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APPLI CATI ONS [001] The present application is a continuation-in-part
application of Serial No. , filed Decenber 14, 2000 [PD -10004762]. 15

[ 002] The present application is also related to the foll ow ng applications
and patents: Serial Nunbers 09/280, 048 (1Chenically Synthesized and
Assenbl ed El ec- tronic Devices'); 09/280,225 ("Ml ecular Wre Crossbar

I nterconnects, for Signal Routing and Conmuni cations'); 09/282, 045

("Ml ecular Wre Crossbar Logic'); 09/282,049 ('Denultiplexer for a

Mol eculPaPTARME eTREE S5 Ha MONETRGT R“I%”? Hh &P oRngg/ W?l@%‘lg’i\@l B¥ A PR TR CAL

Tr ansi sEOFY FOR AHECTRET THTHECh P81 Y MERFYIASLIPATONent 6, 128, 214,

i ssued on Cctober 3, 2000 ("Molecular Wre Crossbar Menory'). [003] The
present application is an inprovenent over the foregoing applica- tions and
patent in that it utilizes a new type of swtching nechanism nanely, an

el ec- tric 5ield-induced rotation of a nolecular group or rotor that
carries a large dipole 25 noment. WO 02/055503 PCT/ US02/ 00266 2 TECHNI CAL
FI ELD [ 004] The present invention relates generally to el ectronic devices
whose functional |length scales are neasured in nanoneters, and, nore
particularly, to sinple 5 devices used as building blocks to form nore
conplicated structures, and to the methods for form ng such devices.

Devi ces both of mcronmeter and nanoneter scal e

10
CROSS-REFERENCE TO RELATED APPLICATIONS
[001] The present application is a continuatiorrin-part application of Serial
"No. , filed December 14, 2000 [PD -10004762].
15 [002] The present application is also related to the following applications and

patents: Serial Numbers 09/280,048 (“Chemically Synthesized and Assembled Elec-
tronic Devices”); 09/280,225 (“Molecular Wire Crossbar Interconnects, for Signal
Routing and Communications”); 09/282,045 (“Molecular Wire Crossbar Logic™);
09/282,049 (‘Demultiplexer for a Molecular Wire Crossbar Network™; and
20  09/280,188 (“Molecu lar Wire Transistors™), all filed on March 29, 1999, and U.S. Pat-
ent 6,128,214, issued on October 3, 2000 (“Molecular Wire Crossbar Memory™).
[003] The present application is an improvement over the foregoing applica-
tions and patent in that it utilizes a new type of switching mechanism, namely, an elec-
tric field-induced rotation of a molecular group or rotor that carries a large dipole

25 moment.



may be constructed.in accordance with the teachings herein. BACKGROUND ART
10 [005] The area of nolecular electronics is in its infancy. To date,
t here hasvobzesss@nl y one convi nci ng denonstrati on of a noPeTuk&/@eds ng as
an electronic switch published in the open literature (see, C.P. Collier
et al., Science, Vol. 285, pp. 391-394 (16 July 1999)), but there has been
a great deal of speculation and interest within the 15 scientific conmunity
surrounding this topic since the mdl970s2 In the published work, a
nonol ayer film of nol ecules called rotaxanes were trapped between two netal
el ectrodes and caused to switch fr&ggg&%@@ﬁ to an OFF state by the
application of a positive bias vol ! he nol ecul es. The ON and
OFF states differed in ress- tivity by about a factor of 100 because of a
change in the rate of tunneling through the 20 nolecul es caused bg
oxi di zi ng the 9kcul es Thietmesant spypitioaorelatsstgsgerally oo glectrendc Wevipsr Yhese obl em
w th the rotax [.S..& 13" i I It
can only be togdg}l eoél\é%lg%&géﬁlﬁ%g% esrlné)él?:rg%:l eneaﬂg@ggjg’i N daﬁlgllrégéarﬁgﬁ!ﬁagy%\%#@%
read- only nenodsvidePR&M) as buitdimpblocks & Rt ibdeecodglicaed souctures, and to the
reconfigurabl e t such as a .defect-tol eragnt. co ni cati ons and | ogic
net wor k. Rot ax BEE%y BF a5t w2b dRviesti HAYFes ot /RITPE Gt GATOPERE ST 1o
occur before thaysadnstuctann B&otdge with the ThétSngs Bardin’ €s the expenditure of a
significant anmount of energy to toggle the switch. In addition, the |arge
and conpl ex nature of rotaxane nol ecul es and rel ated conpounds potentially
makes the switching times of the nmghegd@snshbQwT [ 007] Thus, there remains
a need for a nol ecul ar species thatAWmﬁt%e 30 states, which permt
reversi bl el@witching fromone state to the other. Such a bistable WO
02/ 055503 PCT/ / 0026 3 _molecul e, nust. evi dence rapid switching . tinmes to
be of use in wﬁ’?rgﬁ scal ghsﬁaﬁan"afﬁ%‘-ﬁe%“éaéﬁec%ﬁ%‘%}‘fsc‘és“.‘ fis fiflfncy. T0'dafe, therd s

been only one convincing demonstration of a molecule acting as an electronic switch

published in the open literature (see, C.P. Collier et al., Science, Vol. 285, pp. 391-394

(16 July 1999)), but there has been a great deal of speculation and interest within the
15  scientific community surrounding this topic since the mid1970s. In the published
work, a monolayer film of molecules called rotaxanes were trapped between two metal
electrodes and caused to switch from an ON state to an OFF state by the application of
a positive bias voltage across the molecules. The ON and OFF states differed in ress-
tivity by about a factor of 100 because of a change in the rate of tunneling through the
20  molecules caused by oxidizing the molecules with an applied voltage.
[006] The primary problem with the rotaxanes was that this example was an
irreversible switch. It can only be toggled once. Thus, it can be used in a programmna-
ble read-only memory (PROM), but not in a ROM-like device nor in a reconfigurable
system, such as a defect-tolerant communications and logic network. Rotaxanes re-
25  quire an oxidation and/or reduction reaction to occur before the switch can be toggled.
This requires the 'expenditure of a significant amount of energy to toggle the switch. In
addition, the large and complex nature of rotaxane molecules and related compounds
potentially makes the switching times of the molecules slow.
[007] Thus, there remains a need for a molecular species that has two stable

30  states, which permit reversible switching from one state to the other. Such a bistable



DI SCLOSURE OF I NVENTION 5 [008] In accordance with the present invention,
nanoneter-scale reversible electronic switches are provided that can be
assenbl edv® 02/0(8R@ cr oss-bar circuits that provide nmenoryPCT/o§020002@Nd
conmmuni cations functions. The electronic switches, or crossed-wire
devices, conprise a pair of crossed wires that forma junction where one 10
W re crosses another at an angle other than zero degrees and at | east one
connector species connecting the pair of3crossed wires in the junction.
The junction has a functional dinension in nanoneters wherein at | east

one connect or SDEFIES and é ir.o% Cr.oss f es fo d
el ect rochem caf"Ole&YlF muphgvi 66‘%‘(31 oPvighing figes %Pr"pf’ gsés‘n&mrﬁ's“salle Bl W81 ecul e
havi ng a gener gdzlfRird.a given by B~ AMKJ D ~ EQFL GY 15 (1)

[009] where the letters in Formula (1) are defined as follows: [0010] A =
CH N, C-alkyl; Chalogen; COH C OR(ether); C SR(thioether); G 20 am de;

G OR(ether); G SR(th] ot her) ;  CASSHOSPREQEISIENTIONT 295 © Fo01) b =
CH N C-alkyl; C-halogen; COH C OR(ether); C—SR(thloether) C- am de;
Cester or thi ﬁ)%g} ers V\Qnoa%{:(gé ?1?99 %wtlﬁq;é %?e%ezrlltol(r)lge% 1on, 4nanometer—scale reversible
electronic switches are provided that can be assembled to make cross-bar circuits that
provide memory, logic, and communications functions. The electronic switches, or
crossed-wire devices, comprise a pair of crossed wires that form a junction where one
10  wire crosses another at an angle other than zero degrees and at least one connector
species connecting the pair of crossed wires in the junction. The junction has a
functional dimension in nanometers, wherein at least one connector species and the

pair of crossed wires forms an electrochemical cell. The connector species comprises a

bistable molecule having a general formula given by
: /Aj[ MI ) J
I |
D\\E Q 57 G

@

15

[009] where the letters in Formula (I) are defined as follbbws:

[0010] A = CH; N; C-alkyl; C-halogen, C-OH; C-OR(ether); C-SR(thioether); C-
20  amide; C-ester or thioester;

[0011] B = CH; N; C-alkyl; CG-halogen; ; C-OH; C-OR(ether); C-SR(thioether); C-

amide; C-ester or thioester;

[0012] D = CH; N; C-alkyl; Ghalogen; C-OH; C-OR(ether); C-SR(thioether); C-

amide; C-ester or thioester;



