersed ligand 
stabiliZed clusters. Each cluster, prior to contacting the 
scaffold, includes plural exchangeable ligands bonded 
thereto. If the clusters are metal clusters, then the metal 
preferably is selected from the group consisting of Ag, Au, 
Pt, Pd and mixtures thereof. A currently preferred metal is 
gold, and a currently preferred metal cluster is Au55 having 
a radius of from about 0.7 to about 1 nm. Compositions also 
are described, one use for Which is in the formation of cluster 
arrays. One embodiment of the composition comprises 
plural monodispersed, ligand-stabilized clusters coupled to a 
polypeptide. 
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SCAFFOLD-ORGANIZED METAL, ALLOY, 
SEMICONDUCTOR AND/OR MAGNETIC 

CLUSTERS AND ELECTRONIC DEVICES MADE 
USING SUCH CLUSTERS 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] The present application claims priority from US. 
Provisional Application, No. 60/047,804. Provisional appli 
cation, No. 60/047,804 is incorporated herein by reference. 

ACKNOWLEDGMENT OF GOVERNMENT 
SUPPORT 

[0002] This invention Was made in part using funds pro 
vided by (1) the Department of Defense, Office of Naval 
Research, under contract numbers N00014-93-0618 and 
N00014-93-1-1120, and (2) the National Science Founda 
tion, Grant No. DMR-9705343. The federal government 
may have rights in this invention. 

FIELD OF THE INVENTION 

[0003] This invention concerns a method for forming 
organized arrays of metal, alloy, semiconductor and/or mag 
netic clusters for use in the manufacture of electronic 
devices, such as high density memory storage and nanoelec 
tronic devices. 

BACKGROUND OF THE INVENTION 

[0004] Fundamentally neW technologies are required to 
continue increasing device integration density and speed. 
Conventional metal-oxide semiconductor-?eld-effect tran 
sistors soon Will reach fundamental density and speed limits 
as a result of quantum mechanical tunneling. In order to 
scale electronic device siZes doWn to nanometer dimensions, 
systems containing increasingly feWer numbers of particles 
must be considered. 

[0005] The ultimate limit is a system in Which the transfer 
of a single charge quanta corresponds to information transfer 
or some type of logical operation. Such single electron 
systems are presently the focus of intense research activity. 
See, for example, Single Charge Tunneling, Coulomb Block 
ade Phenomena in Nanostructures, edited by H. Grabert and 
MH . Devoret, NATO ASI Series B: Physics Vol. 294 
(1992). These systems have potential application to nano 
electronic circuits that have integration densities far exceed 
ing those of present day semiconductor technology. See, 
Quantum Transport in Ultrasmall Devices, edited by D. K. 
Ferry, H. L. Grubin, C. Jacoboni, and A. Jauho, NATO ASI 
Series B: Physics Vol. 342 (1995). 

[0006] Single electron transistors based on the concept of 
Coulomb blockade are one proposed technology for realiZ 
ing ultra-dense circuits. K. K. Likharev’s Single Electron 
Transistors: Electrostatic Analogs of the DC SQUIDS,” 
IEEE Trans. Magn. 23:1142 (1987); and IBM J. Res. Dev. 
321144 (1988). Coulomb blockade is the suppression of 
single electron tunneling into metallic or semiconductor 
islands. In order to achieve Coulomb blockade, the charging 
energy of an island must greatly exceed the thermal energy. 
To reduce quantum ?uctuations the tunneling resistance to 
the island should be greater than the resistance quantum he2. 
Coulomb blockade itself may be the basis of conventional 
logic elements, such as inverters. Id. 
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[0007] Equally promising is the fact that the Coulomb 
blockade effect can be used to pump charges one-by-one 
through a chain of dots to realiZe a frequency-controlled 
current source in Which the current is exactly equal to I=ef, 
Where f is the clocking frequency. See, L. J. Geerligs et al.’s 
Frequency-locked Turnstile Device for Single Electrons, 
Phys. Rev Lett., 64:2691 (1990); and H. Pothier et al.’s 
Single-Electron Pump Based on Charging E?rects, Europhys. 
Lett. 17:249 (1992). Such turnstile devices are of fundamen 
tal interest as highly accurate current standards. 

[0008] The clocking of charge through an array is also one 
model of information storage. It is possible that computation 
may be based on sWitching of currents rather than charge 
Which, due to the extreme accuracy of single electron current 
sources, may be more robust toWards unWanted ?uctuations 
than single electron transistor-based circuits. 

[0009] One of the most promising technologies for real 
iZing terabyte memories is founded on the principle of the 
Coulomb blockade. Yano et al. have demonstrated room 
temperature operation of single electron devices based on 
silicon nanocrystals embedded in SiO2_ K_ Yang et 31,5 Room 
Temperature Single Electron Memory, IEEE Trans. Elec 
tron. Devices, 41:1628 (1994); and K. Yano et al.’s Trans 
port Characteristics of Polycrystalline-Silicon Wire 
In?uenced by Single Electron Charging at Room Tempera 
ture, Appl. Phys. Lett., 67:828 (1995). Recently, a fully 
integrated 8><8 memory array using this technology has been 
reported. K. Yano et al.’s Single-Electron-Memory Inte 
grated Circuit for Giga-to-Tera Bit Storage, IEEE Interna 
tional Solid State Circuits Conference, p. 266-267 (1996). 

[0010] Microelectronic devices based on the principle of 
Coulomb blockade have been proposed as a neW approach 
to realiZing electronic circuits or memory densities that go 
beyond the predicted scaling limit for present day semicon 
ductor technology. While the operation of Coulomb block 
ade devices has been demonstrated, most operate only at 
greatly reduced temperatures and require sophisticated 
nanofabrication procedures. The siZe scales necessary for 
Coulomb blockade effects at such relatively elevated tem 
peratures of about room temperature impose limits on the 
number, uniformity and connectivity of quantum dots. As a 
result, alternative methodologies of nanofabrication need to 
be investigated and developed. 

SUMMARY OF THE INVENTION 

[0011] The present invention provides a neW process for 
making arrays comprising metal, alloy, semiconductor and/ 
or magnetic clusters. An “array” can be any arrangement of 
plural such clusters that is useful for forming electronic 
devices. TWo primary examples of arrays are (1) electronic 
circuits, and (2) arrangements of computer memory ele 
ments, both of Which can be in one or several planes. 

