
WO 02/059984 PCT/US01/47477  1 5 STABILIZATION OF CONFIGURABLE  MOLECULAR
MECHANICAL DEVICES  CROSS-REFERENCE TO RELATED APPLICATIONS  10 [0001] The
present application is related to the following applications: Serial Num-
bers 09/280,048 (`Chemically Synthesized and Assembled Electronic
Devices');  09/280,225 ("Molecular Wire Crossbar Interconnects for Signal
Routing and Commu- nications'); 09/280,189 ("Molecular Wire Crossbar
Memory'); 09/282,045 ("Molecu 15 lar Wire Crossbar Logic') ; 09/282,049 ('D
emultiplexer for a Molecular Wire Crossbar  Network'); and 09/280,188
("Molecular Wire Transistors'), all filed on March 29,  1999. The present
application is an improvement over the foregoing applications in B- lowing
a configuring of arbitrary molecular devices with practically indefinite
lifetime  (>10 years at room temperature). 20 TECHNICAL FIELD [0002] The
present invention relates generally to electronic devices whose functional
length scales are measured in nanometers, and, more particularly, to simple
devices  25 used as building blocks to form more complicated structures,
and to the methods for forming such devices. Devices both of micrometer and
nanometer scale may be  constructed in accordance with the teachings
herein. WO 02/059984 PCT/US01/47477  2 BACKGROUND ART [0031 The silicon
(Si) integrated circuit (IC) has dominated electronics and has  helped it
grow to become one of the world's largest and most critical industries over
5 the past thirty-five years. However, because of a combination of physical
and economic reasons, the miniaturization that has accompanied the growth
of Si ICs is reaching its  



limit. The present scale of devices is on the order of tenths of
micrometers. New solu- tions are being proposed to take electronics to ever
smaller levels; such current soh- tions are directed to constructing
nanometer-scale devices. 10 [004] Prior proposed solutions to the problem
of constructing nanometer-scale de- vices have involved (1) the utilization
of extremely fine scale lithography using X-rays,  electrons, ions,
scanning probes, or stamping to define the device components; (2) di- rect
writing of the device components by electrons, ions, or scanning probes; or
(3) the  direct chemical synthesis and linking of components wih covalent
bonds. The major 15 problem with (1) is that the wafer on which the devices
are built must be aligned to  within a small fraction of the size of the
device features in at least two dimensions for  several successive stages
of lithography, followed by etching or deposition to build the  devices.
This level of control does not scale well as device sizes are reduced to
nam- meter scale dimensions. It becomes extremely expensive to implement as
devices are 20 scaled down to nanometer scale dimensions. The major problem
with (2) is that it is a  serial process, and direct writing a wafer full
of complex devices, each containing trl- lions of components, could well
require many years. Finally, the problem with (3) is  that high information
content molecules are typically macromolecular structures such  as proteins
or DNA, and both have extremely complex and, to date, unpredictable sec 25
ondary and tertiary structures that cause them to twist into helices, fold
into sheets,  and form other complex 31) structures that will have a
significant and usually deletei- ous effect on their desired electrical
properties as well as make interfacing them to the  outside world
impossible. [0051 Devices of molecular size with switching electric
behavior are currently the  30 focus of research world-wide. These devices
are viewed as possible replacement to Si- based technologies. In spite of
much speculation, however, there are very few exped WO 02/059984
PCT/US01/47477  3 mental results available at this point in time that show
some kind of possible switching  behavior, the origin of which (intrinsic
or extrinsic) is the subject of debate. In previous  



systems, the switching was either irreversible, or reversibility was
achieved on thick  molecular films, or switching was volatile. 5 [0061 The
above -identified related patent applications are all based on switching of
a bi-stable molecule, an example of which is a rotaxane, from one stable
state to an- other stable state by application of an external electric
field. Such configuring of the  molecular switch by applying an external
electic field, which changes the conformation  of the molecule and switches
it between a low-resistive and a high-resistive state, can 10 be only done
on weakly bonded molecular fragments. Usually, it involves the lydrogen
bond, where one can overcome the energy barrier of about 0.5 eV (or less).
On the one  hand, the conformation of stronger bonded molecules is
difficult to change, and re- quires an application of even stronger fields,
which in the case of the hydrogen bond  are already comparable to atomic
fields (-lo+l to lo+1 v/cm), and can easily damage 15 the device. On the
other hand, the barrier of 0.5 eV is insufficient for any reasonable
application, since the corresponding lifetime is short with respect to
thermal fluctia- tions destroying the given configuration of the switch.
The lifetimeT is estimated ac- cording to the formula 20 coo exp(-Ub / kT)
where ctb - 1 THz is the typical attempt (molecular vibration) frequency,
Ub is the en- ergy barrier, k is Boltzmann~ constant, and T is the
temperature. For the barrier 0.5  eV at room temperature, one estimates the
lifetime as 5xlO -4 sec, i.e., extremely short. 25 Thus, one needs much
larger barriers (stronger bonds), but they will prevent the device  from
switching. [007] There remains a need for a mechanism that permits
configuring the molecular  switchable devices in the cross-bar geometry
while the conformational charge is con- trolled by weak intramolecular
forces (e.g., hydrogen bonding). 30 WO 02/059984 PCT/US01/47477  4
DISCLOSURE OF INVENTION 