[0013] E=CH N C-alkyl; Chalogen; CGOH C OR(ether); C SR(thioether);
C- amide; C-ester or thioester; [0014] F = CH N, Calkyl; GC halogen; C OH
C- OR( et havQ p2/35SR(t hi oet her); C amide; C-ester or thioesPer/US®/od&15] G =
CH, N C-alkyl; Chalogen; COH C OR(ether); C SR(thioether); C amde;
C-ester or thioester; [0016] J = CH, N, C-alkyl; C -halogen; C OH
C-OR(ether); CSR(thioether); C amde; Cester or thioester; [0017] K= CH
N, Cal kyl; C halogen; CGOH GC-OR(ether);4C SR(thioether); C 10 ani de;
C-ester or thioester; [0018] M= CH2; CF2; CCl2; CHOCH3; CHOH, CHF; CO
CH=CH, CH2-CH2; S; 0; NH_NR NCOR, or NCOAr: 019] Q = . njtrogen;
phosphorus; or [99dPbR: = Giso¥of-akt Bhaloess; GRE: 1([5%@%1} Czsﬁ?f-’éo?tllfr&agkyl )
NHR, OR, SR CHR:NHRestEHR G sstecHR- SR, CHR X (hal ogen); NR-NHR, NR-OR; or
NR- SR. [0022] The bistabl e nol ecul es evidence high sw tching speed. Such
mol ecul es  ar e [MWd4khtF 4H; \WisCalkyb Ghalogent GOF ChDR¢etekne Q-SR?thiéﬁh%n); C-
fluctuations. %%icé%-%ﬁe%%%ls@p ON OF THE DRAWNGS [0023] FIG 1 ais a
schematic representation of Two crossed wires, with at | east one nolecule
at the intesseqiolsNGos: CHEN] Wl €$ialob@) 24DHEI GOR(dhdrs GSRahivghad; e
picting the device shown in 25 FIG | a; [0025] FIGS.

el evational view, _d§ _
2a and 2b are BRideGiTdfestritERestawi ngs that depict a nmolecule which has

been desi gned ydo1b) pr: @P@Qﬂd@QIk?Et@-haIQ peNAHE -8R (difer), f@sﬁghi%&h@é;i en or
current-carrying axis of the enfire nolecule, wherein FIG 2a depicts the
nmol ecul e in opweidst Gigter gytthipesteind FI G 2b depicts the same nolecule in a

second stabl e $§@bPi 8Ny, N, Cealkyl; Chalogen; C-OH; C-OR(ether); C-SR(thioether); C-

10 amide; C-ester or thioester;
[0018] M = CH; ; CF; CCl; CHOCH;; CHOH; CHF; CO; CH=CH; CH,-CHz; S; O;
NH; NR; NCOR; or NCOAr;
[0019] Q = CH; nitrogen; phosphorus; or boron;
[0020] Y =0 or S; and

15 [0021] Z = R (H; alkyl); NHR; OR; SR; CHR-NHR; CHR-OR; CHR-SR; CHR-X
(halogen); NR-NHR; NR-OR; or NR-SR.
[0022] The bistable molecules evidence high switching speed. Such molecules

are essentially stable against switching due to thermal fluctuations.

20 BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. la is a schematic representation of two crossed wires, with at least

one molecule at the intersection of the two wires;

[0024] FIG. 1b is a perspective elevational view, depicting the device shown in
25  FIG. 1a;
[0025] FIGS. 2a and 2b are ball-and-stick drawings that depict a molecule

which has been designed with an appended rotor perpendicular to the orientation or
current-carrying axis of the entire molecule, wherein FIG. 2a depicts the ‘molecule in

one stable state and FIG. 2b depicts the same molecule in a second stable state; and



WO 02/ 055503 PCT/ US02/ 00266 5 [0026] FIGS. 3a-3c, on coordinates of
current and voltage, are plots depicting a generic hysteresis |loop for the
type of modewedssolshown in FIGS. 2a-2b, wherein FIG 3a derpr/ose/dbe |-V
characteristic in one stable orientation with respect to the rotor, FIG
3b depicts the |-V characteristic when the rotor is flipped to the second
stable 5 state, and FIG 3c depicts the full hysteresis |oop; and [0027]
FIG .4 is a schematic representation of a5two-di nensional array of

switches of the present invention, depicting a 6x6 crossbar swi tch. BEST

MODES FOR CARRY QUT T | NTION 10 Definit] 0028] ,As d
herein, the ter[h&%éel f-aﬁ%ﬂg\/ S8 Sopinalsy OF‘C‘)U%EF{JO S‘foét%ge’ ﬁfef‘]ﬁln%ts d%ﬁsﬁczltngt he

junction that fofRBridHySe®dsicod BNEé Blpe of MBlec@é SHolwhi if BIGS. PANBGiHeRh P Wween
two wires is created wherever two wires, either of which rr%%/ be coated or

functi onal i zed,321dspistsghe I-daelmrastaristic ihereatade prientalionnuithpaspest (¢ sg8IoRg t hat
creates the | Ul 9 ok Q0 dRl- Vo QEMic SAlch EPREINL Bffpedify #3 QELLANELEDE
refers to a systemthat natu- rally adopts sone geonelric pattern because
of the idents t ystax, andieGe derpapiesthe fidf hysteesis$oopt @) t he syst em achi eves at

| east a local mpoumin_its ener by. adopting this cm,fiquration. 20
[0030] The ter %%gl yn]«::f(g%ﬁ Juf af‘gl%/eén'a}/lﬁé% 5¢ tﬁ‘g(fn 8% §vﬁ”f’bdf‘fn%r§]ﬁm h%ﬁeOf?t s
state only oncsvit¢hed obfhe pfdseit BvehirR ddpictiae s Hx&ttosbaswach.oxi dat i on or
reduction reaction; such a swtch can be the basis of a progranmabl e
read-only nmenmory (PROM), for exanple. [0031] The term " Yeconfi gurable"
means that a swtch camgEden@giid for AR vivcloutritiEemNvigsionta a reversible
process such as an oxidatron or reduction; 1n other words, 25 the switch
can be opené@d and closed nultiple tines, such as the nmenory bits in a ran-
dom access rrenoigéﬁn{ RAM

tions 7 °

[0028] 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,

15  cross each other, because it is the act of crossing that creates the junction.

[0029] The term “self-assembled” as used herein refers to a system that natu-
rally adopts some geometric pattern because of the identity of the components of the
system; the system achieves at least a local minimum in its energy by adopting this cm-
figuration.

20  [0030] The term ‘singly configurable” means that a switch can change its state
only 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.
[0031] The term ‘reconfigurable” means that a switch can change its state mul-
tiple times via a reversible process such as an oxidation or reduction; in other words,

25  the switch can be opened and closed multiple times, such as the memory bits in a ran-
dom access memory (RAM).

[0032] 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
molecule may be either irreversibly switched from one state to the other (singly cofig-

30  urable) or reversibly switched from one state to the other (reconfigurable).



[0032] The term "bi -stable" as applied to a nol ecul e neans a nol ecul e
having two relatively | ow energy states separated by an energy (or

activati ond opesssizer. The nol ecul e may be either irreverspPorysemoeehed from
one state to the other (singly cnfig- 30 unable) or reversibly swtched
fromone state to the other (reconfigurable). W 02/ 055503 PCT/US02/ 00266

6 [0033] Mcron-scale dinensions refers to dinensions that range from1l m -
croneter to a few mcroneters in size. [0034] Sub-nicron scal e di nensions
refers to dinmensions that range from1 m- croneter down to 0.05

m croneters. 50%%%35] oneter, scal e di nensi oqs referg to dinpensjons that
range from 0. 1[00338nonet dYiEronscalp dHamRsians BLs (Q IPReNNPRT BETaES IO bHF%s]

M cron-scal e agdmsbi £ misoalRrathties refers to rod or ribbon-shaped
conductors or semnm conductors with widths or dianeters having the dinensions

of 1 to 10 i K03t er s,Suhanigien scaleriimensinns relerg to dimerpions thajrapgefsorpfl mi-

nanoneters to 1 r engt hs of several mcroneters and
| onger. Basic ?rﬁwgfré%g ioﬁ) 0’(')Ons %}Q%%{sgg“r "Wre Switches [0037] The essenti al

devi ce featurefo0asle showmnbinetet (8le diersinns Aefers as sigtknsionethaismngeciord @.1

conprises two wires 12, §4, each @i%her a rreﬁal or sem conductor wre, that
15 are cr ossed™@HMEEHEORER2PBEETSOJP SICPREEE)ween those wires is a | ayer of

nol ecul es or npjogeiul ar ARFRMALLBAS adPsubMeReH ReleFvitdd rétiS%o rddeoraibbor-khapdde
particul ar nol ecules 18 (denoted RS) that are sandw ched at the

I ntersection ofondaons\s swpieensiugiors with veidths pydipmpterstiariag s dmensions Abl Ecul es,
al so i nter changeall fnLEk A RE ha MRLALEAR o ool HACH BomED AficrpRREOPT T al e
voltage is applied across the wires, the switch nol ecules are elther o i 2
0 di zed or 10 edsmHdngtMrdnearainli@enéters agd lorgedi zed (reduced), then a second
species is re- duced (oxidized) so that charge is bal anced. These two

fsg(raci)ﬁz %Feznﬁnsic%lflnengﬁgn orneap?s(sed Wirergwi%ﬂgs exanpl e of this device would be

[0037] The essential device features are shown in FIGS. 1a-1b. A crossed wire
switch 10 comprises two wires 12, 14, each either a metal or semiconductor wire, that

15  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

| (denoted Ry) 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 ox-

20  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

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

25  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-

tion will affect the tunneling distance orthe tunneling barrier height between the two
wires, thereby exponentially altering the rate of charge transport across the wire jure-

tion, and serving as the basis for a switch.
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sen conduct or

resi stor

&*K}§%@Hxﬁmuct0r- Sem conductor- Type (sane)
or (p-n junction)
Resonant X X X

Device Metal-metal | Metal-metal Metal- Semiconductor- Semiconductor-
Type (same) (different) | semiconduct | Semiconductor semiconductor
or (p-n junction) (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
[0039] Depending on the molecules or materials that are used between the

wires (the electrodes), each junction can either display the types of electrical function

described below immediately on contact of the wires or the junction can have a switch-

ing function that acts to connect or disconnect the two wires together electdcally. 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 particular

threshold voltage that is determined by the materials in the junction, which is essa-

tially an electrochemical cell, oxidizes or reduces the material or mokcules between the