[0012] “Clusters” as used herein refers to more than one, 
and typically three or more, metal, alloy, semiconductor or 
magnetic atoms coupled to one another by metal-type bonds. 
Clusters are intermediate in siZe betWeen single atoms and 
colloidal materials. Clusters made in accordance With the 
present invention also are referred to herein as “nanoclus 
ters.” This indicates that the radius of each such cluster 
preferably is from about 0.7 to about 1.0 nm. Aprimary goal 
of the present invention is to provide electronic devices that 
operate at or about room temperature. This is possible if the 
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cluster size is made small enough to meet Coulomb block 
ade charging energy requirements at room temperature. 
While cluster siZe itself is not dispositive of Whether the 
clusters are useful for forming devices operable at or about 
room temperature, cluster siZe is nonetheless quite impor 
tant. It currently is believed that clusters having radiuses 
much larger than the maximum value stated above likely 
Will not be useful for forming electronic devices that operate 
at or about room temperature. 

[0013] The metal, alloy, semiconductor and/or magnetic 
clusters are bonded to “scaffolds” to organiZe the clusters 
into arrays. “Scaffolds” are any molecules that can be placed 
on a substrate in predetermined patterns, such as linear 
bridges betWeen electrodes, and to Which clusters can be 
bonded to provide organiZed cluster arrays. Without limita 
tion, a preferred group of scaffolds comprise biomolecules, 
such as polynucleotides, polypeptides, and mixtures thereof. 
Polypeptides are currently preferred molecules for forming 
scaffolds, and polypeptides capable of forming 0t helices are 
particularly preferred scaffold-forming molecules. 

[0014] One embodiment of a method for forming arrays of 
metal, alloy, semiconductor and/or magnetic clusters ?rst 
involves placing the scaffold on a substrate, most likely in a 
predetermined pattern. Arrays are formed by contacting the 
scaffold With plural, monodispersed (clusters of substan 
tially the same siZe) ligand-stabiliZed metal, alloy, semicon 
ductor and/or magnetic clusters. If the clusters are metal 
clusters, then the metal preferably is selected from the group 
consisting of Ag, Au, Pt, Pd and mixtures thereof. A cur 
rently preferred metal is gold, and a currently preferred 
metal cluster is Au55. 

[0015] Clusters generally are bonded to the scaffold by 
ligand exchange reactions. Each cluster, prior to contacting 
the scaffold, includes plural exchangeable ligands bonded 
thereto. The ligand-exchange reactions involve exchanging 
functional groups of the scaffold for at least one of the 
exchangeable ligands bonded to the cluster prior to contact 
ing the scaffold With the clusters. Examples of exchangeable 
ligands suitable for forming metal clusters in accordance 
With the invention can be selected from the group consisting 
of thiols, thioethers (i.e., sul?des), thioesters, disul?des, 
sulfur-containing heterocycles, 1°, 2° and perhaps 3° 
amines, pyridines, phosphines, carboxylates, nitrites, 
hydroxyl-bearing compounds, such as alcohols, and mix 
tures thereof. Thiols currently are preferred ligands for 
practicing the present invention. 

[0016] There are several methods for placing the scaffold 
onto substrates in predetermined patterns. For example, a 
?rst method comprises aligning scaffold molecules in an 
electrical ?eld created betWeen electrodes on the substrate. 
It therefore Will be appreciated that the scaffold molecules 
used must have suf?cient dipoles to alloW them to align 
betWeen the electrodes. This is one reason Why polypeptides 
that form 0t helices are preferred. The 0t helix imparts a 
sufficient dipole to the polypeptide molecules to alloW 
alignment of the molecules betWeen the electrodes upon 
formation of an electrical ?eld. One example of a polypep 
tide useful for forming scaffolds in accordance With the 
present invention is polylysine. 

[0017] A second method comprises polymeriZing mono 
mers, oligomers (10 amino acids or nucleotides or less) or 
small polynucleotides or polypeptides into longer molecules 
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on the surface of a substrate. For example, scaffold mol 
ecules can be polymeriZed as a bridge betWeen electrodes on 
a substrate. 

[0018] The present invention also provides compositions, 
one use for Which is in the formation of metal and/or 
semiconductor arrays. A currently preferred embodiment of 
the composition comprises monodispersed, ligand-stabiliZed 
Au55 metal clusters bonded to a polypeptide in the shape of 
or capable of forming an a helix With the metal clusters 
bonded thereto. The metal clusters have metal-cluster radi 
uses of from about 0.7 nm to about 1.8 nm, and preferably 
from about 0.7 nm to about 1.0 nm. 

[0019] An object of this invention is to provide methods 
for fabricating one-, tWo-, and three-dimensional, scaffold 
organiZed metal cluster arrays. 

[0020] An object of this invention is to provide high 
density electronic or memory devices that operate on the 
principle of Coulomb blockade at ambient temperatures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 is a schematic diagram of an interdigitated 
electrode array having saW-tooth edges. 

[0022] FIG. 2 is a schematic representation of a poly-L 
lysine scaffold having thiophenolate-stabiliZed nanoclusters 
coupled thereto. 

[0023] FIG. 3 is a schematic representation of one method 
for incorporating gate electrodes at the molecular level. 

[0024] FIG. 4 is a UV-vis spectra (methylene chloride 
solution) of gold clusters With ligands (a) ODT, (b) Pth, and 
(c) MBP, and Where (d) is starting material and (e) is a 
sample of larger ODT-stabilZed clusters. 

[0025] FIG. 5 is a TEM of ODT-stabiliZed clusters (aero 
sol-deposited from methylene chloride solution onto a car 
bon-coated copper grid). 

[0026] FIG. 6 is an electron micrograph of a patterned 
gold cluster structure. 

[0027] FIG. 7 is a graph illustrating current-voltage (I-V) 
characteristics of AU55[P(C6H5)3]12Cl6 at 195K, 295K and 
337K. 

[0028] FIG. 8 is a graph illustrating observed current 
plateaus as a function of the applied frequency at 195K, With 
the inset illustrating the plateau at f =0.626 MHZ. 

[0029] FIG. 9 is a graph illustrating current versus 
reduced voltage at 195K. 

[0030] FIG. 10 is a graph illustrating current-voltage (I-V) 
characteristics of a poly-L-lysine scaffold decorated With 
11-mercaptoundeconic ligand-stabiliZed gold clusters. 