10081 In accordance with the present invention, the molecular switchable
devices in  the cross-bar geometry are configurable while the
conformational change is controlled  5 by intramolecular forces that are
stronger than hydrogen bonding. The method of the present invention, which
is directed to configuring an ensemble of molecular switches  in a
prescribed manner in cross-bar geometry and then making such configuration
ei- ther substantially permanent or stable with regard to temperature
fluctuations, cofn- prises the steps of 10 [0091 providing the ensemble of
molecular switches in the cross-bar geome- try, each molecular switch
comprising a pair of crossed wires that form a junction  where one wire
crosses another at an angle other than zero degrees; 100101 providing the
junction with at least one connector- species connecting  the pair of
crossed wires in the junction, the junction having a functional dimension
in  15 the nanometer to micrometer range, wherein at least on~ connector
species and the pair of crossed wires forms an electrochemical cell, the
connector species comprising a  molecule and having at least one active
dipole; and [0011] either substantially permanently configuring the
connector species  where the connector species has one active dipole or
stably configuring the connector  20 species where the connector species
has more than one active dipole. 100121 There are two approaches that can
be taken to achieve the desired configura- tion. In one approach, the
connector species is configured and then an exchange  chemical reaction is
carried out to make that configuration substantially permanert.  The
process comprises: 25 [00131 forming the connector species in the junction;
[00141 applying an external electric field to the junction to configure the
cal- nector species; [00151 replacing a hydrogen atom with a species that
forms a bond with a por-,  tion of the dipole that is stronger than a
hydrogen bond; and 30 [00161 removing the electric field, leaving the
switch substantially permanently  in this configuration. 



WO 02/059984 PCT/US01/47477  5 [0017] In this first approach, the switch
may remain switchable, though bonded with  associative bonds that are
stronger than the hydrogen bond, by utilizing associative  bonding such as
fluorine to nitrogen, nitrogen to oxygen, and divalent metal to oxygen.
Alternatively, the switch may be made permanent by utilizing even stronger
bonds,  5 such as sulfur to oxygen covalent bonding. [00181 In another
approach, the connector species is stabilized in one of two stable  states
as follows: [0019] providing a plurality of dipole groups on the connector
species, each  capable of hydrogen bonding with an adjacent dipole group on
the connector species;  10 [0020] forming the connector species in the
junction; [00211 applying an external electric field to the junction to
configure the c(n- nector species; and [00221 removing the electric field,
leaving the switch in the stabilized config- ration. 15 [00231 In this
second approach, the multiple dipole groups ensure that the switch  remains
in the state into which it was configured until an opposite polarity
electric field  is applied to switch it again. [00241 The method of the
present invention is very general and allows a configuring  of arbitrary
molecular devices with practically indefinite lifetime ~10 years at room
20 temperature). [00251 Advantageously, the method of the present invention
introduces a method by  which the ensemble of molecular switches can be
configured in a prescribed 'Aay in a  cross-bar geometry and then this
configuration be made permanent. [0026] The method of the present invention
solves the above-noted problem of  25 switching through high energy
barriers and allows (i) configuring of the molecular  switches and then
(ii) making the configured system stable with respect to thermal  noise and
other external perturbations. 



BRIEF DESCRIPTION OF THE DRAWINGS  30 WO 02/059984 PCT/US01/47477  6 [00271
FIG. IA is a schematic representation of two crossed wires, with at least
one  molecule at the intersection of the two wires, [0028] FIG. 1B is a
perspective elevational view, depicting the device shown in  FIG. IA; and 5
[00291 FIG. 2 is a schematic representation of a two-dimensional array of
switches  of the present invention, depicting a 6x6 crossbar switch. BEST
MODES FOR CARRYING OUT THE INVENTION  10 Definitions [00301 As used herein,
the term "self-aligned' as applied to 'Junction" means that  the junction
that forms the switch and/or other electrical connection between two wires
is created wherever two wires, either of which may be coated or
functionalized, cross  each other, because it is the act of crossing that
creates the junction. 15 [00311 The term t elf-assemble&' as used herein
refers to a system that naturally  adopts some geometric pattern because of
the identity of the components of the sys- tem; the system achieves at
least a local minimum in its energy by adopting this c(n- figuration.
[00321 The term t ingly configurabld' means that a switch can change its
state only  20 once via an irreversible process such as an oxidation or
reduction reaction; such a  switch can be the basis of a programmable
read-only memory (PROM), for example.  [00331 The term '~ econfigurable"
means that a switch can change its state multiple  times via a reversible
process such as an oxidation or reduction; in other words, the  switch can
be opened and closed multiple times, such as the memory bits in a random
25 access memory (RAM). [0034] The term 'bi -stable" as applied to a
molecule means a molecule having two  relatively low energy states
separated by an energy (or activation) barrier. The mob- 



cule may be either irreversibly switched from one state to the other
(singly configir- able) or reversibly switched from one state to the other
(reconfigurable). 30 [00351 Micron-scale dimensions refers to dimensions
that range from 1 micrometer  to a few micrometers in size. WO 02/059984
PCT/US01/47477  7 [00361 Sub-micron scale dimensions refers to dimensions
that range from 1 ni- crometer down to 0.05 micrometers. [00371 Nanometer
scale dimensions refers to dimensions that range from 0.1 nano- meters to
50 nanometers (0.05 micrometers). 5 [00381 Micron-scale and submicron-scale
wires refers to rod or ribbon-shaped con- ductors or semiconductors with
widths or diameters having the dimensions of 1 to 10  micrometers, heights
that can range from a few tens of nanometers to a micrometer,  and lengths
of several micrometers and longer. 10 Basic Information on Crossed Wire
Switches [00391 The essential device features are shown in FIGS. IA-113. A
crossed wire  switch 10 comprises two wires 12, 14, each either a metal or
semiconductor wire, that  are crossed at some non-zero angle. In between
those wires is a layer of molecules or  molecular compounds 16, denoted R
in FIGS. 1A and 1B. The particular molecules 18 15 (denoted R,) that are
sandwiched at the intersection of the two wires 12, 14 are identi- fied as
switch molecules, also interchangeable referred to herein as a junction
When an  appropriate voltage is applied across the wires, the switch
molecules are either oxi- dized or reduced. When a molecule is oxidized
(reduced), then a second species is re- duced (oxidized) so that charge is
balanced. These two species are then called a redox 20 pair. One example of
this device would be for one molecule to be reduced, and then a  second
molecule (the other half of the redox pair) is oxidized. In another
example, a  molecule is reduced, and one of the wires is oxidized. In a
third example, a molecule is  oxidized, and one of the wires is reduced. In
a fourth example, one wire is oxidized,  and an oxide associated with the
other wire is reduced. In all cases, oxidation or reduc 