Resonant X X X X tunneling diode Battery X X X [0039] Depending on the
nol ecul es or materials that are used between the wres (the el ectrodes),
each junowdonossses ei t her display the types of electrical PONTE20002660

descri bed bel ow i medi ately on contact of the wires or the junction can
have a switch- ing 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, thed8initial state of the switch is
open or closed. Electrically biasing the smﬁtch beyond a particular

th hol d | t hat det d by ti
i eanOLC ot B8 by SR bR i B Gt B b U R e

materi al or noheiies ste! WaR scthifd ¥R, BxcRibiap @R pB@I (YIBAMNLORGR of reWolteise t O
irreversibly close or ogen the switch, respectlvely, t hus gfrnanentl

reversing itsOnHieswiph ¢vand thejappopiats dueshaldalies. ity pespils Rgeyesubinetiari ty
and magni tude @f,. Bf‘l%de(éé'tﬁea&%er@%ek&@d LS o Fﬁﬁﬁ&ﬂesttg%loé@ﬁr dPh 'tlf'étsgfltc}he

t hreshol d val ues, I'S pos e to reversibly oxi- dize or reduce t
properly seb ectety thaee i cither case,miicacirsed theotypd Qfstvéecmcab@enecnhleﬂ@wsmﬂde 5 many
times. In eith cas e S the, t. of ele tri.ca i on that
s Tede bt woRir Tt PR RaE B RER iR R Tl wibEe RS lar SRPEREDIA i 1 o
(or el ectrodesabdataed dsalelliac dicedbnts ofthd masculd@r indenld beywekh tlﬁd"l\elrﬁol ecul es or
mat eri al s between t he mﬁres.ﬁg00401 Tabl e. | above shows a matri x_ of the

various types 94fluncti dibledpheveshaws panagbt ofi thretprierolPerd ifwsdonsdhticAmt i ons

of el ectrode n@é Bhthiab® fr8M dafBlsEohirsiiOs Jﬁ%lle%trocileQnEtbgla@§adﬂsﬁgeﬂ1ﬂs bhBole- ]
junction. A resistor has a linear current voltage characteristic, and is

made by i ntent c@eralsed ingthe fungiéahu & 1egfstohkasjadinsed WreReolRgsFharaptEris, angdes of
Wres to es- %ﬁéé\%in}/ena&{aﬁ} %v%?:%:;&mg'ﬂ{ Hr'lclétwgﬁétwg aﬁ%ﬁs M)és Fwirkdf @Pposite

of this process Is onsune the wire
i n a | ocal i zedssngigilyoformandheef difcuit betwgen the wires. The opposite of this process is toover-

oxidize a junction, which will consume the wire in a localized region and effetively
break the wire (create an open circuit) in that wire at the position of the jurction. A
15  tunneling resistor maintains a thin, approximately 2 nanometer thick, insul4ing 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 electrially biasing the jurc-
tion, the connection between the wires can exhibit a flow of electrical current that is
20  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-
istic for positive and negative voltages. A tunneling diale has both the positive-
25  negative voltage asymmetry of the diode and the exponential currentvoltage charac-
teristic of the tunneling resistor. A resonant tunneling diode has a postive-negative
voltage asymmetry plus it has a peak in its current—voltagé characteristic, such that
over a restricted range of increasing magnitude of the voltage the magnitude of the
current actually decreases, a phenomenon that is known as negative differential ress-

30 tivity. Finally, a battery is a circuit element that acts to hdd a constant voltage differ-



break the wire (create an open circuit) in that wire at the position of the
junction. A 15 tunneling resistor maintains a thin, approximtely 2
nanonet etwo b?/e35503 nsul ting barrier between wres and hasranuscoponent i al
current voltage characteristic. In the case that junction nolecul es or
materials have a sharply defined energy state inside the band gap of an
electrically insulating barrier that can be accessed by electrially biasing
the jurc- tion, the connection between th® wires can exhibit a flow of

el ectrical current that is 20 dom nat ed by the process of resonant

tunnel ing. The_ resonant el.i ng,can r cti.on
bornts 5t he. SR ERICRL b SRR MR ey o RS Hewiphed Pl ol €501 &
tunneling resi ﬁifﬂ(flent/%uﬁﬂ@@i?oklﬂlzﬁhglaﬁﬂQédu@xlﬂgta@a{ts RPa&ed by iedilatinpberrasi | y
in one direction than in the other, and thus has an asgnnetr in the
current - vol t agEhuBRE-be battery &t aceomplishisbly plagwe Hiccanpepaiete olioes 1agsedhe A
tunneling di odg,las, Ralh at BeteRBstbhel ¥ Gn 2R AEHBhIY LN Ol AYELATNITHRIGA & the
di ode and the exponéntial current-voltage charac- teristic of the tunneling
resistor. Ar e@dn@rthe tmateniel ormgﬂ@ubdm tha gunatigro di gmrah@gmmai/mmtmm bttegen

asymmetry plus_it in roept-volta terlstl such
thatovor T ety PRRefoP B feselitl ot Fiyer Bl RRRUERSE 308 Bl s e
magni t ude of tlSlectnfalllﬁfrEﬁdnsaleichledl, Wltﬂﬁ!éreﬁaﬁtﬁ)&,c1réu1pé1&ﬂmmmm@ctédlﬁ1tseme§ known as
negati ve dlfferentlal ress 3 0 tivity. Finally, a battery is a circuit

el ement that at8lko hadhys 618Fri§ﬁsﬁﬁttlnY/‘”i5‘FIP%§‘éY B? Fresptedyth opEEgEof metal-

PCT/ US02/ 00266);c & ﬁﬁﬁ&m@@&ﬁﬁf%ﬂﬂoﬁec@lk %Gﬁiﬁlﬁgﬁﬁs %pérﬂﬂg oﬁ%hetcﬂ@lcpﬁltoﬁﬁlﬁl(s i's
sufficiently charged, e.g., there is a ficient supply of oxidizing and

reduci ng agént@ﬂggbﬁm@ﬂﬁﬁwﬁymﬁﬁcﬁﬁshlatlng barrier. Charging the battery
is acconplished by placing the appropriate voltage across the junction,
which as stated before is an el ectrochemcal cell, to only partially

oxi di ze or 5 r Ballicférhetiormirdfabadation ofWireEildcasdasn t he junction. In general,

any real junction b en..w res forned t he processes desc above
w1 et unl Ty PESeSRE Wit (€ e o ARty il o P B GO RO GRS P BB v t b
the effective giduatirbcedi@MREHnSqued RRLRS bRy pibalBeirifted on[apﬁrﬂ@t}ate-r&bl@n dthe

present invention nay be executed with any nunber of netal -
15  circuit):

[0042] Metallic and semiconductor wires, with diameters raﬁging from several
micrometers 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

20  (optical, ultraviolet, or electron beam) technologies. These wires normally have a rb-
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.

25  Chemically-Prepared Wires (these wires are prepared by techniques other than conven-

tional electronic processing technology, wires are typically prepared as a bulk material,

rather than as part of a circuit board):

[0043] Metal and semiconductor nanowires are defined as wires with diameters
" below 50 nanometers (typically 2 to 20 nanometers), and with lengths in the range of

30 0.1 micrometers to 50 micrometers (typically 5 to 10 micrometers). These may be pre-



lic or sem conducting w re/nol ecul e conbi nati ons, dependi ng on the device
properties 10 desired fromthe assenbled circuit. Basic Information on
Fabri cat ivom 0655593 e El ect rodes Process-Defined Wres (def papdS@ionser es t hat
are prepared by conventional electronic- circuit processing techniques;
wires are typically prepared on a substrate as part of a 15 circuit):
[0042] Metallic and sem conductor wires, with dianeters ranging from
several mcrometers to a single mcronmetl® (defined as nicroneter-scale),
or with dianmeters ranging froma single mcroneter down to 40 nanoneters

el | - ost abi | shedehFERIEE bein B8 e A MR b, RRBRFERREY ,

el ect ron beam giveebstok.ogi es. These wires normally have a rb- bon shape or
rectangul ar cross section, although circular, crqQss sections are not pre-
i

cluded, with t H94dk dt h Jinerexamle Pe? FoPTY % &g mYAveHRR A SERISGRESHI ¢

process used t @y p@d&dwiRg of e sWhicBnd@Bfind El@m&ﬁ%@ﬁ'ﬁanﬁﬁ{ 390 ekl fedadiym k- amount
of material deposited in the region defined by lithography. 25 Chenically

Prepar ed W?¥ es ciflptidesandyiihemdirighleroperapnivadwitly a tdésperpior o€ sodiirm aretal i fhesdnv en-
tional electropj rocessi ng. technol 2ibE €S, are typi K d as a
bul k materi al, Ven(r%é er %%fﬁgé%rgpﬁéar e%?é(ram@?(? gnuiil ?10 egﬁ%fgﬁk%ﬁg]ﬁﬁg%gxl and
seni conduct or R, f&S rfied oedevEralddags. Thiat @spatdtiol peidacss tsiigke-cringd] @ernda0
nanoneters (typically 2 tog .20 nanoneters), and with |engths in e range of
30 0.1 m or omeREPLNEEWER hiamstiat Bre tp Ry Bafomgtess, fng ofdenst rffﬂﬁ%{)'grt%)‘@ These
may be pre WO @QR40885Q3 PCT/ US02/ 00266 10 pared chem cally using any one
of a nunber of techniques described in the references given below. [00441
One exanpl &0 of [W4Pkpor t el secentheragupe ¢lor reppreedgeduligse fasrihoprodeation @hskie= t or

nanow res of tRg HEM EABIHEL 4 SnROSHIhc S SRR Mo, & %o 18 apSE B UM

tetra. -
get 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 technique produces silicon wires that have diameters in the range of 20 to 30 m-
15 nometers, and lengths ranging from 1 to 20 micrometers.
[0046] 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 aluminum oxide thin film. The aluminum oxide is ds-
solved in acidic solution, releasing the gold nanowires, which are then collected. Gold

20  nanowires grown in this manner are characterized by diameters ranging from 20 to 30
nanometers, and lengths ranging from 0.5 to 5 micrometers.