[0031] FIG. 11 is a TEM image of a TEM grid having a 
poly-L-lysine scaffold decorated With 11-mercaptounde 
conic ligand-stabiliZed gold clusters. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0032] The general steps used to produce organiZed arrays 
comprising metal, alloy, semiconductor and/or magnetic 
clusters in accordance With the present invention include (1) 
attaching molecular scaffolds to substrates in predetermined 
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patterns, (2) forming monodispersed, relatively small (i.e., 
nanocluster size) ligand-stabiliZed metal, alloy, semiconduc 
tor and/or magnetic clusters, (3) coupling the ligand-stabi 
liZed clusters to the scaffolds to form organized arrays, (4) 
coupling electrical contacts to the organized arrays, and (5) 
using such constructs to form electronic, particulary nano 
electronic, devices. The substrate generally is a metal, glass 
or semiconductor material. 

[0033] Currently, most efforts have been directed to devel 
oping Working devices using metal clusters. Certain of the 
folloWing passages therefore focus on describing hoW to 
make and use devices based on metal cluster arrays. It 
should be understood, hoWever, that any reference in this 
application to “metal clusters” or “clusters” typically also 
refers to alloy clusters, semiconductor clusters, magnetic 
clusters, and combinations thereof. 

[0034] Important features of the present invention include 
the small physical siZe of the metal clusters, the ligand 
exchange chemistry and the nature of the ligand shell 
produced by the ligand exchange chemistry. The small 
physical siZe of the metal clusters provides a large Coulomb 
charging energy. The ligand-exchange chemistry provides a 
means to taylor the ligand shell for a particular purpose and 
immobiliZe the clusters on biomolecules. And, the ligand 
shell offers a uniform and chemically adjustable tunnel 
barrier betWeen cluster cores. 

[0035] The folloWing paragraphs describe the present 
invention in greater detail. 

[0036] 
ters 

I. Forming Monodispersed Ligand-Stabilized Clus 

[0037] Afeature of the present invention is the recognition 
that monodispersed, relatively small metal clusters can be 
used to develop electronic devices that operate at or about 
room temperature based on the Coulomb blockade effect. 
“Monodispersed” refers to the formation of a population of 
metal clusters of substantially the same siZe, i.e., having 
substantially the same radiuses (or diameters). In contrast, 
prior-art approaches typically have used polydispersed metal 
clusters Where the siZe of the metal clusters is not substan 
tially uniform. A completely monodispersed population is 
one in Which the siZe of the metal clusters is identical. 
HoWever, complete monodispersity is difficult, if not impos 
sible, to achieve. And complete monodispersity is not 
required to produce devices operating at room temperature 
based on the Coulomb blockade effect. Nevertheless, as the 
dispersity of the cluster population proceeds from absolute 
monodispersity toWards polydispersity the likelihood that 
the device Will operate reliably at room temperature based 
on the Coulomb blockade effect decreases. 

[0038] Moreover, as the radius of the metal cluster 
decreases, the intrinsic capacitance gets smaller. As capaci 
tance gets smaller, the charging energy of the cluster gets 
larger. Coulomb blockade effects are observed When the 
charging energy exceeds the thermal energy at room tem 
perature. Prior approaches have used clusters having radi 
uses generally larger than Would be useful for forming 
devices that operate at room temperature based on the 
Coulomb blockade effect. In contrast, the present invention 
forms metal “nanoclusters” having relatively small radiuses. 
The siZe requirement for clusters made in accordance With 
the present invention can be established in at least tWo Ways, 
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(1) by stating absolute radius lengths, and (2) by comparing 
the radius of the cluster in question to the radius of gold 
clusters made having magic numbers (see the discussion 
provided beloW) of gold atoms. 

[0039] In terms of absolute numbers, “nanocluster” is 
de?ned herein as a cluster having a radius of from about 0.7 
nm to about 1.8 nm (7 A to about 18 A), preferabl from 
about 0.7 nm to about 1.25 nm (7 A to about 12.5 A), and 
even more preferably from about 0.7 nm to less than or equal 
to 1.0 nm (7 A to less than or equal to 10 These radius 
lengths refer solely to the radius of the metal cluster, and not 
the radius of the metal cluster and ligand sphere. 

[0040] With its insulating ligand shell, the diameter of the 
ligand-stabilized metal cluster can vary. The siZe of the 
ligand shell may in?uence the electron tunneling rate 
betWeen clusters. Tunneling rate is exponentially related to 
the thickness of the ligand shell. As a result, the diameter of 
the ligand shell may be tailored for a particular purpose. It 
currently is believed that the diameters for ligand-stabilized 
clusters useful for practicing the present invention should be 
from about 2.5 nm to about 5 nm. The relatively large metal 
clusters made previously do not provide a large Coulomb 
charging energy and do not operate at room temperature, and 
instead generally only operate at temperatures of from about 
50 mK to about 10K. 

[0041] “Bare” clusters, i.e., those Without ligand shells, 
also may be useful for practicing the present invention. For 
example, bare clusters can be used to form electrical con 
tacts. 

[0042] Still another consideration is the distance betWeen 
the edges of metal cluster cores. It currently is believed that 
the maximum distance betWeen the edges of cluster cores for 
clusters useful for practicing the present invention is about 
5 nm (50 A), and ideally is on the order of from about 1 to 
about 2 nm (10-20 

[0043] Originally it Was believed that clusters in accor 
dance With the present invention generally should include 
numbers of atoms that are based on the so-called “geometric 
magic numbers” of atoms surrounded by a ligand shell. 
Geometric magic numbers result from the most densely 
packed arrangement of atoms that form a “sphere.” Magic 
numbers are given by Formula 1 below 

/< Formula 1 

1+ 200% + 2) 

[0044] Where k is an integer that represents the number of 
shells of metal atoms surrounding a central atom. Noble 
metal clusters With k=2,4,6,7 and 8 have been synthesiZed 
and stabiliZed by a ligand shell. While clusters having magic 
numbers of atoms Will Work to practice the present inven 
tion, it has noW been determined that magic numbers of 
atoms likely are not required to provide clusters useful for 
practicing the present invention. 

[0045] Solely by Way of example, the most likely metals 
to be used to form ligand-stabiliZed metal clusters in accor 
dance With the present invention can be selected from the 
group consisting of silver (Ag), gold (Au), platinum (Pt), 
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palladium (Pd), and mixtures thereof. “Mixtures thereof” 
refers to having more than one type of metal cluster coupled 
to a particular scaffold, or different metal clusters bonded to 
different scaffolds used to form a particular electronic 
device. It also is possible that metal alloy clusters, e.g., 
gold/palladium clusters, can be used to form cluster arrays 
and electronic devices in accordance With the present inven 
tion. 