25 tion will affect the tunneling distance or the tunneling barrier height
between the two  wires, thereby exponentially altering the rate of charge
transport across the wire juic- tion, and serving as the basis for a
switch. [00401 The electrical tasks performed by these devices are largely
determined by the  types of wires (electrodes) and the interwire materials
that are used. Table I presents  30 the various types of devices that might
be fabricated from various combinations of the  wires 12, 14 in FIGS
1A-113. WO 02/059984 PCT/US01/47477  8 Table 1. Wire (Electrode) Materials
Device Metal-metal Metal-metal Metal- Semiconductor- Semiconductor- Type
(same) (different) semiconduct Semiconductor semiconductor  or
(p-njunction) (heterojunction  Resistor X X X Tunneling X X X  resistor
Resonant X X X  tunneling resistor  Diode X X X X  Tunneling X X X X  diode
Resonant X X X X  tunneling diode  Battery X X X  [00411 Depending on the
molecules or materials that are used between the wires 5 (the electrodes),
each junction can either display the types of electrical function &-
scribed below immediately on contact of the wires or the junction can have
a switching  



function that acts to connect or disconnect the two wires together
electrically. This  switch can either be singly configurable or
reconfigurable. In the first case, the initial  state of the switch is open
or closed. Electrically biasing the switch beyond a particalar 10 threshold
voltage that is determined by the materials in the junction, which is Osen-
tially an electrochemical cell, oxidizes or reduces the material or
molecules Lietween the  wires to irreversibly close or open the switch,
respectively, thus perrnmently reversing  its initial state. In the second
case, by cycling the polarity and magnitude of the voltage  on the switch
beyond the appropriate threshold values, it is possible to reversibly oxi
15 dize or reduce the properly selected materials or molecules to close or
open the switch WO 02/059984 PCT/US01/47477  9 many times. In either case,
when closed, the type of electrical connection that is made  between the
wires depends upon the materials from which the wires (or electrodes) are
fabricated as well as the identity of the molecules or materials between
the wires. [0042] Table I above shows a matrix of the various types of
functions that can be  5 obtained from various combinations of electrode
materials and materials or molecules  used in the junction. A resistor has
a linear current-voltage characteristic, and is made  by intentionally
over-reducing the junction between various types of wires to essen- tially
form a short circuit between the wires. The opposite of t1is process is to
over- oxidize a junction, which will consume the wire in a localized region
and effectively 10 break the wire (create an open circuit) in that wire at
the position of the junction. A  tunneling resistor maintains a thin,
approximately 2 nanometr thick, insulating barrier  between wires and has
an exponential current-voltage characteristic. In the case that  junction
molecules or materials have a sharply defined energy state inside the band
gap  of an electrically insulating barrier that can be accessed by
electrically current the junc 15 tion, the connection between the wires can
exhibit a flow of electrical current that is  dominated by the process of
resonant tunneling. The resonant tunneling can produce  one or more
inflection points in the otherwise exponential current-voltage characteris-
tic of a tunneling resistor. A diode is a junction that passes current more
easily in one  



direction than in the other, and thus has an asymmetry in the
currentvoltage character 20 istic for positive and negative voltages A
tunneling diode has both the positive- negative voltage asymmetry of the
diode and the exponential current voltage charac- teristic of the tunneling
resistor. A resonant tunneling diode has a positive-negative  voltage
asymmetry plus it has a peak in its current-voltage characteristic, such
that  over a restricted range of increasing magnitude of the voltage the
magnitude of the 25 current actually decreases, a phenomenon that is known
as negative differential resi- tivity. Finally, a battery is a circuit
element that acts to hold a constant voltage differ- ence between its
electrodes as long as the battery is sufficiently charged, eg., there is a
sufficient supply of oxidizing and reducing agents separated by an
insulating barrier.  Charging the battery is accomplished by placing the
appropriate voltage across the 30 junction, which as stated before is an
electrochemical cell, to only partially oxidize or  reduce the material or
molecules in the junction. In general, any real junction between WO
02/059984 PCT/US01/47477  10 wires formed by the processes described above
will actually have two or more of the  electrical functions described, with
the effective circuit elements connected in series.  [0043] Thus, the
present invention may be executed with any number of metallic or
semiconducting wire/molecule combinations, depending on the device
properties de- 5 sired from the assembled circuit. Basic Information on
Fabrication of Wire Electrodes [00441 Process-Defined Wires (defined as
wires that are prepared by conventional  electronic-circuit processing
techniques; wires are typically prepared on a substrate as  10 part of a
circuit): [00451 Metallic and semiconductor wires, with diameters ranging
from several ni- crometers to a single micrometer (defined as
micrometer-scale), or with diameters  ranging from a single micrometer down
to 40 nanometers (defined as sub-micrometer  scale) in diameter, may be
prepared using well-established art, including lithographic 15 (optical,
ultraviolet, or electron beam) technologies. These wires normally have a
rib- 