[0047] Nanowires of various metallic and semiconducting materials may be
prepared in a variety of fashions. Some of these devices will require doped semicon-
ductor wires, such as doped Si.

25  [0048] For the case of Si wires, the wires can be doped when the wires are
physically prepafed. In this case, it is necessary to add the dopant into the reactionves-
sel as the wires are formed. For example, in the laser ablation/vacuum oven preparation
technique described above, a small amount of dopant gas, such as phosphorus trihy-

dride (PH;) or arsenic trihydride (AsHs) is added into the inert gas (argon, for exam-



5 chloride and phenyltrichl orogermaniumw th a di spersion of sodi um netal
in the sd vent toluene, and at a tenperature near 300C in a cl osed vessel,
under anw@eross&osvi - ronment, for a period of several dayBCT/UR@00266
preparation produces single-crystal germa- nium nanow res of dianeters
three to thirty nanoneters, and of lengths from0.5 to 10 mcroneters. 10
[ 0045] A second exanple of a reported technique for the production of sem -
conductor nanow res of the sem conductindlel enent silicon, is to |aser
vaporize a tar- get containing elenmental silicon and iron. The target is

pl aced in a vacuum oyen at 1300C, and an inert gas is flowed through the
oven during th lemﬁbff{waﬁ'ioa@ BE%Q.OVeWﬂ‘irglgtﬂré%ﬁ?ﬁr&Wé“%/‘B% ERation Pf€on

w res that havggdianeters in the range of 20 to 30 m 15 noneters, and

| engths ranging from1l to 20 mcroneters. [0046] One exanple of a reported
techni que for 109d9pr oducEdnversaly, thest alides can bramodulatis-doped tyecontingah¢ir surel enent
gold is to elegtro cal | r ol T 1L t he S.of &
anodically et cﬁagéf %%H%pnrg n%exllgl %XYP%T nglﬂ%% ﬁ]ﬁeg#e&’gbd&wlﬁﬁt%r@% g‘eewils’sac (!-PS’ sol ved
in acidi c s®l utichns boeheaonde {BB))go lettchandmiatieg groopd @ lewartasdsvath aohll ect ed.
Gol d 20 nanow [sﬁs %rgsgwn in this manner are ccﬂaract eri zeq (b%?di aneters

rangi ng from 28#B08Y © MEKS REREr YPC AlDPe AMSOFaFgRITEYHY- ot Birs Prgas-
mcroneters. [ Q6fhautedBBEWLESS. PIG. 1BIIEMMS a ¥BitRI|d0CorARige FEMCONSUEL INeh
materials may be prepared in a variety of fashions. Some of these devices
will require doped4sEng ecatiggic?Gr2vupayds medwdsionslopipp edatises, temelrgo@BiierFor t he
case of Si wires ire € : i . ar ysically
propared. 1 ¢ Paasl GOt AERGRMRAD St R RaR! Richibipl ale v
reacti onve$d swefreal?,tlh¢hemselyss maebd @atee dvithfene oexargR epecien 16,hed ivasrethe

abl ati on/ vacuum oven pgeparati o t echni que descri be ove, a | 1., anount
of dopant gas, Wérﬁsc‘f‘foifskbﬁﬁls? Wa‘sowe?affmq%‘ﬁlﬁ’etﬁf PSS %ﬁgﬂagé’ﬁ%ﬁﬁa‘f’%dri de
(AsH3) is addeghoiesiiler SpBeied DD, rgPsctively FoNexaple, @X%AdHaMO 2 MmN to be

PCT/ US02/ 00266 11 . . .
suspended to form colloidal suspensions, as discussed below.

[0050] To dope the wires via modulation-doping, it is necessary to chemically
15  functionalize the surface of the wires using organic or inorganic molecules that will o-
valently 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 nm) of SiO, will naturally form, and at the
SiOy/air interface, the SiO, surface is terminated by Si-O-H bonds. Groups that will
bind to or replace Si-O-H groups are not limited to but inclilde R-Si(CH;)x(OCH;.y),
20  R-Si(CH3)«(OCH,CHs.y), R-Si(CH;)«Cly, and others. In this case, R represents an or-
ganic or inorganic moiety that can contain electronwithdrawing (a Lewis acid) or elec-
tron-donating groups (a Lewis base). This chemistry of binding molecules to a SiQ
passivated silicon surface is well establisted. One published example reaction for bind-
g molecules to the surface of Si0, passivated silicon is:
25
[0051] Si-O-Hsurtace) + R-Si(CHs)2Cl = Si-O-Si(CH;):R + HCI

[0052] Other semiconductor wires can be functionalized with organo-amines,

organo-thiols, organo-phosphates, etc.



ple) that flows through the vacuum oven during the |aser ablation/wre
formation proc- ess. [0049] Conversely, these wires can be nodul ati on-doped
by coati mgootrieissossur - faces with appropriate nol ecul es - BPCTHS62/R@&Ct r on

wi t hdrawi ng groups (Lewis acids, 5 such as boron trifluoride (BF3)) or

el ectron-donating groups (Lewi s bases, such as al kylam nes) to nmake them
p-type or n-type conductors, respectively. See wire prepara- tion routes
|isted below. FIG |b depicts a coating 28 on wire 12 and a coating 22 on
wire 14. The coatings 20, 22 may be nodul ation-dopi ng coatings, tunneling

barriers (e g xi des), t her nano-scal e functionally.sujtabl e

mat eri al s. Jﬂ”ﬁ%t i vel yé*ppf“ﬁét? % GRORrGVaAUS loscrigtipn;of DR Lo 9’é’§“]¥rﬁ 8¢ E5Tied with
one or nore R SR Gy RRestBd sebniiabLwhkdihas Yét hfiRael A5Ge tddhnidd nteﬁtufeor med. O
yet alternatively, 'the wires 12, 14 may be coated with nol ecul ar species
20, 22, respeclQ05¢ly, f dior txeanssios, otheheenowheth bush op et nanowtirestheayres gathe
Suspeni 0 o Ol SRR €38, 25 0.5 A el el OBl To ove
functional ize hine vetes faﬂt@alﬁﬂlmhénm)r asR{mZHgfoobg\aﬂmetabrsuiclnax g&@igmamﬂ ecul es
that will o- valently bind to.the .Si- oyps at the surface.of the
wires. Wen si P ARBWTr t&%nmlﬁr"@reé)k %@gﬁ‘igg&qu de&"tF%F‘Hnes?ﬁg?rﬁ%@O}eg/yer (1
nm of Si02 W kst Ratbketht Wik Q&thin SRghidl pl‘TOfS@tICSSIS% &ithe %nﬂﬁ@fyftﬂéi(@mll hingy Si 02
surface is term nated bfl Si - O H bonds. G oups that w | bind to or repl ace
Si - O-H groups #reerson shilled indlp arptopdispersa dheytiees st qatipih iy osignix)in omgeg-

R- Si ( CH3) X( OCHng—ig [ %—ﬁ; XEh 0 S
represents an or- %\erl?gﬂggrﬁl or gani g[*dr?%lfzgfﬁlwtthh%&%agﬁhgg Q{Iﬁs@[ gg% rdEQn

wi t hdr awi ngo ( adtqamtlaolamtw)ﬂyowllabremde theommdomalt a fign gurﬁupwr@allﬂgelwrlsr hase) .

This chem stry bi ndi n |l ecules t.o a Sl Q. passivate on.surface is
wel T estabi i) 1 et FRHEE o Br e DrcirBR SPab PRt kG RO Pee 1o
t he surface of oSiHiRopassi vated silicon is: 25 [0051] Si-OH(S'rface) +

R-Si (CH3)2C14 Si-O Si (CH3) 2R + HCL [0052] Ot her sem conductor wires can be

functionalized wi th organo-am nes,
Basic Information on Wire Preparation Routes

15  [0055] The following materials may be prepared as nanowires according to the

reference listed.

