; e3e<M 6, Tn}d,. , WO 02/0SSS(13 1 PCT/ US(12/0026G BI STABLE TRI CYCLI C f,,\;-\
MOLECULES W TH AN APPENDED ROTOR ACTI VATED BY AN ELECTRI CAL FI ELD FOR: ){”
ELECTRONM® &45F8HI NG, GATI NG AND MEMORY APPLI CATI ONS 5 CROSSVFERERENCE TO
RELATED APPLI CATIONS [001 ] The present application is a
continuation-in-part application of Serial ~No. , filed Decenber i4, 2000
[ PD-10004762]. 15 [002] The present application is also related to the
foll ow ng applications and patents: Seri al Nunbers 09/ 280, 048 ("!'Chemcally
Synt hesi zed and Assenbl ed El ectronic Devices'; 09/280,225 ("Ml ecul ar Wre
Crossbar Interconnects , for Si gnal Rout i ng and Cormuni cati ons 09/ 282, 045
("Ml ecular Wre Crossbar Lo |c s 09/ 282, 049 | exer

. Mol ecuPEFTARME eTRESISEHaMORES il AEPEIRFS) B TPRié%T é‘cYuA‘f &PEW‘?I&AL
Transi sEOFE FORHLEFTRAG oV N “1? 2@“%’69@‘“’ &ﬁﬁo%’ SPPIBRA TS, 128, 21 4,

i ssued on Cctober 3, 2000 ("Molecular Wre Crossbar Menory'. [003] The
present application is an inprovenent over the foregoing applications and
patent in that it utilizes a new type of swtching nechanism nanely, an
electric fi®ld-induced rotation of a nol ecul ar group or rotor that carries
a large dipole 2 5 nonment. ° TECHNI CAL FI ELD

PCT/ US02/ 0021G [ 004] The present Wmﬂmﬂl lm"at es generally to electronic
devi ces whose functional |ength scal es, 3 rreasured i n nanoneters, and,
nore particularly, to sinple 5 devices used as building blocks to formnnore
conplicated structures, and to the nethods for form ng such devices.

etor dance wi th the teach nge ner o NINHUAKRH =y be constructed ir

.J.‘w

*G00002*
10 GO0
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.



“irreversible sy
programmabl e rea

BACKCGROUND ART 10 [005] The area of nolecular electronics isinits

i nfancy. To date,

t here has been only one convincing denonstration of a

nol ecul e @ 02/0g5®s an el ectronic switch published in the 80&USP2/0@6@t ur e
(see, C.P. Collier et al., Science, Vol. 285, pp. 391-394 ( 16 July 1999)),

but there has been a great deal

In the
a nonol ayer filmof nolecdl es called rotaxanes were trapped
el ectrodes and caused to switch froman ON state to an

of speculation and interest within the 15
scientific community surrounding this topic since the m d1970s.
publ i shed work,
bet ween two net al

OFF state by the application of a Qﬁiéhiﬁﬁgﬁbi§g§°'tage across the
nol ecul es. The ON and OFF states di - tivity by about a factor

of 100 because

nol ecul es caused by oxidizing the nolecules with an applied voltage.

of a change in the rate of tunneling through the 2 0

The primary pr@¥8km wi t Fhersesent ivaniion telatest geaerallnite elseirppic cdeyiges #ose

but not 1h a VICG nor

[ 006]

gﬁ’&m llgﬁ%_trg%%l\rlee rb}'%g% w\xfeﬁ’ %ha%gmgt@ﬁeand-rgfg%‘ Ifdlr{}e R&iksied in a

In a

reconfi gur abl ed&w&t agd SSJ(bbilfﬁBg blatls e fortromercacimpl pated sirgctiuies nadatacthe ogi ¢
net wor k. Rotaxan f ﬁ U|r an ox dathg a dUC%IOH [ actHon to
occur before t H’é ¢ for fe td(%'@‘fs eVIEHi “‘r%lgﬁ'f%’ée THECRPERET 6. of a

significant amiapbe dnsPRSAIN atRrdaBBOih th eabihdsGRreid. N addi ti on,

and conpl ex nature of rotaxane nol ecul es and rel ated conpounds potentially

the | arge

makes the switching tinmes of the nol ecules slow [007] Thus, there renains

a need for a nol ecul ar species tha%AEKGﬁMGNBUﬁ?fe 3 0 states,
reversi ble switching fromone stat er- Such a bistable WO