bon shape or rectangular cross section, although circular cross sections
are not pre- cluded, with the width of the wire being determined by the
lithographic process used to  define the wire and its height being defined
by the amount of material deposited in the  region defined by lithography.
20 [00461 Chemically-Prepared Wires (these wires are prepared by techniques
other  than conventional electronic processing technology, wires are
typically prepared as a  bulk material, rather than as part of a circuit
board): [00471 Metal and semiconductor nanowires are defined as wires with
diameters be- low 50 nanometers (typically 2 to 20 nanometers), and with
lengths in the range of 0. 1  25 micrometers to 50 micrometers (typically 5
to 10 micrometers). These may be pre pared chemically using any one of a
number of techniques described in the references  given below. [00481 One
example of a reported technique for the production of semiconductor
nanowires of the semiconducting element germanium is to react germanium
tetrachlo- 30 ride and phenyltrichlorogermanium. with a dispersion of
sodium metal in the solvent WO 02/059984 PCT/US01/47477  toluene, and at a
temperature near 300'C in a closed vessel, under an inert environ- ment,
for a period of several days. That preparation produces single-crystal
germanium  nanowires of diameters three to thirty nanometers, and of
lengths from 0.5 to 10 mi- crometers. 5 [0049] A second example of a
reported technique for the production of semicon- ductor nanowires of the
semiconducting element silicon, is to laservaporize a target  containing
elemental silicon and iron.The target is placed in a vacuum oven at 1300'C,
and an inert gas is flowed through the oven during the vaporization
process. This tech- nique produces silicon wires that have diameters in the
range of 20 to 30 nanometers,  10 and lengths ranging from 1 to 20
micrometers. [0050] One example of a reported technique for the production
of metallic  nanowires of the metallic element gold is to electrochemically
grow gold wires within  the pores of an anodically etched aluminurn oxide
thin film. The aluminum oxide is dis- 



solved in acidic solution, releasing the gold nanowires, which are then
collected.Gold 15 nanowires grown in this manner are characterized by
diameters ranging from 20 to 30  nanometers, and lengths ranging from 0.5
to 5 micrometers. [00511 Nanowires of various metallic and semiconducting
materials may be pie- pared in a variety of fashions that are discussed in
greater detail in related application  Serial No. 09/280,048. Some of these
devices will require doped semiconductor wires,  20 such as doped Si.
[0052] For the case of Si wires, the wires can be doped when the wires are
physi- cally prepared. In this case, it is necessary to add the dopant into
the reaction vessel as  the wires are formed. For example, in the laser
ablation/vacuum oven preparation tech- nique described above, a small
amount of dopant gas, such as phosphorus trihydride 25 (PHO or arsenic
trihydride (AsH3) is added into the inert gas (argon, for example) that
flows through the vacuum oven during the laser ablation/wire formation
process.  [00531 Conversely, these wires can be modulation-doped by coating
their surfaces  with appropriate molecules - either electron-withdrawing
groups (Lewis acids, such as  boron trifluoride (BF3)) or electron-donating
groups (Lewis bases, such as al 30 kylamines) to make them p-type or n-type
conductors, respectively. See wire prepara WO 02/059984 PCT/US01/47477  12
tion routes listed below. FIG. 1B depicts a coating 20 on wire 12 and a
coating 22 on  wire 14. The coatings 20, 22 may be modulation-doping
coatings, tunneling barriers  (e.g., oxides), or other nano-scale
functionally suitable materials. Alternatively, the  wires 12, 14
themselves may be coated with one or more R species t6, and where the 5
wires cross, R, 18 is formed. Or yet alternatively, the wires 12, 14 may be
coated with  molecular species 20, 22, respectively, for example, that
enable one or both wires to be  suspended to fonn colloidal suspensions, as
discussed below. 10054] To dope the wires via modulation-doping, it is
necessary to chemically furc- tionalize the surface of the wires using
organic or inorganic molecules that will coa- 10 lently bind to the S~O-H
groups at the surface of the wires. When silicon nanowires 



are exposed to air, a thin surface layer (1 Mn) Of Si02 will naturally
form, and at the  Si02/air interface, the SiQ surface is terminated by
Si-O-H bonds. Groups that will  bind to or replace Si-O-H groups are not
limited to but include R-Si(CH3)'(OCH3-'),  R-Si(CH3),(OCH2CH3-A
R-Si(CH3)xCl3_,,, and others. In this case, R represents an or 15 ganic or
inorganic moiety that can contain electron-withdrawing (a Lewis acid) or
elec- tron-donating groups (a Lewis base). This chemistry of binding
molecules to a SiQ  passivated silicon surface is well established. One
published example reaction for bind- ing molecules to the surface of SiQ
passivated silicon is: 20 Si-0-11(~.,fa.) + R-Si(CH3)2CI 4 Si-O-Si(CH3)2R +
HC1 100551 Other semiconductor wires can be fianctionalized with
organo-amines, or- gano-thiols, organo-phosphates, etc. [0056] Apparently,
no previous description of how to modulation-dope chemically  25
synthesized serriconductor wires has yet appeared in the technical
literature. [00571 For the case of other nanowires, such as metal
nanowires, the wires can be  chemically functionalized with PcSH (for gold
or silver wires), or R-NH2 (for platinum  wires and palladiwn wires), or
R-CO,H for other metals such as AL,03-coated alumi- num wires or titaniurn
wires), where the R-group denotes some organic moiety that 30 will lend the
wire certain chemical properties - such as the property that will allow the
person skilled inthe art to disperse the wires, as a colloid, in a solvent.
In one example, WO 02/059984 PCT/US01/47477  13 gold wires might be
functionalized with dodecanethiol (C12H25SH). The dodecanethiol  not only
will provide the wires with a thin surface tunneling barrier, but will also
allow  for the wires to be dispersed in simple organic solvents, such as
hexane or chloroform. 5 Basic Information on Wire Preparation Routes [00581
The following materials may be prepared as nanowires according to the ref-
erence listed. [00591 Silicon: A.M. Morales et al, "A laser ablation method
for the synthesis of  crystalline semiconductor nanowires", Science, Vol.
279, pp. 208-211 (Jan. 9, 1998).  