[0056] 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).
20  [0057] Germanium: J.R. Heath et al, “A liquid solution synthesis of single crys-
tal germanium quantum wires”, Chemical Physics Letters, Vol. 208, pp. 263-268 (June
11, 1993).
[0058] Metal Nanowires: V.P. Menon et al, ‘Fabrication and Evaluation of
Nano-electrode Ensembles”, Analytical Chemistry, Vol. 67, pp. 1920-1928 (Jul. 1,
25 1995).
[0059] Functionalizing Silicon: T. Vossmeyer et al, “‘Combinatorial gpproaches

toward patterning nanocrystals”, Journal of Applied Physics, Vol. 84, pp. 3664-3670

(Oct. 1, 1998) (one of a number of references).



organo-thiols, organo-phosphates, etc. W 02/ 055503 PCT/US02/ 00266 12

[ 0053] Apparently, no previous description of how to nodul ati on dope chem -
cally symdersixseas sem conductor wires has yet appeared i nP€Ch&Eseewbes cal
|iteature. [0054] For the case of other nanow res, such as netal

nanowi res, the wires can be chemcally functionalized with R-SH (for gold
or silver wires), or RRNH2 (for plati 5 numwres and palladiumwres), or
R-CO2H for other nmetals such as A1203-coal3ed alum numwres or titanium
wires), where the R -group denotes sone organic noiety that will |end the

ire certa'nc properties - e i | '] o
¥Mhe personI ski |W8fl n trFOé’%&tHn' lﬂ%n%f}?t)%’r‘%%&tohz;e\lﬂoﬁgg’ {r‘é%ur 2[&)\/"‘%@% e?-L a
solvent. In OneT&@mocgﬂﬂh@ , Sig0ICEnivd1 " &S ARTNHRbcrb@alf: UngletiRB@l AntieThadhytN The
dodecanet hi ol (Q2H25 The do 10 decanethiol not only will provide the
wires with a tgwé&i%w@w,rﬁolb%gr Pet036041 (Mgn 4, 1%?%0 allow for the
wires to be di ed i
chl orof orm Basi anor%ﬂegﬁ&?ﬁﬂv@ﬁ%hﬁ?@ggﬁgﬁg%m%%t eg§y1 i 055(]hﬂgrrh
fol |l owi ng nat ereniadlssermvjmbkecmeepweedingagma,nnww ésiracopdaliiespftle deliee. The
reference I'st 0056 con al.es et al abI on
ot o Tor t he &y ranaane St Rbieeler bs, HE SR ity Bt senftartB e ERedhance,

Vol . 279, pp. &Q&s Afey rﬁa%fad& el&trochlﬁ&ﬁ)ly mdBifle® 027 dxiGeédd@irbdidtd) by Rpplkigatah et
al , A l'iquid soI ution nthesis of single crys- tal germani_um quantum

wires'; ChenicdPltgesysio ié’frﬁ%r\’%hen\%? molspigar gepponegts 2368 Madifed, tfflnet 4993) .
[0058] Metal NanowidhRshe %flzn%\@?ﬁ b%ave%h the t&a%ﬂegg%&meanﬂqd%@}a%ﬂcﬁn of

Nano- el ect rode Ensenbl es’ Ana Chem stry, 7, 1928
(Jul. 1, 28 1998)flow is changed. ThlS forms the basis of a SW1tch that can in turn, be used for

memory, logic operations, and communication and signal routing networks. Moleailar

switches can include redox pairs of molecules, in which application of a voltage e-

duces one of the molecules and oxidizes the other. An example of such a molecular re-

dox pair might be: nickelocene (di-cyclopentadienyl nickel), or CpNi, with tetrabu-
15  tylammonium hexafluorophosphate (BusNPF¢). The reaction, then, would be:

[0062] (reduction)  Cp,Ni + Bu;NPFs = Cp,Ni + BusNPF" (-1.7V)
[0063] or
[0064] (oxidation)  Cp,Ni + Bu,NPFs = Cp,Ni’ + Bu,NPF, (-0.1V)
20
[0065] 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 andrewrite-
able magnetic memory. However, in the presence of oxygen, the reduction of nickeb-
25  cene is irreversible, as probed by solution phase voltammetry. In either case, reduction
or oxidation of this system will modify the tunneling barrier between the twowires be-
tween which the molecules are sandwiched. Thus, this system could operate as either a
reconfigurable, or a singly configurable molecular switch. For metdlocene systems,

see, e.g., J.D.L. Holloway et al, “Electron-transfer reactions of metallocenes: Influence



[ 0059] Functionalizing Silicon: T. Vossneyer et al, " Conbinatorial
approaches toward patterning nanocrystals'; Journal of Applied Physics
Vol . 84, wp02/@6608- 3670 (COct. 1, 1998) (one of a nunber oPCTER&y®@aees). WO
02/ 055503 PCT/ US02/ 00266 13 [0060] Functionalizing the Surfaces of Cold
Nanostructures: D.V. Leff et al, 'Thernodynam c Size Control of Au
Nanocrystal s: Experinent and Theory'; The Journal of Physical Chem stry,
Vol . 99, p. 7036-7041 (May 4, 1995). [006H] Mol ecul ar switching conponents
may conme from any nunber of differ- 5 ent classes of nolecul es, depending,
again, on the desired.properties of the devjce, .The requir nt of the
o ecul os | ot RameEORAR PR Epl e St AR Do bR as gt Agitel CRRGa 1y e
el ect rocheni calsbyieDdblf 1 ®dph.i2088- 20%4 gigrgdi orv7geduced) by applying a
vol tage across the wres. en the nolecular conponents are so nodified,
the net ef- fedf066k thatTherronpestnisPeairg Ivatonpsisesrerpiensl thitedisnlays @i signdf-i s
modi fi ed’ and tcg'lﬁ, 51311}19458‘%19' sl%%si@ ﬁmts é@ﬂf—%cﬁta%@(ﬂ%??bta%@& @itﬁe?rﬁlgﬁl §0le basi s
of a switch that tan, Tn turn, be used for nenory, logic operations, and
conmruni cat i 6n diod ekicgodhkmistoybor frgmnetseotkodtagdviaectekistics is wisbidheste gartiomc| ude
redox pairs Of&%D|%§U| S, .in which qﬁplig tion OQ a voltage r.- ducesdone of
the mol ecul es &RETBYT &f 8L CREEHIAGPIC BTSN PIBF SuPRROFIPEEET &Py e-
dox pair m ght chenandd, GHEIhOCE N infthmeElalae REdb @i AYhe. 'WEHKESuth nWlec@BNare Wi t h
tetrabu- 15 tyl ammoni um hexaf |l uor ophosphat e (Bu4NPF6). The reaction, then,
woul d be: [ 0062pelel fog dhea pupose Gispieeds hayapremple appagoleculay Axgpgen pangding )
[0063] or [ 00GgleyLxteBldipBasiiFRddided uRid NEEEn con@iON, o aBU4NPERVE-0. 1 V)
20 [0065] The nickel ocene systemis of particular interest 1n that the
reduction, 18s probed by sol ution phase cyclic voltametry, is highly
asynmmetric. Su ' .ry is anal ogous to magneti zation hysteresis curves
that formthe %%?%giﬂﬁa%%able andrewrite-

[0067] The present invention utilizes a new type of switching mechanism, an

electric field-induced rotation of a molecular group or rotor that carriers a large dipole
moment. Thus, the molecule is neither oxidized nor reduced in the toggling of the
15  switch, which potentially avoids irtiating a nonreversible reaction. The part of the
molecule that moves is quite small, so the switching time should be very fast, on the
order of 1 ps. Also, the molecules are much simpler and thus easier and cheaper to

make than the rotaxanes and related compounds.
[0068] The present invention turns molecules into active electronic devices that
20  can be switched with an external electric field. The general idea is to synthesize moé-
" cules with a stationary part that will bridge two electrodes (stator) and a confarma-
tionally bistable group (rotor) that has a large dipole moment. The molecule is -
signed such that intra-molecular forces, such as hydrogen bonding, as well as steric re-
pulsions, stabilize the rotor asymmetrically with respect to the stator. The stator 5 de-
25  signed to be symmetric with respect to the rotation axis of the rotor. Therefore, there
always are two particular orientations of the rotor that are stable but have a large en-
ergy barrier to flip from one state to the other (see FIGS. 2a-2b). The height of the
barrier is required to be sufficiently larger than the operation temperature of the device
so that the switch will not be activated by random thermal fluctuations. Under these

30  conditions, when the rotor is put into a particular orientation, it wil remain there and



abl e magnetic nenory. However, in the presence of oxygen, the reduction of
ni ckeb 25 cene is irreversible, as probed by solution phase voltametry. In
ei t her cas@p2/ozscdescti on or oxidation of this systemw || POTURY2/ (b
tunneling barrier between the twowi res be- tween which the nol ecules are
sandwi ched. Thus, this systemcould operate as either a reconfigurable, or
a singly configurable nolecular switch. For netall ocene systens, see,

e.g., J.D.L. Holloway et al, “El ectron-triansfer reactions of netallocenes:

I nfl uence WO 02/ 055503 PCT/ US02/ 00266 14 of netal oxidation state on

L1 pp. - 2038- "S5 Yeidobisy }PHEG e IR AEETIERTE BObwiOR G 0!
com’)r i ses a nadeeivath dnhexterahil ﬁ’pllda)yaplaiym'ggrbia‘sivoltmruetweem thewas vleetioddes. The
hysteresis in its current-yoltage.cur obt ai ejther fr solu- 5 tion
el ectrocheni st ?119018@‘?‘?95‘&10’5%’?F%tﬁgw\l}&eflég%altg?al?aégﬁgm tl.?t ?’&%rmi‘l rfl%g SEIHO%¢ at e
junction. Exanptesl@lileSHeht iaRiardiRstidn ¢Fthid8pdTe is)pP6daie S that (TtHRPPRE] field,
pseudo-r ot axanes, and catenanes, which rely on i ntranol ecul ar hydrogen

bondi ng. Wi | ethsdétiidiedeigrdto rafate Witk eppact foohe staler pig B [Riths sPewsd gla-
however, si npl gle Isfaf ﬁ@&h@%&sﬂ&ld%ﬁ% PRl Ieﬂ{a&glﬁt i Stafe @@ AoVl ¥
easi |y exceeded under certain conditions, as discussed above. 10 Present
| nvent i on [ 006%jnalThed pf eia¢nt magshide srapplidd in feoppositedir¢ofipe of swit chi ng

mechani sm an ctric field-induced rotation of a | ecul,ar .group_or
rotor that carﬁﬁé s al Pagmﬁf%gggwrﬂﬁﬁ§W??SWﬁﬁ?PRPWg% e B 1esa:ﬁg?ther
oxi di zed nor r gdiciamld) dipoRexrb@Q Bépt RYthe pattib@ad &nSgdrh€da, by Wi Ferptin@ink ital | y
avoids initiating_a nonreversible reaction. The part of the nolecule that
noves is oftfi t eSIEABIT Piso the switching tinme should be very fast, on the
order of 1 ps. Also, the nolecules are nmuch sinpler and thus easier and
cheaper to neke than the rotaxanes gnd pgl atgd conpounds. [0068] The
present invention turns nol ecul es ?ﬁtfﬂf&fﬁﬂf §qectronic' devi ces that
Da _G
E Q F~