[0046] Gold is the currently preferred metal for forming 
ligand-stabiliZed monodispersed metal clusters. This is 
because (1) the ligand exchange chemistry for gold nano 
clusters and the nature of the ligand shell formed about gold 
is Well understood, (2) Au55 has a diameter of about 1.2 pm, 
Which has proved ideal for forming organiZed metal arrays 
that exhibit the Coulomb effect at or about room tempera 
ture, and (3) it is possible to prepare nearly monodispersed 
gold clusters Without lengthy puri?cation requirements, such 
as lengthy crystalliZation processes. 

[0047] Assuming that magic numbers do provide bene?t, 
the magic numbers of gold, palladium and platinum atoms 
for use With the present invention are 13, 39, 55, 147 and 
309. 55 is the currently preferred magic number (represented 
as AUSS, Pd55 and Ptss). The magic number of silver atoms 
for silver metal clusters useful for practicing the present 
invention likely are the same as for gold, but this has not yet 
been veri?ed. 

[0048] Semiconductor materials also likely are useful for 
practicing the present invention. Likely semiconductor 
materials that can be made into nanoclusters and stabiliZed 
With ligand spheres include, Without limitation, cadmium 
selenide, Zinc selenide, cadmium sul?de, cadmium tellurite, 
cadmium-mercury-tellurite, Zinc tellurite, gallium arsenide, 
indium arsenide and lead sul?de. 

[0049] Magnetic particles also can be used to decorate 
scaffolds in accordance With the present invention. An 
example, Without limitation, of such magnetic particles is 
iron oxide (Fe2O3). 

II. Ligands 

A. Background 

[0050] Once a suitable metal, alloy, semiconductor and/or 
magnetic material is selected for forming nanoclusters, 
ligands for bonding to the clusters also must be selected. The 
assembly of clusters into Coulomb blockade structures 
requires molecular-scale organiZation of the clusters While 
simultaneously maintaining the insulating ligand sphere 
betWeen individual clusters. The clusters also must be 
coupled to the scaffold in a suf?ciently robust manner to 
alloW for fabrication of devices incorporating cluster arrays. 
This can be accomplished by ligand exchange reactions. The 
selection of ligands for forming an insulating ligand layer 
about the cluster and for undergoing ligand exchange reac 
tions therefore is an important consideration. Alist of criteria 
useful for selecting appropriate ligands includes, but may 
not be limited to, (1) the ligands should be capable of 
undergoing reactions With the scaffold, such as ligand 
exchange, acid-base or intercelation reactions (2) the ligands 
preferably increase the solubility of the ligand-metal cluster 
complexes in organic solvents, Which helps synthesiZe metal 
clusters and perform subsequent reactions, and (3) the 
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ligands selected preferably form Well ordered metal-ligand 
complexes having diameters as stated above. 

B. Classes of Ligands 

[0051] Ligands deemed most suitable for forming metal 
clusters in accordance With the present invention can be 
selected, Without limitation, from the group consisting of: 
thiols (RSH); thioethers (also knoWn as sul?des, R—S—R‘); 
thioesters (R—S2H); disul?des (R—S—S—R‘); sulfur-con 
taining heterocycles, such as thiophene; 1°, 2° and perhaps 
30 amines (RNH2, RZNH and R3N, respectively), particu 
larly 1° amines; pyridines; phosphines (R3P); carboxylates 
(RCO2—); nitrites (RCN); hydroxyl-bearing compounds, 
such as alcohols (ROH); and mixtures thereof. Additional 
guidance concerning the selection of ligands can be obtained 
from Michael Natan et al.’s Preparation and Characteriza 
tion of Au Colloid Monolayers, Anal. Chem, 67:735-743 
(1995), Which is incorporated herein by reference. 

[0052] Organic sulfur-containing molecules (e.g., thiols, 
thioethers, thioesters, disul?des, sulfur-containing hetero 
cycles, and mixtures thereof) currently are the preferred 
class of ligands. Thiols are the currently preferred type of 
sulfur-containing ligand for several reasons. For example, 
thiols have an af?nity for gold, Which often is formed into 
electrodes or electrode patterns. Moreover, thiols have been 
shoWn to be good ligands for stabiliZing gold clusters. And, 
many thiol-based ligands are commercially available. The 
thiols form ligand-stabiliZed metal clusters having a formula 
MX(SR)n Wherein M is a metal, R is an alkyl chain or 
aromatic group, x is a number of metal atoms that provide 
metal clusters having the characteristics described above, 
and n is the number of thiol ligands attached to the ligand 
stabiliZed metal clusters. 

C. Organic Portion of Ligands 

[0053] The organic portion of ligands useful for practicing 
the present invention also can vary. For example, the length 
of the alkyl chain can be varied to obtain particular features 
desired in the ligand-stabiliZed metal clusters. These include 
the solubility of the metal clusters in solvents used to carry 
out the present invention and the siZe and insulating char 
acteristics of the ligand-stabiliZed metal clusters. Currently, 
alkyl chains having from about 2 carbon atoms to about 20 
carbon atoms are deemed most suitable for practicing the 
present invention. 

[0054] Aryl-type ligands, i.e., aromatic groups such as 
phenyl rings, containing or having sulfur atoms coupled 
thereto also have been used as ligands for forming ligand 
stabiliZed metal clusters. For example, mercaptobiphenyl 
(HS-phenyl-phenyl) has been used to form ligand-stabiliZed 
gold clusters. The aromatic rings of such compounds likely 
Will be functionaliZed to include functional groups capable 
of reacting With the scaffold molecules. For example, the 
aromatic rings might include acidic groups, such as car 
boxylic acids, for acid-base reactions With functional groups 
of the scaffold molecules, such as amines. 

[0055] Aromatic ligands are quite useful for producing 
rigid arrays, Which helps stabiliZe the electron transport 
properties. For this reason, aryl ligands currently are con 
sidered preferred ligands for practicing the present inven 
tion. But, small alkyl groups, such as thioproprionic acid, 
also provide rigid ligand systems. 
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[0056] Ligands that intercalate into DNA also can be used. 
This allows a means for attaching the metal clusters to DNA 
molecules. Typically, the DNA intercalating ligands include 
rigid at r systems. Examples of such DNA intercalating 
ligands include, Without limitation, anthraquinone and 
phenanthridinium derivatives. The DNA intercalating 
ligands also can be made DNA-sequence dependent. Thus, 
DNA having particular sequences can be used as a scaffold 
that is intercelated at predetermined portions of the scaffold. 
This provides a method for designing the spacing betWeen 
metal clusters. The intercalating ligands also can be photo 
crosslinked to provide a more rigid system. 