10 [0060] Germanium: JR. Heath et al. "A liquid solution synthesis of
single crystal germanium quantum wires", Chemical Physics Letters, Vol.
208, pp. 263 -268 (June  11, 1993). [0061] Metal Nanowires: V.P. Menon et
al, 'Fabrication and Evaluation of Nano- electrode Ensembles". Anal3jical
Chemistry Vol. 67, pp. 1920-1928 (Jul. 1, 1995). 15 [00621 Functionalizing
Silicon: T. Vossmeyer et al, 'Combinatorial approaches -b- ward patterning
nanocrystals" ' Journal of Applied Physic Vol. 84, pp. 3664-3670  (Oct. 1,
1998) (one of a number of references). 100631 Functionalizing the Surfaces
of Gold Nanostructures: D.V. Leff et al, 'Ther- modynamic Size Control of
Au Nanocrystals: Experiment and Theory", The Journal of  20 Physical
Chm-tist Vol. 99, p. 7036-7041 (May 4, 1995). [00641 Molecular switching
components may come from any number of different  classes of molecules,
depending, again, on the desired properties of the device. The  key
requirement of the molecules is that, when they are sandwiched between two
wires, they may be electrochemically modified (i.e. oxidized or reduced) by
applyinga 25 voltage across the wires. When the molecular components are so
modified, the net ef- fect is that the tunneling barrier between the two
wires is modified, and the rate of cir- rent flow is changed. This forms
the basis of a switch that can, in turn, be used for  memory, logic
operations, and communication and signal routing networks. Molecular
switches can include redox pairs of molecules, in which application of a
voltage r 30 duces one of the molecules and oxidizes the other. An example
of such a molecular re WO 02/059984 PCT/US01/47477  14 dox pair might be:
nickelocene (di-cyclopentadienyl nickel), or CpNi, with tetrabu-
tylammonium hexafluorophosphate (Bt4NPF6). The reaction, then, would be:
(reduction) CP2Ni + Bu4NPF6 4 CP2N~ + Bu4NPF6+ (-1.7 V) 5 [00651 or
(oxidation) CP2Ni + Bu4NPF6 4 CP2Ni+ + Bu4NPF6_ (-0. 1 V) 



10 [0066] The nickelocene system is of particular interest in that the
reduction, as  probed by solution phase cyclic voltammetry, is highly
asymmetric.Such asymmetry is  analogous to magnetization hysteresis curves
that form the basis for stable and rewrite- able magnetic memory. However,
in the presence of oxygen, the reduction of nickeb- cene is irreversible,
as probed by solution phase voltammetry. In either case, reduction 15 or
oxidation of this system will modify the tunneling barrier between the two
wires b~- tween. which the molecules are sandwiched. Thus, this system
could operate as either a  reconfigurable, or a singly configurable
molecular switch. For metallocene systems,  see, e.g., J.D.L. Holloway et
al, 'Electron -transfer reactions of metallocenes: Influence  of metal
oxidation state on structure and reactivit~', Journal of the American
Chemical  20 Societ Vol. 101, pp. 2038- 2044 (April 11, 1979). [0067] The
connector species 16 comprises a material that displays a significant, or
measurable, hysteresis in its current-voltage curve, obtained either from
solution elec- trochemistry or from current-voltage characteristics in a
solid-state junction. Examples  of such species disclosed in
above-referenced application Serial No. 09/280,048 in 25 clude metalocenes,
rotaxanes, pseudo-rotaxanes, and catenanes, which rely on in- trarnolecular
hydrogen bonding. While such molecules are useful for the purpose dis-
closed, however, simple intramolecular hydrogen bonding forces are
relatively easily  exceeded under certain conditions, as discussed above.
30 Present Invention WO 02/059984 PCT/US01/47477  15 [00681 In accordance
with the present invention, a method of configuring nanorre- ter-scale
electronic switches assembled in a cross-bar circuit is provided. These
circuits  have been described in a series of previous patent applications,
to which the plesent  application is related, and listed above (Serial
Numbers 09/280,225; 09/280,188;  5 09/280,189; 09/282,045; 09/282,049; and
09/280,048 ). [00691 The present invention provides a method by which the
ensemble of molecu- lar switches at a junction of a crossbar may be
configured in a prescribed way. In one  



case, a substitution reaction causes the configuration to be substantially
permanent; in  another case, multiple dipoles make the switch more tticky"
so that it will not switch 10 back. In either case, the configuration is
not subject to being switched back and forth  by thermal fluctuations.
[00701 The principal possibility of increased binding through the use of
multiple  sites on the molecule has been demonstrated; see, e.g., 'Stronger
binding through b o- operativity" Chemical & Engineering Ne p. 57 (May 8,
2000). In contrast with the 15 situation described. in the literature, the
method of the present invention utilizes mob- cules that are reconfigurable
but does not use the extra chemical elements weakly  bonded to the base of
the molecule. In one case, a replacement chemical reaction is  used to
increase binding, and in the other case, the special design of the
molecular  structure is used to take advantage of the multiple hydrogen
bonding. 20 [0071] In particular, the teachings of the present invention
provide two schemes for  forming stable switches. [0072] In the first
scheme, molecular switchable devices, based on hydrogen bond- ing, are
configured in the cross-bar geometry. An external bias voltage is applied
at &~- lected nodes of the cross-bar system, and, while the field is
applied, a chemical leaction 25 is performed that replaces the hydrogen
bond with either a positively charged group or  with a negatively charged
group, thereby essentially locking the switch at that node  substantially
permanently into one configuration. [00731 In the second scheme, a molecule
is synthesized having a plurality of lydro- gen bonding sites that are
adjacent each other. Such a configuration requires more en- 30 ergy to
switch than a single hydrogen bonding site. The molecule will not switch
back  at room temperature unless an opposite polarity electric field is
applied. WO 02/059984 PCT/US01/47477  16 [00741 Both schemes are discussed
in greater detail below, with examples provided  to illustrate their
operation. In both instances, a more stable switch is achieved in that
more energy is required to switch the device out of.its chosen state than
is required for  