A~
@

[0070] The letters in Formula (T) are defined as follows:

15 [0071] A = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-
amide; C-ester or thioester; ’
[0072] B = CH; N; C-alkyl; CG-halogen; ; C-OH; C-OR(ether); C-SR(thioether); C-
amide; C-ester or thioester;

[0073] D = CH; N; C-alkyl; CGhalogen, C-OH; C-OR(ether); C-SR(thioether); C-

20  amide; C-ester or thioester;

[0074] E = CH; N; C-alkyl; CG-halogen; C-OH; C-OR(ether); C-SR(thioether); C-
amide; C-ester or thioester;
[0075] F = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-

amide; C-ester or thioester;



20 can be switched with an external electric field. The general idea is to
synt hesi ze noe- cules with a stationary part that will bridge two

el ectrodewo (zosas@r) and a confirma- tionally bistabl e groP@T/Us@megs t hat
has a | arge di pole nonent. The nolecule is ch- signed such that

i ntra-nol ecul ar forces, such as hydrogen bonding, as well as steric re-

pul sions, stabilize the rotor asymmetrically with respect to the stator.
The stators de 25 signed to be symetricMith respect to the rotation axis
of the rotor. Therefore, there always are two particular orientations of

h h ble b h I - I o flip.f
one state to t M7k Ger GHood Eradal SRaogy Gk HePIAtar CRBCHBEFICE (o

required to be,gibfdciigrlMolsahger than the operation tenperature of the
device so that the swtch wll not be activated by random t her nal :
fluctuations. [0088r] =hebe NM0Cabuyli C-hdogen; WheH; tthORfashesy, G¢-SRbipethen;oCa

parti cul ar origﬂ}gxlgqrggﬁ&y& remain there and WO 02/ 055503 PCT/ US02/ 00266
15 will not aCC|§€nzﬁ?y SWTCH to the alternate stable state. However, the
sw tching can p®78)dRNe OH;tKN; @ralleRt emaker’ | @DEI; by-ORPgahert); NC-SA(thioatkery,0Ct age
between the two el ectrodes.. The dipole nonent of the rotor will tend to

al i gn paral | el 2pidetGrestesardpinesfersi el d exerted on the nolecule. If the

initial direct jgoois L bfr, dickglcey; THORESS ChoH; CHnaio,dnide @prtied, bi el d, 5
then it will be forced to rotate with respect to the stator and swtch to
the second st aNHNR; NCAIRs oalNCEWre t hreshol d bias voltage. The rotor will

appli od it nelBEB8 T A B o tBhBEU ok mui'a (1) bel ow represents &
swi t chabl e1grol e0B8ljeYw Obr §; @idngl e active (swi tchable) dipole group, kept
Lo Pt cU gl cOn L 4E 3L 90 i SRR Belon B R O A

(halogen); NR-NHR; NR-OR; or NR-SR.

[0083] One possible synthetic route for the preparation of molecules having

Formula I is shown below. Starting compounds II and III can be reacted via condensa-

15  tion-cyclo-addition followed by necessary reduction to form an intermediate compound
III. Compounds II and III are commercially available. Intermediate II is then reacted

with Z(Y=)C-X under base conditions to form Compound I, as illustrated.

A
" ROCOM~ K |
]lD I + I I
SET TQH, R 79

20



(I') [0070] The letters in Fornmula (I) are defined as follows: 15 [0071] A
= CH N Calkyl; Chalogen; CGOH C OR(ether); C SR(thioether); C amde;
C-ester wwovhissest er; [0072] B = CH, N, C-al kyl; C -hal ogr@T/Uus02D0%};
C-OR(ether); CSR(thioether); C amde; C-ester or thioester; [0073] D =
CH N C-alkyl; Chalogen; CGOH C OR(ether); CSR(thioether); G 20

am de; C-ester or thioester; [0074] E = CH N, Cal kyl; C halogen; COH
C-OR(ether); C SR(thioether); C amde; G7ster or thioester; [0075] F =
CH N C-alkyl; Chalogen; COH C OR(ether); C SR(thioether); C amde;
C-ester or thioester; W 02/055503 PCT/ US02/ 00266 16 [0076] G = CH, N,
C-alkyl; C -halogen; CGOH COR(ether); CSR(thioether); C amde; C-ester
or thioester; [0077] J = CH N, C-alkyl; Chalogen; COH C OR(ether);
C-SR(thioether); C amde; Cester or thioester; 5 [0078] K= CH N,

C-al kyl; C-halogen; CGOH COR(ether); CSR(thioether); C amde; C-ester
or thioester; [0079] M= CH2; CF2; CCl2; CHOCH3; CHOH CHF, CO CH=CH
CH2-CH2; S; 0; NH, NR, NCOR, or NCOAr; [0080] Q= CH nitrogen;
phosphorus; or boron; 10 [0081] Y = Oor S; and [0082] Z = R (H;, alkyl);
NHR, OR, SR, CHR-NHR;, CHR-OR, CHR-SR CHR-X (halogen); NR-NHR, NR-OR or
NR- SR. [0083] One possible synthetic route for the preparation of nolecul es
havi ng

5 [0084] Turning now to FIGS. 2a-2b, the molecule depicted therein is seen to

SOCh,

PN —r

have the formula

HyN 0O
(IA)
10 [0085] The molecule depicted in Formula (JA) is designed with a stator portion

S and an appended rotor R perpendicular to the orientation or current-carrying axis of

the entire molecule; that is, from left to right or vice versa, as shown above.

[0086] In FIGS. 2a-2b, the molecule is shown rotated 90 degrees from the rep-

resentation above, and in this case, the external field is applied along the orientation
15  axis of the molecule (vertical direction) as pictured - the electrodes are oriented in the

horizontal direction and perpendicular to the plane of the paper. Application of an elec-



Formula | is shown below Starting conpounds Il and Il can be reacted via
condensa- 15 tion-cyclo-addition followed by necessary reduction to form an

I nt er mredivad e2/ess8@ound [11. Conpounds Il and 11 are commepci/abéyooassai | abl e.
Internediate Il is then reacted wth Z(Y=)C X under base conditions to
form Conpound I, as illustrated. AROCOMK\ J | I +1 1 01 Q4 RF Fr"

(rr)y (rrr)y 20 WO 02/ 055503 PCT/ US02/ 00266 17 5 [0084] Turning now to
FI GS. 2a-2b, the nolecule depicted thereil® is seen to have the formula -S
aN\ H2ZN'~O -R (I A) 10 [0085] The nolecule depicted in Fornula (1A) is

designed with a.s or. portion S and, an ended rotor R endj cul.ar to
the orientatioff' géﬁ‘f‘?‘gﬁc[ Ifre'aﬁﬂrf’wlﬁdo %Pil‘%%g(g' fat‘ﬁ EHiS "er(ﬁgrﬁégmlét,u Hat is,
fromleft to ripght20fh btatetov@e Syésiti&ﬁsh%{ifﬁ\/iﬁ' FAQOYE - AfiBeARh Jfind¢168ic Bati2b,

the nol ecule is shown rotated 90 degrees fromthe rep- resentation above,

and in this cadem thagopdettey britont indilg. Thswidinsniecd tardie iomdhopestionabewn 15
o e 1o ToAFRL SRSt o gt st 06 €0 e
paper. Appl bcattaters cfveraibleg betcs MDr&ANVHERS bPCEHIBARCOBRSS, having a barrier to
switching of about 0.3 eV or more.
[0087] A key component of the molecular design is that the asymmetric nuitual
orientation of the rotor and stator and their strong interaction will yield an asynmetric
diode-like current-voltage (I-V) characteristic; see FIG. 3a, which depicts the -V
10  characteristic of the molecule when the rotor is in one stable orientation with espect to
the stator.
[0088] The I-V characteristic will invert with respect to the applied voltage
when the field across the molecule causes the rotor to reverse its orientation; see FIG.
3b, which depicts the I-V characteristic when the rotor is flipped to the second stable
15  state.
[0089] The I-V characteristic of the bistable molecule will thus create a strong
and symmetric hysteresis loop for the I-V characteristic of a pair of identical electrodes
with molecules of this type trapped inside; see FIG. 3¢, which depicts the full hysteresis
loop. A distinct feature of the loop is that both its parts are traversed anticlockwise (as
20  in this example) or clockwise.
[0090] These molecules can be used as the active medium in a cross-point
memory or as a switching element, for example.
[0091] The present invention is related to the quantum interference devices de-
scribed in US Patent 5,903,010, ‘Quantum wire Switch and Switching Method”, is-
25  sued on May 11, 1999, to Flory and R. S. Williams and assigned to the same assignee
as the present application. However, in the present invention, tte weight of the wave-
function moves from the “top” part (ring) of the molecule as a whole to the “bottom”
part (ring), and vise versa, by changing the orientation of the dipole (as the molecule is
depicted in FIGS. 2a-2b). The coupling between the two arms of the molecule remains

30  very strong, and the electronic interference pattern (given by the molecular abital



18 tric field oriented frombottomto top in FIG 2a will cause the rotor R
as pictured in FIG 2a to rotate to the position shown in FIG 2b.