D. General Method for Producing 
Ligand-Stabilized Metal Clusters 

[0057] The general approach to making ligand-stabiliZed 
metal clusters ?rst comprises forming monodispersed metal 
clusters having displaceable ligands. This can be accom 
plished by directly forming monodispersed metal clusters 
having the appropriate ligands attached thereto, but is more 
likely accomplished by ?rst forming monodispersed, ligand 
stabiliZed metal clusters Which act as precursors for subse 
quent ligand-exchange reactions With ligands deemed more 
useful for practicing the present invention. 

[0058] One example, Without limitation, of a monodis 
persed gold cluster that has been produced and Which is 
useful for subsequent ligand-exchange reactions With the 
ligands listed above is Au55[P(C6H5)3]12Cl6. A procedure 
for making monodispersed AU55[P(C6H5)3]12Cl6 nanoclus 
ters is provided by G. Schmid’s Hexachlorodecakis(triph 
enylphosphine)-pentapentacontagold, Au55[P(C6H5)3], 
12Cl6, Inorg. Svn., 27:214-218 (1990). Schmid’s publication 
is incorporated herein by reference. Schmid’s synthesis 
involves the reduction of AuCl[Ph3]6. Example 1 beloW also 
discusses the synthesis of Au55[P(C6H5)3]12Cl6. One advan 
tage or Schmid’s synthesis is the relatively small siZe 
distribution of clusters produced by the method, e.g., 
1.4104 nm. 

[0059] Once ligand-stabiliZed monodispersed metal clus 
ters are obtained, such clusters can be used for subsequent 
ligand-exchange reactions, as long as the ligand-exchange 
reaction is readily facile and produces monodispersed metal 
clusters. Prior to the present invention it Was not appreciated 
that the AU55[P(C6H5)3]12Cl6 clusters could be used to form 
nearly monodispersed derivatives by ligand-exchange 
chemistry. In fact, some literature reports indicated that it 
Was difficult, if not impossible, to form linked metal clusters 
by ligand-exchange reactions. See, for example, Andres et 
al.’s Self-Assembly of a Two-Dimensional Supperlattice of 
Molecularly Linked Metal Clusters, Science, 273:1690-1693 
(1996). 
[0060] To perform ligand-exchange reactions, a reaction 
mixture is formed comprising the metal cluster having 
exchangeable ligands attached thereto and the ligands to be 
attached to the metal cluster, such as thiols. A precipitate 
generally forms upon solvent removal, and this precipitate is 
then isolated by conventional techniques. See, Examples 2 
and 3 for further details concerning the synthesis of ligand 
stabiliZed metals. 

III. Molecular Scaffolds 

A. Background 
[0061] Metal clusters produced as stated above are 
coupled to molecular scaffolds. “Coupling” as used herein 
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refers to some interaction betWeen the scaffold and the 
ligand-stabiliZed metal clusters such that the metal clusters 
become associated With the scaffold. Associated may mean 
covalently bound, but also can include other molecular 
associations, such as electrostatic interactions. “Coupling” 
most typically refers to attaching clusters to the scaffolds by 
either (1) ligand exchange reactions Where functional groups 
of the scaffold molecules, such as sulfur-containing func 
tional groups or amines, exchange With ligands forming the 
metal-ligand complex, (2) acid-base type reactions betWeen 
the ligands and molecules of the scaffold, or (3) intercelation 
of a ligand into a DNA helix. 

B. Scaffolds Comprising Biomolecules 

[0062] To form useful devices, the scaffolds must be 
disposed on a substrate in predetermined patterns to Which 
electric contacts can be made. The scaffolds of the present 
invention can comprise biomolecules, such as polynucle 
otides, polypeptides and mixtures thereof, and hence are 
most appropriately referred to as biomolecular scaffolds. 
There is some precedent for using polynucleotides for 
forming molecular scaffolds. See, for example, C.A. Mirkin 
et al’s A DNA-Based Method for Rationally Assembling 
Nanoparticles into Macroscopic Materials, Nature, 382:607 
(1996); and A. P. Alivisatos et al.’s Organization of ‘Nanoc 
rystal Molecules’using DNA, Nature, 382:609 (1996). Each 
of these references is incorporated herein by reference. 
Polynucleotides provide a different spacing betWeen metal 
clusters than do polypeptides. Thus, spacing betWeen metal 
clusters can be varied by changing the nature of the scaffold. 
Polypeptides may provide the best spacing for the formation 
of electronic devices operating at room temperature based 
on the Coulomb blockade effect. 

[0063] Preferred polypeptides are those polypeptides that 
form 0t helical secondary structures. Certain peptides, 
although attractive candidates from the standpoint of being 
stabiliZing ligands for the metal clusters, do not form a 
helices. HoWever, many polypeptides do form 0t helices, and 
hence are good candidates for forming scaffolds in accor 
dance With the present invention. 

[0064] It also should be appreciated that the polypeptide 
can be a “homopolypeptide,” de?ned herein to refer to 
polypeptides having only one type of amino acid. One 
example of a homopolypeptide is poly-L-lysine. The free 
base form of polylysine readily forms an 0t helix. Moreover, 
lysine provides a terminal amino group that is oriented 
favorably in the ot helix for ligand exchange reactions With 
the ligand-stabiliZed metal clusters. Homopolypeptides gen 
erally have been used in the practice of the present invention 
for several reasons. First, certain homopolypeptides are 
commercially available, such as polylysine. Second, 
homopolypeptides provide more predictable 0t helix forma 
tion With the side chains oriented outWardly from the ot helix 
at knoWn, predictable distances. This alloWs the polypeptide 
to be designed for a particular purpose. 

[0065] The peptide also may be a “heteropolypeptide” 
(having tWo or more amino acids), or block copolymer-type 
polypeptides (formed from plural different amino acids With 
identical amino acids being organiZed in blocks in the amino 
acid sequence), as long as such peptides (1) form 0t helices, 
and (2) provide functional groups positioned and capable of 
engaging in ligand exchange reactions With the monodis 
persed metal clusters. 
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[0066] Most amino acids can be used to form suitable 
homo- or heteropolypeptides. Examples of particularly suit 
able amino acids include, but are not limited to, naturally 
occurring amino acids such as arginine, tyrosine, and 
methionine; and nonnaturally occurring amino acids such as 
homolysine and homocysteine. 