the more common bi-stable molecules that are based on single hydrogen
bonding. Chemical Replacement Reaction in the Presence of an Applied Field
100751 The present invention allows configuring the molecular switch
devices whle  the conformational change of the molecules is controlled by
weak intramolecalar  forces (e.g., hydrogen bonding). This is done by
applying an external bias voltage 10 across the desired switch by choosing
the appropriate nodes in a crossbar. While the  bistable molecules are
subject to an external field, thermal switching to a wrong pod- tion is
energetically prohibited. At that instant, a chemical reaction is initiated
which  replaces the hydrogen H by a strong positively charged group,
denoted Z, such as  NH,, divalent metal (Met), and the like, or by a strong
negatively charged group, such  15 as fluorine or chlorine. [00761 For
example, Compound l(a) below is an example of a molecule having a  dipole
group. In the method of the present invention, this compound is first
formed, or  deposited, at the junctions of the cross-bar device. An
external bias is applied to se- lected junctions, and during application of
the field, Compound I (a) is reacted with a 20 negatively charged group,
such as fluorine (or chlorine), to place the group in the 4- position on
the acridone ring system, as shown as Compound l(b). The F group then
forms an associative bond to the nitrogen of the NH2 group; this bond is
stronger than  a hydrogen bond, specifically, at least three time stronger.
[00771 Alternatively, during application of the external field, Compound
l(a) is r- 25 acted with a positively charged group, denoted Z' (e.g., NH2
or divalent metal Met), to  place the group in the 5-position on the
acridone ring system, as shown as Compound  1(c). In this case, the Z'
group then forms an associative bond to the carbonyl oxygen.  Again, this
bond is at least three times stronger than a hydrogen bond. [00781 Again
alternatively, during application of the external field, Compound l(a)  30
is reacted with sulfur, which places S in the 5-position on the acridone
ring system, as WO 02/059984 PCT/US01/47477  17 shown as Compound 1 (d). In
this case, S forms a covalent bond with the carbonyl  



oxygen; the covalent bond is stronger than a hydrogen bond. [0079] Any of
the foregoing reactions can be performed in the presence of a catalyst  or
some other suitable agent. The method of the present invention is very
general and  5 will allow a configuring of arbitrary molecular devices with
practically indefinite lif- time (>10 years at room temperature). [00801
Summarizing the foregoing, the active (dipole) group in the molecule is
sti- bilized by replacing the H site in the original molecule such as
Compound I (a) by flto- rine, as shown in Compound l(b), or by NH2 or
(divalent) metal, as shown in Com 10 pound 1(c). However, the associative
bonds used in Compounds l(b) (N.-.F) and l(c)  (Z+...N), though stronger
than hydrogen bonding, still permit switching back to the  other state, but
require stronger fields compared to the case of a single hydrogen bond.
[0081] In the case of Compound l(d), the weak hydrogen bond is replaced by
a  strong ionic bond. In the case where the hydrogen atom is replaced by
sulfur, a strong 15 covalent bond O-S is formed (-2eV). Once the external
field is turned off at that jurr- tion, the bi-stable molecule is "locked"
in the configuration provided, and is stable  against at least moderate
increases in temperature or spurious electric fields. WO 02/059984
PCT/US01/47477  18 NH2"~r 0 F" H2N 'r 0  N N  I (a) 0 1(b) 0  NH2~--r 0 Z'
' Z+--NH2,Met) NH2~--r 0 S N N  0  I(c) I(d) Reactions of Compound 1 (a) to
form Compounds 1 (b) - I (d) [00821 Formula (1) below represents a
switchable molecule with a single active  5 (switchable) dipole group, kept
in the particular configuration by hydrogen bonding to  sites E or D
(replacement reactions 1 above). 



M J~'  C :nF  10 1 H2N Y where the letters in formula (1) mean any of the
following: 15 A = CH; N; C-alkyl; C-halogen;'C-OH; C-OR(ether);
C-SR(thioether); C-amide; C- ester or thioester; B = CH; N; C-alkyl;
C-halogen; ; C-OH; C-OR(ether); C-SR(thioether); C-amide; C- ester or
thioester; WO 02/059984 PCT/US01/47477  19 C = CH; N; C-alkyl; C-halogen;
C-OH; C-OR(ether); C-SR(thioether); Gamide; C- ester or thioester; D ~ CH;
N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester; 5 E = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether);
C-SR(thioether); Gamide; C- ester or thioester; F = CH; N; C-alkyl;
C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C- ester or
thioester; G = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether);
C-SR(thioether); Gamide; C- 10 ester or thioester; J = CH; N; C-alkyl;
C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C- ester or
thioester; M = CH,; Cf~; CC12; CHOCH3; CHOH; CHF; CO; CH=CH; CR,-CH2; S; 0;
NH;  NR; NCOR; NCOAr; 15 Q CH; nitrogen; phosphorus; boron; and  Y 0; S.
Substituted Molecules for Multiple Hydrogen Bonding [00831 The following
reactions 2-5 are a few examples of multiple enhanced hydro- 