Appl i cat ivom 0655503 el ectric field fromthe top to the boPCDESIZNOEIG 2b
will cause Rto rotate fromthe position shown in FIG 2b to that shown in
FIG 2a. Switching fromone stable state to the other stable 5 state is
reversible, but is not readily affected by thermal fluctuations, having a
barrier to switching of about 0.3 eV or l18ore. [0087] A key conponent of
the nol ecul ar design is that the asymmetric mtual orientation of the

rotor and stator. and .their_strong jnteraction wll yjeld an . nmpetyic

di ode-1i ke cur W&ﬁﬁts}/%‘fm{” d%ﬂe(cfs-a%?gtéhea‘?’ﬁléEé’rfiﬂ?trpév,ec%eeﬁlhl’iﬁ’ © g‘ﬁl?ci%ﬁl l('Elﬁﬁ"depi cts
the I VvV 10 chafnarewé,lxﬁ{wtpis@ﬁar&d%&iz@@bﬁ%Illsastweﬁplobpr,ebaﬁ]%wed b$ udif @O @0 abl e
orientation with respect to the stator. [0088] The 1-V characteristic wll

invert with rebipever piothe Y esys, istsamyes frepg éhe agametnef the alodecale ey 8 avhplse

nol ecul e cause i L Lon; see FIG  3b, which
depicts the I-@ftzbﬂgl}lggg%tg{e}%@ﬁéﬁy {gﬁﬁ? egﬁt;tg%g? |§]}D;n??'pped to the second
stabl e 15 5t af0892] 0089]ThEhepresematramealetudes stiown iofFortela lf])smap be prepdret ul e
will thus create a stro and symetric. hysteresis, | oop for the | V

Char act er i st  POF Ao SRR G BROVES B PHEEe fik 1oar e conlisaons: Toh s
type trapped i Behfhes, aSRelefhdaclages myduldn fitE RAChSebha ohlahlelddysde @i e Sfor | 00P.
A distinct feature of the loop is that both its parts are traversed

anticl ockwi se ggawlepingd.angnai-Blodgst ephnigues porekiassabladgnyolayarialaecaied ecul es

can be used asshRR) a6 e H,Fq,ir-umaﬁ&l@réahfeﬁéc-angﬁgtaxisrs?w o8l R frril ¢ CNT NG
el enent, for exanple. [0091 Tlhe present 1 nvehtifon is related to the
quant um i nter f dicelacty tieplane 9f dhee- elsatoilésented tp HGtdRahe miolsn@) Ba@om, and ANt um

11 ML e AL MR ol fanGR B0 s K 138 O
appl i cation. Hdsvente,in the abdie-gpu@sart rélaveprténd Bpplichtonvendidiuedpatédie wave-

[0093] The technology disclosed and claimed herein for forming crossed wires
"(micro-meter or nanometer) may be used to perform a variety of functions and to form

15  a variety of useful devices and circuits for implementing computing on a microscale
and even on a nanoscale. For example, applications include molecular wire crossbar
interconnects (MWCI) for signal routing and communications, molecular wire crossbar
memory (U.S. Patent 6,128,214), molecular wire crossbar logic (MWCL) employing
programmable logic arrays, a demultiplexer for a molecular wire crossbar network, and

20  molecular wire transistors.
[0094] As illustrated in FIG. 4, 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
switch. FIG. 4 depicts a 6x6 array 60, but the invention is not so limited to the particu-
lar number of elements, or switches, in the array. Access to a single point, e.g., 2b, is

25  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-
dance with the teachings herein. Details of the operation of the crossbar switch array
60 are further discussed in above-referenced U.S. Patent 6,128,214

30



function noves fromthe "top" part (ring) of the nolecule as a whole to the
"bottom part (ring), and vise versa, by changing the orientation of the
di pol e (awovhessasl ecule is depicted in FIGS. 2a-2b). ThepchDupbaageshet ween
the two arns of the nolecule remains 30 very strong, and the electronic
interference pattern (given by the nol ecular orbital W 02/055503

PCT/ US02/ 00266 19 weights) sinply reflects about the m ddle of the

nmol ecul e. Thus, the "witching" in the mBlecule, which is characterized by
the hysteresis |oop, cai proceed by using the diode behavior of the I-V
curve,. stemm ng fromthe asynnggtiﬁikﬁgﬁaggghﬁggﬁiigs a whole, not by
qualitatively changi ng the nod n. 5 [0092] The
representative nol ecules, shown in Fornula (1), may be prepared by a

vari ety of techniques and enpl oyed in mcroscal e and nanoscal e )

appl i cations. W895] exanphe bisiabld mylesulpp Aistlased rherin aruppected tamfisgdishén gr own
on an el ectrode. or . \W.r r |.e using Langnuir-Bl odgett techniques or
sel f -assenbl e ﬁ%%%%%fg?n gfgggéa &d SAMs), such that the orientation or
current-carrying axis of the nolecules is perpen 10 dicular to the plane of
the el ectrodes used to switch the nolecules. Bottomand top electrodes nmay
be deposited in the manner described by Collier et al, supra, or nethods
described in the above-enunerated rel ated patent applications and issued
patent. [0093] The technol ogy disclosed and cl ai med herein for formng
crossed wires (mcro-neter or nanoneter) may be used to performa variety
of functions and to form 15 a variety of useful devices and circuits for

i npl enenting conmputing on a mcroscale and even on a nanoscal e. For
exanpl e, applications include nolecular wire crossbar interconnects (MACI)
for signal routing and communications, nolecular wre crossbar nenory
(U.S. Patent 6,128,214), nolecular wire crossbar |ogic (MACL) enpl oying
programuabl e | ogi c arrays, a denultiplexer for a nolecular wre crossbar
network, and 20 nolecular wire transistors. [0094] As illustrated in FIG
4, the switch 10 of the present can be replicated in



a two-dinensional array to forma plurality, or array, 60 of switches to
forma crossbar switch. FIG 4 depicts a 6x6 array 60, but the invention
is not swoObmisess to the partiaz- |ar nunber of el enents, POT/USa¥(0Rd6esS, in
the array. Access to a single point, e.g., 2b, is 25 done by inpressing
voltage on wires 2 and b to cause a change in the state of the no- |ecular
species 18 at the junction thereof, as described above. Thus, access to
each junction is readily available for @onfiguring only those presel ected
junctions in accor- dance with the teachings herein. Details of the
operation of the crossbar switch array 60 are further discussed in
above-referenced U S. Patent 6,128, 214548Map 02/ 055503 PCT/ US02/ 00266 20

| NDUSTRI AL APPLI CABI LI TY [ 00951 The bi stabl e nol ecul es di scl osed herein are
expected to find use in mcro-scale and nano-scal e devices. 5 WD 02/ 055503
PCT/ US02/ 00266 Is Clla ssWhat Is Claimed Is: 5 1. A bistable nolecule for
a crossed-wire device conprising a pair of crossed wres that forma
junction where one wire crosses another at an angle other than zero

degrees andsat | easl. AHhitablennaedubr fos pemised-vaendew izt icogpsdngla pat of @bssed ossed

wires in said junction, said junction having a functional djnmepsion in
nanomet or o, whEHE (ResRiy e dinctiph 38T gRE via Rirctt Apo bl PREE AN 5 1 of
crossed W res H&de addatQbREEAQORAIE Bpecikd cdiBbdting SAH Paidbf ¢rER&L wREEN SHMNECt Or
speci es conprises said bistable nolecule having a general fornula given by
B'-A MK~ J junction, said junction having a functional dimension in nanometers, wherein said at

least one connector species and said pair of crossed wires forms an electrochemical

10  cell, said at least one connector species comprises said bistable molecule having a

B//AIMIK\\J

| |

RS
Z//\\Y

)

general formula given by

15  where the letters in Formula (I) 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-
ester or thioester;

20 D = CH; N; C-alkyl; Ghalogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
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-

25  ester or thioester;



D~ ~G EQF (lI) 15 where the letters in Fornmula (I) nmean any of the
followng: A=CH N GCalkyl; Chalogen;, CGOH C OR(ether);

C- SR(t hi o0 hz035503C- ani de; L- ester or thioester; B = CH P T/CSad (046
C-halogen; ; CGOH COR(ether); CSR(thioether); C-amde; L- ester or
thioester; 20 D= CH, N, Calkyl; C-halogen; CGOH C OR(ether);
C-SR(thioether); Camde; C ester or thioester; E=CH N GCalkyl;
C-hal ogen; CGOH, CGOR(ether); C SR(thioetXier); C-amde; L- ester or
thioester; F =CH N, Calkyl; Chalogen; COH C OR(ether);
C-SR(thioether); Camde;, C 25 ester or thioester:; 02/ 055503,

PCT/ US02/ 00266 G 25155 ‘éﬂélWN;C-@l%ﬂeRyF:O%-%%ﬂE?{?; Q:-S%Pmé-hé%( pisdes C-

C- SR(t hi oet her )gie/Cr aiddRy; L- ester or thioester; J = CH N Calkyl;
C-hal ogen; CGOH, COR(ether); CSR(thioether); C-amde; L- ester or

t hi oester; 5 KI= CH; NNC-gdkdl Kyhalogeh; HalOby nORGtier); ESRRhietthen);) C-amide; C-
C-SR(thioether), C-amde:. L- ester or thioester; M= CH2; CF2i CCl2;
CHOCH3; CHOH; %:?ﬁi’f;%r%eg%ﬁtm; CH2-CH2: S; 0; NH NR NCOR or NCOAr: Q =
CH, nitrogen; phesfhav;uS-alkel; Mhdladen; COMH;YC-OB(ShandC-BR&hi8etht);, @akjde) C- NHR;

OR, SR, CHR-NHR, CHR-OR CHR-SR; CHR- X (hal ogen);
ester or thioester;

M = CH, ; CF,; CCl; CHOCH;; CHOH; CHF; CO; CH=CH; CH:-CH,; S; O; NH;
NR; NCOR; or NCOAr;
Q = CH; nitrogen; phosphorus; or boron;

10 Y=O0orS;and
Z =R (H; alkyl); NHR; OR; SR; CHR-NHR; CHR-OR; CHR-SR; CHR-X (halogen);
NR-NHR; NR-OR; or NR-SR.

2. The bistable molecule of Claim 1 wherein said bistable molecule has a for-

15 mula given by

(1A).