IV Placing Scaffolds on Substrates 

A. General Discussion 

[0067] The scaffold simply may be placed on the surface 
of the substrate, in contrast to more tightly adhering the 
polypeptide to the substrate such as through electrostatic or 
covalent bonds. As used herein, the term “substrate” refers 
to any material, or combination of materials, that might be 
used to form electronic devices. For eXample, the substrate 
might be selected from the group consisting of silicon, 
silicon nitride, ultra?at glass, metals, and combinations 
thereof. 

[0068] Simply placing the scaffold on the surface Without 
considering Whether to electrostatically or covalently bind 
the scaffold to the substrate simpli?es the process for making 
Working devices. Placing the scaffold on the surface of the 
substrate can be accomplished by (1) forming solutions 
containing the molecular scaffold, (2) placing the solution 
containing the scaffold onto a substrate, such as by spin 
coating the solution onto a substrate, and (3) alloWing the 
solvent to evaporate, thereby depositing the solid molecular 
scaffold onto the substrate surface. 

[0069] If simple deposition of the scaffold onto the sub 
strate does not produce a sufficiently robust device, then the 
scaffold might be more tightly coupled to the substrate. One 
method for accomplishing this is to use compounds that act 
as adhesives or tethers betWeen the substrate and the 
molecular scaffold. Which compounds to use as adhesives or 
tethers depends on the nature of the substrate and the metal 
cluster. For eXample, amino-silane reagents may be used to 
attach molecular scaffolds to the substrate. The silane func 
tional group alloWs the tether to be coupled to a silicon, glass 
or gold substrate. This provides a tether having a terminal 
amino group that can be used to react With the scaffold to 
tether the scaffold to the substrate. The terminal amino group 
also can be used as an initiation site for the in situ poly 
meriZation of polypeptides using activated amino acids. 
Another class of tethers particularly useful for attaching 
polylysine to substrates is the uu-carboXyalkanethiols 
(_O2C—R—SH). 

B. OrganiZation of Scaffolds on Substrates 

[0070] There are at least four methods for forming orga 
niZed molecular arrays, particularly linear arrays, on the 
surface of substrates. The ?rst comprises depositing dilute 
solutions of scaffold molecules onto substrates. The second 
comprises aligning ot-helical polypeptides betWeen elec 
trodes. The third comprises groWing polypeptide chains 
betWeen tWo or more electrodes beginning from an initiation 
site placed on an electrode. And the fourth comprises 
forming DNA scaffolds betWeen electrodes. Each of these 
approaches is discussed beloW. 

1. Deposition from Dilute Solutions 

[0071] First, isolated molecular scaffolds can be prepared 
by depositing highly dilute solutions onto substrate surfaces. 
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Alternatively, this can be accomplished by dilution of the 
molecular scaffold ?lm With an inert, ot-heliX polypeptide 
such as poly-y-benZyl-L-glutamate. See, Poly(y-Benzyl-L 
Glutamate) and Other GlutamicAcid Containing Polymers, 
H. Block (Gordon & Breach, NY) 1983. 

2. Aligning Polypeptides in a High Electrical Field 

[0072] The second, and likely most practical method, for 
providing a scaffold on a substrate is to align a polypeptide 
“bridge” in an electrical ?eld produced betWeen tWo elec 
trodes. FIG. 1 illustrates saW tooth electrodes 10 comprising 
electrodes 12-20 that are placed on a substrate by conven 
tional methods, such as electron-beam lithography, thermal 
evaporation, or lift-off techniques. Asolution comprising the 
scaffold molecules is ?rst formed and then applied to the 
surface of the substrate having the electrode pattern placed 
thereon, such as a substrate having the electrode pattern of 
FIG. 1. ot-Helical polypeptides self-align (pole) in the 
presence of an applied magnetic ?eld or electrical ?eld 
(typically 20 Vcm_1). See, S. Itou’s Reorientation of Poly 
y-benzyl-L-glutamate Liquid Crystals in an Electric Field, 
Jpn J. Apl. Phys., 24:1234 (1985). Presumably this is due to 
their large diamagnetic anisotropy. See, C. T. O’Konski et 
al.’s Electric Properties of Macromolecules IV Determina 
tion of Electric and Optical Parameters From Saturation of 
Electric Birefringence in Solutions, J. Phys. Chem., 63:1558 
(1959). An electric ?eld is generated betWeen the electrodes, 
such as the points of the saW tooth illustrated in FIG. 1. This 
local ?eld betWeen the tWo points causes the scaffold to align 
betWeen the points. The solvent is evaporated to provide 
scaffolds oriented betWeen the electrodes. 

[0073] Based on the above, it Will be apparent that the 
dipole moment of the scaffold in?uences Whether the 
polypeptide can be oriented betWeen the tWo electrodes, and 
the ef?ciency of the orientation. This is one reason Why 0t 
helical polypeptides are a currently preferred polypeptides 
for forming scaffolds. The hydrogen bonds formed in the ot 
heliX all orient in the same direction, thereby imparting a 
dipole to the secondary 0t helical structure. It currently is 
believed that the dipole is primarily the result of the ot heliX, 
and not the side chains. As a result, preferred polypeptides 
for practicing the present invention are those that form 0t 
helices. 

3. GroWing Polypeptides BetWeen Electrodes 

[0074] In some instances, it may be desirable to use 
scaffolds to bridge directly betWeen tWo electrical contacts 
of interest. This can be accomplished by ?rst placing initi 
ating sites on the electrodes, and then “groWing” polypep 
tides betWeen the initiation sites on the electrodes to form a 
bridge. One eXample of hoW this Would be accomplished is 
to attach a tether to an electrode, the tether having a pendant 
functional group that is capable of forming peptide bonds 
When reacted With an activated amino acid. The most likely 
pendant functional group for this purpose is a 1° amine. 

[0075] To provide a speci?c eXample to illustrate the 
procedure, a tether comprising an alkyl chain having both a 
terminal amino group and a terminal sulfhydryl group (i.e., 
an amino-thiol, HS—-R—NH2) is reacted With a gold 
electrode using conventional chemistry. This covalently 
attaches the sulfhydryl group of the tether to the metal (i.e., 
Au—S—R—NH2). The terminal amino group is then used 
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to initiate polymerization of a polypeptide using activated 
amino acids, perhaps in the presence of an applied ?eld, 
betWeen the tWo electrodes. The polymeriZation is accom 
plished by supplying activated amino acids for reaction With 
the primary amine in a chain-groWing reaction Which seri 
ally couples amino acids to the end of the growing chain and 
regenerates the primary amine for subsequent reaction With 
another activated amino acid. 