20 gen bonding to stabilize the (bistable) position of the centered
pinwheel dipole. Rex- tions 2 and 3 demonstrate how intra-molecular
hydrogen bonding of the multiple urea  or amide group can increase the
hydrogen bonding energy (E=nE~N-H... O=C) + mE(c- H... O=c) by about 12 to
18 Kcal/mol (or 0.5 to 0.8 eV). This will approximately quad- ruple the
barrier for rotating the central dipole, since it would involve now the
breddng 25 of the hydrogen bonds with two side dipole groups O-NH2- It will
be noted that this  will enhance the stability of centrally located urea
dipole to about 3 to 4 times more  stable than the case without side
dipolar groups; without the help of both side extra  two dipoles, its
hydrogen bonding energy E is about 5 Kcal/mole or 0.2 eV. [00841 The
reaction scheme below (reaction 2) depicts a first multiple stabilized a-
30 pole, based on the presence of a plurality (shown here, three) urea
functional groups.  CH OH A~ N A (A= NH, CH2, etc)  H, I- H, N 'DI- Q"' N
~CN" 0:' H, N 0  H ---H' -H' WO 02/059984 PCT/US01/47477  20  5 10 Reaction
2 10085] The reaction scheme below (reaction 3) depicts a second multiple
stabili2ed  15 dipole, based on the presence of a plurality (shown here,
three) amide functional  groups. 20 CH 'PH A 0 0 B  N  25 H, C H, 



IN 0~-,' IN 0,~,~ N, 0  H H H  E-Field Direction E-Field Direction  30 CH
OH A 0 0 B  ~H-, ,~C, H,?,H  0 IN "'0 N -'0 IN I ' H" H' H WO 02/059984
PCT/US01/47477  21 5 Reaction 3 [0086] The following reactions (reactions
4, 5, and 6) are examples of making use  of the N-H ... F bond to increase
the hydrogen bonding energy E. CH -OH  10 0  N H, - --F-H, ^~~ 0,, N F  IN
F-- IN I H ~H H  15 E-Field Direction E-Field Direction  + CH -OH -H H  20
H-, ^!C, H _ ~ ~,HI~ I ----F N~  



Y' N, ,0 N H` H' H  Reaction 4 CH-,", jQH 25 A B aA Hj,--,F-H~ F  IN F-- ,
IN 0--_. IN F  H _H H  30 E-Field Direction E-Field Direction  35 C ~Q H A
B  qF" ~;C- ,,H'F" ~,H  F . IN ,~O N I ----F IN  H-' H' H WO 02/059984
PCT/USOI/47477  22 Reaction 5  CH OH  10 A B  N  H, -N N ~C, 0  H I N F-'H
H, N F  



15 H' H'  E-Field Direction E-Field Direction +  20 CH OH A B  N  K-r,\ 25
1? '~C~N H F N H,, F N H  H  30 Reaction 6 [00871 Formula (II) below
represents a switchable molecule with a multiply coupled  active
(switchable) dipole group in the middle of the molecule stabilized by
multiple  hydrogen bonding to switchable groups place on the side of the
central dipole group  35 (multiple hydrogen bonding reactions 2-6 above):
,J-, A M J", ~A,,  G B OB  0 Q) :0 1, 1  E D K 1~1 D U  40 H2N ZkY---H2N
Y---H2N Y  (11) WO 02/059984 PCT/US01/47477  23 where the letters in
formula (11) mean any of the following: A = CH; N; C-alkyl; C-halogen;
C-OH; C-OR(ether); C-SR(thioether); C-amide; C- ester or thioester; 5 B =
CH; N; C-alkyl; C-halogen; ; C-OH; C-OR(ether); C-SR(thioether); C-amide;
C- 



ester or thioester; C = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether);
C-SR(thioether); C-amide; C- ester or thioester; D = CH; N; C-alkyl;
C-halogen; C-OH; C-OR(ether); C-SR(thioether); Gamide; C- 10 ester or
thioester; E = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether);
C-SR(thioether); Gamide; C- ester or thioester; F = CH; N; C-alkyl;
C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C- ester or
thioester; 15 G = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether);
C-SR(thioether); C-amide; C- ester or thioester; J = CH; N; C-alkyl;
C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C- ester or
thioester; M = CH2; CF_,; CC12; CHOCH3; CHOH; CHF; CO; CH=CH; CH2-CH2; S;
0; NH;  20 NR; NCOR; NCOAr; Q CH; nitrogen; phosphorus; boron; and  Y 0; S.
100881 The technology disclosed and claimed herein for fortning crossed
wires (mi- crometer or nanometer) may be used to perform a variety of
functions and to form a  25 variety of useful devices and circuits for
implementing computing on amicroscale and even on a nanoscale. Molecular
wire crossbar interconnects (MWCI) for signal routing  and communications
are disclosed and claimed in related application Serial No.  09/280,255;
molecular wire crossbar memory is disclosed and claimed in related
application Serial No. 09/280,189; molecular wire crossbar logic (MWCL)
employing 30 programmable logic arrays is disclosed and claimed in related
application Serial No.  09/282,045; a demultiplexer for a MWC network is
disclosed and claimed in related WO 02/059984 PCT/US01/47477  24
application Serial No. 09/282,049; and molecular wire transistors are
disclosed and  



claimed in related application Serial No. 09/280,188, all filed on March
29, 1999.  [00891 As illustrated in FIG. 2, the switch 10 of the present
can be replicated in a  two-dimensional array to form a plurality, or
array, 60 of switches to form a crossbar 5 switch. FIG. 2 depicts a 6x6
array 60, but the invention is not so limited to the partica- lar number of
elements, or switches, in the array. Access to a single point, e.g., 2b, is
done by impressing voltage on wires 2 and b to cause a change in the state
of the mo- lecular species 18 at the junction thereof, as described above.
Thus, access to each  junction is readily available for configuring only
those preselected junctions in accor 10 dance with the teachings herein.
Details of the operation of the crossbar switch array  60 are further
discussed in related application Serial No. 09/280,225. [00901 Thus, there
has been disclosed chemically synthesized and assembled elx- tronic devices
comprising crossed wires joined by electrochemically switchable  15
molecular species at the intersecting junctions. It will be apparent to
those skilled in this art that various changes and modifications of an
obvious nature may be made, and  all such changes and, modifications are
considered to fall within the scope of the q)- pended claims. 20 WO
02/059984 PCT/US01/47477  25 CLAIMS  What Is Claimed Is: 5 1. A method of
configuring an ensemble of molecular switches in a prescribed  manner in
crossbar geometry and then making such configuration either substantially
permanent or stable with regard to temperature fluctuations, comprising the
steps of: (a) providing said ensemble of molecular switches in said
crossbar g~- ometry, each said molecular switch comprising a pair of
crossed wires that form a  10 junction where one wire crosses another at an
angle other than zero degrees; (b) providing said junction with at least
one connector species conned- ing said pair of crossed wires in said
junction, said junction having a functional dim(n- 