3. A method of fabricating a crossed-wire device comprising a pair of crossed

20  wires which form a junction where one wire crosses another and at least one connector
species connecting said pair of crossed wires in said junction, said junction havinga
functional dimension in nanometers, wherein said at least one connector species and

said pair of crossed wires forms an electrochemical cell, said method comprising (a)
forming said first wire, (b) depositing said at least one connector species over at kast a

25  portion of said first wire, and (c) forming said second wire over said first wire so as to



NR-NHR, NR-OR; or NR-SR 2. The bistable nolecule of Claim1l wherein said
bi stabl e nol ecule has a for- 15 nmula given by \ N~ HZN~O (l1A). 3. A

met hod ofwé abeise@t i ng a crossed-wi re device conprising a parwsafooesossed

20 wires which forma junction where one wire crosses another and at | east
one connector species connecting said pair of crossed wires in said
junction, said junction havinga functional dinension in nanoneters,
wherein said at | east one connector speci28s and said pair of crossed wres
forms an el ectrochem cal cell, said nmethod conprising (a) formng said
first wire, (b de&gsiti.n sai d at. | east one connector speci.es qver at bast

a 25 portion ofBaAFE JFRGICE Vheran sy A (@5t 6 CARTSGIOE SRSGICS SeBRShArSer sai d
first wire so asletile MRi3% LR&R08mRE L0/ 00266 23 form said junction,

wherein said at | east one connector Species conprises a bistable nolecule

having a general fornula given by BSA MK~J | | DBE QFAG (l) 5 where
the letters in Formula (1) meacnpgﬁ Mt h ng}llovm' ng: A=CH N Calkyl;
C- hal ogen; G OH, G OR(ether); G SR(thi oﬁer)“ -am de; L- ester or
thioester; B =CH N GCalkyl; hallogepi ; G OH, C- OR(ether);

C-SR(thioether); Canide; C 10 elfer &r tHoester;

D

where the letters in Formula (I) mean any of the following:
A = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thi.oether); C-amide; C-
ester or thioester;
B = CH; N; C-alkyl; C-halogen; ; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
10  ester or thioester;
D = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
E = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester; |
15 F = CH; N; C-alkyl; Ghalogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
G = CH; N; C-alkyl; Ghalogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
J = CH; N; C-alkyl; Ghalogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
20  ester or thioester;
K = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
M = CH, ; CF,; CCl; CHOCH;; CHOH; CHF; CO; CH=CH; CH-CH,; S; O; NH;
NR; NCOR; or NCOA;
25 Q= CH, nitrogen; phosphorus; or boron;



D=CH N Calkyl; Chalogen; COH C-OR(ether); C SR(thioether); C am de;
L- ester or thioester; E = CH N, Calkyl; GChalogen;, COH C OR(ether);

C- SR(t hi o0 h2035503C- ani de; L- ester or thioester; 15 F = CPLT/NS02D02d6ky| ;
C-hal ogen; CGOH, COR(ether); CSR(thioether); C-amde; L- ester or
thioester; G=CH N, Calkyl; Chalogen;, CGOH C- OR(ether);
C-SR(thioether); Camde; L- ester or thioester; J =CH N GCalkyl;

C-hal ogen; C-OH, C OR(ether); C SR(thioet#Her); C-amde; C 20 ester or
thioester; K= CH N, C-alkyl; Chalogen; COH C OR(ether);

C- SR(t hi oether); -%gdg; L- ester or thioester; M= CH2;, CF2; CCl2i
CHOCH3; CHOH; 2 0y 2 CH CHHCH2; S; 0; NH NR, NCOR or NCQAr; 25 Q
= CH, nitrogeny =pmﬁpmyl?<ga\mmrohpsm;rCHm}ﬁ%/(ﬂﬁ{i@@@ c?@éﬂﬁ@ﬁk@@gm e@d Y =
Oor S; and Z = R (H alkyl); NHR OR SR CHR-NHR, CHR-OR, CH -SI%; CHR- X
(hal ogen); NRNRHFQS, RI\IFQR@,{%NRVS{RSR 5 4. The nethod of Claim3 wherein
said bistable nolecule has a fornula given by \ N\ H2N'k 0 (1A). 10 5.

A nmet hod of operating a crossed-wire device conprising a pair of crossed
wi res whi chs form a 4. dihe methodwih € H@mohwherkin esaid histbies maloatid bas afocnidd giveast one

connect or
by

(IA).

10 5. A method of operating a crossed-wire device comprising a pair of crossed
wires which form a junction where one wire crosses another and at least one connector
species connecting said pair of crossed wires in said junction, said junction having a
functional dimension in nanometers, wherein said at least one connector species and
said pair of crossed wires forms an electrochemical cell, said method comprising

15 biasing both wires at least once with a first voltage sufficient to cause an
electrochemical reaction in said connector species and switch its state, whereinsaid at
Jeast one connector species comprises a bistable molecule having a general formula

given by

20 D



speci es connecting said pair of crossed wires in said junction, said
junction having a functional dinension in nanoneters, wherein said at

| east onav@onossi3or species and said pair of crossed w r PETAUSEA®2@N

el ectrochem cal cell, said nethod conprising 15 biasing both wires at |east
once with a first voltage sufficient to cause an electrochem cal reaction
in said connector species and switch its state, whereinsaid at |east one
connect or species corrpri ses a bi stabl e m5ecul e having a general formula
given by B ~A MK Z~_ ~ DEQ- "-, ==~ G L GY(l) 20 W

02/ 055503 PCT/U 02/0 266 é e the Ie% % n formula (1) nean any of
the fol |l owi ng: tieg§ inForgy I)m@nﬁﬁyBg follevisg: ¢ OR(et her):

C- SR(t hi oet her ; = @HifN deal %renoc-d}hl @emt(&ﬁer) B:-SR (hioether),Ge-amkdg] C-
C hal ogen; ; C OH; C—d?(et er) SR(t hioether); Camde; C 5 ester or

thi oester: D =egytorfhiogsics| kyl; C hal ogen; GOH C CR( et her);
G oL e heb’%’“ R} E5icls ARGl 0l PRt ERco S Sytiolg bt o
thioester; 5 esteror thioester;
D = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
E = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
10 F = CH; N; C-alkyl; Ghalogen; C-OH; C-OR(ether); C:SR(thioether); C-amide; C-
ester or thioester;
G = CH; N; C-alkyi; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
J = CH; N; C-alkyl; G-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
15  ester or thioester;
K = CH; N; C-alkyl; Ghalogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
M = CH; ; CF»; CCl,; CHOCH;; CHOH; CHF; CO; CH=CH; CH;-CH;; S; O; NH;
NR; NCOR; or NCOAr;
20 Q= CH; nitrogen; phosphorus; or boron;
Y=0orS;and .
Z =R (H; alkyl); NHR; OR; SR; CHR-NHR; CHR-OR; CHR-SR; CHR-X (halogen);
NR-NHR; NR-OR; or NR-SR.

25 6. The method of Claim 5 wherein said bistable molecule has a formula given



10 F =CH N, Calkyl; C-halogen; COH C OR(ether); C SR(thioether);
C-am de; L- ester or thioester; G=CH N, Calkyl; C halogen; COH

C- OR( et havQ p2/35SR(t hi oet her); C-ami de; L- ester or thi oesP€r/US@/00266H, N,
C-al kyl; C-halogen; COH C OR(ether); CSR(thioether); Camde; G 15
ester or thioester; K= CH N, Calkyl; Chalogen; COH C OR(ether);
C-SR(thioether); Camde; L- ester or thioester; M= CH2; CF2; CCl2;
CHOCH3; CHOH, CHF;, CO CH=CH, CH2-CH2; S;260; NH;, NR; NCOR, or NCOAr; 20 Q
= CH, nitrogen; phosphorus; or boron; Y =0Oor S and Z = R (H, alkyl);
NHR, OR, SR, CHR-NHR;, CHR-OR, CHR-SR CHR- X (halogen); NR-NHR, NR-OR or

NR-SR. 25 6. The nethod of Caim wher €l gaid, bi stabl e nol ecul e has a
formula given by WO 02/055503 P /00 P6 N HZN-O (IA). 5
N

A

(IA).

HoN 0)