[0076] Activated amino acids are commercially available 
and are described in the literature. One example, Without 
limitation, of an activated amino acid for formation of 
peptide bonds in this manner is N-carboxyanhydride (NCA) 
amino acids. NCA amino acids react With surface-bound 
initiator sites (e.g., the primary amino groups) to begin a 
ring-opening polymeriZation of the NCA-amino acid. See, J. 
K. Whitesell et al’s Directionally Aligned Helical Peptides 
on Surfaces, Science, 261:73 (1993). Whitesell’s publication 
is incorporated herein by reference. 

[0077] When NCA polymeriZation is performed under the 
in?uence of an electric ?eld applied betWeen tWo electrodes 
it is possible to “groW” the polypeptide scaffolds from one 
electrode to the other. One speci?c example of an NCA 
amino acid that can be used for this purpose is that derived 
from N€-benZyloxycarbonyl-L-lysine. The amino acid side 
chains of this compound can be deprotected using trimeth 
ylsilyl iodide. Deprotection yields the poly-L-lysine scaf 
fold. 

[0078] Working embodiments of the present invention 
generally have used polylysine as the polypeptide useful for 
forming the molecular scaffold. Polylysine Was chosen 
because it includes a hydrocarbon chain that extends the 
amino functional group, Which can undergo ligand-displace 
ment reactions With the ligand-stabilized metal cluster, out 
and aWay from the polypeptide backbone. Thus, tWo impor 
tant criteria for selecting polypeptides for use as molecular 
scaffolds are (1) does the polypeptide form 0t helices, and (2) 
do the amino acid side chains provide functional groups that 
are metal-cluster stabiliZing and capable of undergoing 
ligand-exchange reactions With the ligand-stabilized metal 
clusters. 

4. Forming Polynucleotide Scaffolds 

[0079] Methods for providing polynucleotide scaffolds 
also recently have been discovered. See, for example, (1) E. 
Braun et al., DNA Templated Assembly and Electrode 
Attachment of a Conducting Silver Wire,” Nature, p. 775 
(1998); (2) N. Seeman, “DNA Components for Molecular 
Architecture,” Accounts of Chemical Research, 30:357 
(1997); Qi J., et al. “Ligation of Triangles Builtfrom Bulged 
3-Arm DNA Branched Junctions,” J. Am. Chem. Soc., 
118:6121 (1996); and C. Niemeyer et al. “DNA as aMaterial 
for Nanotechnology,” AngeWandte Chemie, International 
Edition in English, 361585 (1997). Each of these references 
is incorporated herein by reference. The Braun reference 
provides a method for positioning a DNA molecule betWeen 
electrodes spaced by a particular distance, such as about 10 
um. Double stranded DNA, With single stranded sticky ends, 
and a pair of electrodes that have single stranded DNA 
attached thereto that is complementary to the sequence of 
the sticky ends of the DNA are prepared. Annealing the 
sticky ends to the single-stranded primers alloWs coupling of 
double stranded DNA betWeen tWo electrodes spaced by a 
knoWn distance. 
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V. Decorating Scaffolds With Metal Clusters 

[0080] To provide Working electronic devices, clusters 
must be coupled to the scaffolds. FIG. 2 provides a sche 
matic representation of a poly-L-lysine that is “decorated” 
With metal clusters, i.e., the clusters are coupled to the 
scaffold. A ?rst consideration is Whether to decorate the 
scaffold With clusters prior to or subsequent to placing the 
scaffold onto a substrate. Although both of these approaches 
Work, there are some disadvantages With decorating the 
scaffold With the clusters prior to placing the scaffold on the 
substrate. This approach places clusters on all surfaces of the 
polypeptide, even those that come into contact With the 
underlying substrate. This is undesirable for several reasons. 
For example, such placement of the clusters might interfere 
With ?xing the decorated scaffold to the substrate. And, it 
places clusters in locations in Which they are not needed, and 
hence uses more valuable monodispersed clusters than 
needed. 

[0081] Based on the above, a method Which ?rst places the 
scaffolds onto a substrate, and subsequently decorates the 
scaffold With clusters is a currently preferred approach. This 
can be accomplished by ?rst forming a solution comprising 
the ligand-stabiliZed monodispersed clusters using a solvent 
that does not dissolve the scaffold. Candidate solvents for 
this purpose include, Without limitation, dichloromethane 
and hexanes. The ligand-stabiliZed clusters are then intro 
duced onto the scaffold and alloWed to undergo reactions 
With the scaffold molecules, such as ligand-exchange or 
acid-base type reactions, thereby coupling the ligand-stabi 
liZed clusters to the scaffold. See, Example 4 for further 
details concerning decorating scaffolds With clusters. 

[0082] The present approach to producing decorated scaf 
folds also alloWs for good lateral de?nition, Which is a key 
feature of the present invention. “Lateral de?nition” refers to 
the Width of an array. Prior to the present invention, the state 
of technology Was capable of producing lines having a Width 
of about 300A. With the present invention, lateral resolution 
is much improved, and is on the order of about 10 In 
addition, branched polypeptides offer the possibility of 
introducing control electrodes and interconnects at the 
molecular level. 

VI. Ultrafast, Ultrahigh Density SWitching Devices 

[0083] This section discusses the steps required to use the 
decorated molecular scaffolds of the present invention to 
produce ultrafast, ultrahigh density sWitching devices. First, 
a substrate is selected and cleaned. One example of a 
substrate is a silicon nitride chip or Wafer. On top of this 
substrate Would be placed electrical contacts. This could be 
accomplished using knoWn technologies, such as lithogra 
phy or thermal evaporation of a metal, such as gold. 

[0084] Once a substrate is obtained having the electrical 
contacts placed thereon, a scaffold is then placed on the 
surface using the techniques described above. Thereafter, the 
substrate With scaffold is treated With monodispersed, 
ligand-stabilized clusters to attach such clusters to the scaf 
fold. The organiZation of scaffold likely determines the 
particular device being made. 

[0085] For a sWitching device, analogous to a transistor, 
saW tooth electrical contacts, such as those shoWn in FIG. 1, 
are deposited onto a substrate and a scaffold then oriented 
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therebetWeen. This provides tWo arms of a transistor. A 
capacitance contact required to provide the third arm of a 
transistor is imbedded in the substrate underneath the 
molecular scaffold. Direct electrical contact With this “gate” 
imbedded in the substrate is not actually required. 