sion in a range from nanometers to micrometers, wherein said at least one
connector  species and said pair of crossed wires forms an electrochemical
cell, said connector  15 species comprising a molecule having at least one
active dipole; and (c) either substantially permanently configuring said
connector species  where said connector species has one active dipole or
stably configuring said connector  species where said connector species has
more than one active dipole. 20 2. The method of Claim 1 wherein said
configuration is made substantially per- manent by forming a single bond
within said connector species that is at least three  times stronger than a
hydrogen bond. 3. The method of Claim 2 wherein said connector species is
substantially pcr- 25 manently configured by the following steps: (a)
forming said connector species in said junction; (b) applying an external
electric field to said junction to configure said  connector species; (c)
replacing a hydrogen atom with a species that forms a bond with a  30
portion of said dipole that is stronger than said hydrogen bond; and WO
02/059984 PCT/US01/47477  26 (d) removing said electric field, leaving said
switch substantially perna- nently in said configuration. 4. The method of
Claim 3 wherein said hydrogen atom is replaced by a member  5 selected from
the group consisting of fluorine, chlorine, NFL, divalent metal, and sul-
fur. 5. The method of Claim 4 wherein said connector species remains
switchable  by employing associative bonds selected from the group
consisting of F.-N, Cl ... N,  10 N142 ... N, and (Met) ... N, where (Met)
is said divalent metal, said connector species be ing switchable upon
exposure to an electric field having a strength greater than said  hydrogen
bond. 6. The method of Claim 4 wherein said connector species is made
permanently  



15 configured by forming a covalent bond between said sulfur and oxygen. 7.
The method of Claim 2 wherein said connector species has a formula given
by M J"~  20 C D E  H2N Y  25 where the letters in formula (1) mean any of
the following: A = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether);
C-SR(thioether); C-amide; C- ester or thioester; B = CH; N; C-alkyl;
C-halogen; ; C-OH; C-OR(ether); C-SR(thioether); C-amide; C- 30 ester or
thioester; WO 02/059984 PCT/US01/47477  27 C = CH; N; C-alkyl; C-halogen;
C-OH; C-OR(ether); C-SR(thioether); C-amide; C- ester or thioester; D = CH;
N; C-alkyl; C-lialogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester; 5 E = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether);
C-SR(thioether); C-amide; C- ester or thioester; F = CH; N; C-alkyl;
C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C- ester or
thioester; G = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether);
C-SR(thioether); C-amide; C- 10 ester or thioester; J = CH; N; C-alkyl;
C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C- ester or
thioester; M = CH,; CF2; CC12; CHOCH3; CHOH; CHF; CO; CH=CH; CR-CH2; S; 0;
NH;  



NR; NCOR; NCOAr; 1 15 Q CH; nitrogen; phosphorus; boron; and  Y 0; S. 8.
The method of Claim 1 wherein said configuration is made stable by forming
a plurality of hydrogen bonds within said connector species. 20 9. The
method of Claim 8 wherein said connector species is stabilized in one of
two stable states by the following steps: (a) providing said plurality of
dipole groups on said connector species,  each capable of hydrogen bonding
with an adjacent dipole group on said connector  25 species; (b) forming
said connector species in said junction; (c) applying an external electric
field to said junction to configure said  connector species; and (d)
removing said electric field, leaving said switch in said stabilized  30
configuration. WO 02/059984 PCT/US01/47477  28 10. The method of Claim 9
wherein said dipole groups comprise urea or amide  functional groups. 11.
The method of Claim 10 wherein said dipole groups employ N-H ... F bonds  5
to increase hydrogen bonding energy. 12. The method of Claim 8 wherein said
connector species has a formula given  by i A M J'~, 1, A 10 GOB B  co, 0 U
E D " Q : D 11 H2N XIIIY---H2N Y---H2N Y  



15 where the letters in formula (11) mean any of the following: A = CH; N;
C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C- ester
or thioester; B = CH; N; C-alkyl; C-halogen; ; C-OH; C-OR(ether);
C-SR(thioether); C-arfiide; C- 20 ester or thioester; C = CH; N; C-alkyl;
C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C- ester or
thioester; D = CH; N; C-alkyl; C-halogen; C-011; C-OR(ether);
C-SR(thioether); C-amide; C- ester or thioester; 25 E = CH; N; C-alkyl;
C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C- ester or
thioester; F = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether);
C-SR(thioether); C-amide; C- ester or thioester; G = CH; N; C-alkyl;
C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C- 30 ester or
thioester; WO 02/059984 PCT/US01/47477  29 J = CH; N; C-alkyl; C-halogen;
C-OH; C-OR(ether); C-SR(thioether); C-amide; C- ester or thioester; M =
CH2; CF2; CC12; CHOCH3; CHOH; CHF; CO; CH=CH; CH,-CH2; S; 0; NH;  NR; NCOR;
NCOAr; 5 Q = CH; nitrogen; phophorus; boron; and  Y= 0; S. 