[0086] Alternatively, a third contact arm could be incor 
porated into the template. FIG. 3 is a schematic represen 
tation of a scaffold useful for this purpose. For example, a 
polypeptide of a particular length, e.g., a 25-mer or 50-mer, 
could ?rst be coupled to an electrode. A branching portion 
of the scaffold could then be attached, thereby forming an 
electrical arm, or plural such arms, for further providing 
single or multiple gate electrodes to the template. The 
scaffold is then coupled betWeen tWo electrodes subsequent 
to the formation of this contact arm, or arms. 

[0087] The method of the present invention can be used to 
form a variety of standard circuit components to implement 
Boolean logic functions. These circuit components include, 
but are not limited to, AND, NAND, NOR, OR and Exclu 
sive OR gates. Additionally, multiplexers and muliplexer 
based circuits can be created and used to implement Boolean 
logic functions. 

VII. EXAMPLES 

[0088] The folloWing examples are provided to illustrate 
certain particular features of the present invention. These 
examples should not be construed to limit the invention to 
the particular features described. 

Example 1 

[0089] This example describes the syntheses of 
AU55(PPh3)12Cl6. Au[P(C6H5)3]Cl Was obtained from Ald 
rich Chemical Company. This compound Was reduced using 
diborane (B2H6), Which Was produced in situ by the reaction 
of sodium borohydride (NaBH4) and borontri?ouride ether 
ate [BF3.O(C2H5)]. Au[P(C6H5)3]Cl Was combined With 
diborane in benZene to form Au55(PPh3)12Cl6. 
Au55(pPh3)12Cl6 Was puri?ed by dissolution in methylene 
chloride folloWed by ?ltration through Celite. Pentane Was 
then added to the solution to precipitate a black solid. The 
mixture Was ?ltered and the solid Was dried under reduced 

pressure to provide Au55(PPh3)12Cl6 in approximately 30% 
yield. 

Example 2 

[0090] This example describes the synthesis of 
AU55(SC18H37)26. Dichloromethane (z10 ml), 
AU55(PPh3)12Cl6 (20.9 mg) and octadecylthiol (23.0 mg) 
Were combined in a 25 ml round bottom. A black solution 
Was produced, and this solution Was stirred under nitrogen 
at room temperature for 36 hours. The solvent Was then 
removed under reduced pressure and replaced With acetone. 
This resulted in the formation of a black poWder suspension. 
The solid Was then isolated by vacuum ?ltration and Washed 
With acetone (10x5 ml). After the ?nal Wash, the solid Was 
redissolved in hot benZene. The benZene Was removed under 
reduced pressure With gentle heating to yield a dark broWn 
solid. 

[0091] The solid material Was then subjected to UV-VIS 
(CHZCIZ, 230-800 nm), 1HNMR (133 MHZ), 13CNMR, 
X-ray photoelectron spectroscopy (XPS) and atomic force 
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spectroscopy. These analytical tools Were used to character 
iZe the structure of the compound produced, and such 
analysis indicated that the structure of the metal-ligand 
complex Was Au55(SC18H37)26. 

[0092] X-ray photoelectron spectroscopy (XPS) data also 
Was collected concerning Au55(SC18H37)26. This involved 
irradiating molecules With high-energy photons of ?xed 
energy. When the energy of the photons is greater than the 
ioniZation potential of an electron, the compound may eject 
the electron, and the kinetic energy of the electron is equal 
to the difference betWeen the energy of the photons and the 
ioniZation potential. The photoelectron spectrum has sharp 
peaks at energies usually associated With ioniZation of 
electrons from particular orbitals. X-ray radiation generally 
is used to eject core electrons from materials being analyZed. 
Clifford E. Dykstra’s Quantum Chemistry & Molecular 
Spectroscopy, pp. 296-295 (Prentice Hall, 1992). Quanti? 
cation of the data provided by XPS analysis of 
Au55(SC18H37)26 made according to this example shoWed 
that Au 4f comprised about 67.38% and S 2p constituted 
about 28.01% +4.17%, Which suggests a formula of 
Au55(SC18H37)26' 
[0093] Quanti?cation of XPS spectra gave a gold-to-sulfur 
ratio of about 23:10 and shoWs a complete absence of 
phosphorus or chlorine. As With AU55(pPh3)12Cl6, a broad 
doublet is observed for the Au 4f level. The binding energy 
of the Au 4f 7/2 level is about 84.0-84.2 eV versus that of 
adventitious carbon, 284.8 eV. This indicates absence of 
Au(I) and is similar to binding energies obtained for clusters 
such as AU55(PPh3)12Cl6. The binding energy of the S 2p 
312 peak ranges from 162.4 to 162.6 eV for the series of 
clusters. These values are shifted to loWer energy than those 
found for free thiols (163.3-163.9 eV) and are close to the 
values reported for thiolates bound to gold (162.0-162.4 
eV). The possibility that unattached thiols may be present in 
the sample is unambiguously ruled out by 1H and 13C NMR. 

[0094] Thermal gravimetric analysis con?rms the Au:S 
ratio obtained from XPS. On heating to 600° C., ODT 
stabiliZed clusters display a 40% mass loss, corresponding to 
26 ODT ligands on an assumed 55-atom gold cluster. This 
ratio alludes to the retention of a small cluster siZe. Asample 
of the larger hexadecanethiol-stabiliZed gold cluster has 
been shoWn to give a 33.5% mass loss, corresponding to 
from about 95 to about 126 ligands per cluster (diameter=2.4 
nm). 
[0095] Optical spectra of gold colloids and clusters exhibit 
a siZe-dependent surface plasmon resonance band at about 
520 nm (See. FIG. 4). In absorption spectra of ligand 
exchanged clusters produced as stated in this example, the 
interband transition typically observed for small clusters 
including AU55(PPh3)12Cl6 Was observed. Little or no plas 
mon resonance Was observed, consistent With a cluster siZe 
of about 1.7 nm or less. For the ODT-passivated cluster, no 
plasmon resonance Was observed. 

[0096] Quantitative siZe information can be obtained 
using transmission electron microscopy (TEM). The core 
siZe obtained from TEM images of the ODT-stabilized 
cluster (FIG. 5) is found to be 1.7105 nm and is in good 
agreement With that obtained from atomic force microscope 
images. 
[0097] Atomic force microscopy (AFM) also Was per 
formed on the AU55(SC18H37)26 produced according to this 