whi ch permt

02/ 0S5511318 PCT/ US02/ 002GG nol ecul e nust eV|dence rapld switching tines to

be of use in
[ 008] In accor

I d ON 5
(B@hﬁesca s aﬂaéeag? e@gﬁflﬁ?rn‘?}%ﬁr??‘g%% lHanS fer -’ %% ﬂ}eé\lfgl;r sible

el ectroni c sw bedwesmlypoe c;bhommdg@embﬁdtraﬁ@nommﬁﬁaﬂabkte@ ds(anr‘ﬂPdéﬁ‘mﬁdS ewischbar
circuits that provide nmenory

d f h
el ectronic smnw@ﬂégﬂi%ﬂmvwsgbsﬁﬁa%ﬁﬁwggsl§333255§3§L§§5X0§2§ip6f3Eﬁ§%§ed

wires that formeanHbl)onu e ﬁas%%n 1Qk B8 6f GRe@SANUNRErRtwithh MBT! €
ot her than zero degrees”and at |east one connector species connectlng t he

pai r of cr d8sedcipitifiescommunity S}lunmtdnmnthISTtv@wj singst thormidd870s. fny thet pubkishe
di mension in n o%\n%trr?oaﬁla f‘:’l"’qﬁ a le? &ﬁl%d Por?aq(f\r?e%gﬁ?ec&a?)heé B%Ee%%w@%t t1 he

pair of crosse

W’res roc em ca

€ connector speC|es

conprises a bi steatoddes anl ceosbldeo mammaméhmm tofanr@RH satg by ér applicBionATM W |

| DBE Q FAG
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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
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 programm-
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-
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

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




15 (1) [009] where the letters in Fornula (1) are defined as foll ows:

[0010] A=CH N GC-all yl; Ghalogen; COH C-OR(ether); C SR(thioether); C
2 0 am dwo @/e@sser or thioester; [0011] B = CH N, C al kyPCTOShubRgeEnN; ;
COH COR(ether); CSR(thioether); C amde; C-ester or thioester; [0012] D
= CH N Calkyl; Gialogen; GOH COR(ether); C SR(thioether); C am de;
C-ester or thioester; WO 112/0; 55113 4 PCT/US(12/110261 [0013] E = CH N
C-al kyl; G halogen; CGOH C OR(ether); C3R(thioether); Camide; Cester or
thioester; [0014] F = CH N, Calkyl; C hal ogen; C-OH C OR(ether);

C- SR(t hi oet her m de; C-ester. or ste

C- hal ogen; C- Ole%@!?(“éf fdence @P’§F§CY‘WP eLE? )td b?:ﬁhi"?fem r’i‘fcré*sgfg_{h%‘i\lhano'
.thioester; [00J8]e ddviceCH, N, C-allryl; C hal ogen; C—C]—I C— OR( et her) ;

C- SR(t hi oether); Cam de; C-ester or t hi oester; [0017j = CH N Calkyl;
C-hal ogen; COH, C OR(ether); C—SR(thl oet her) ; ClO am de C-ester or
+thioester; [0018] M= CH2 ; CFZD HOEHN - CHF, CO CH=CH,

CH2- CHI ; S O NH NR, NCOR, or—  NCCAr,; [00IS _H; nitrogen; phosphorus;
or boron; [9©020] Y = Oor S; and 15 [0021] Z = R(H al kyl); NHR OR, SR
CHR NHR;, CHR- OR CHR- SR; CHR- X ) NR-NH 0022J
The bistabl e mfi%8kul es eV 2Faydam Tuvﬂﬁl &‘ﬁnpf%sﬁfl%'é‘v%”ﬁl@@dnan%@&tﬁp%'\lle dEVERlear &
essential |y st ggbforddstlithts a%y\fgﬁooiabmadm BeQusioRloaeth nfake! elobkabar @iuits 26t BRI EF
DESCRI PTI ON OF THE DRAW NGS [0023] FIG 1 a is a schenmatic representation
of two cr ossedpwvrd@smemwmoatc, a@bgqm@mcwp%élﬁ%mﬁt Thegleptranis swiédhedrProf t he
two wres;

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

15
@

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

[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; C-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;



[0024] FIG 1b is a perspective elevational view depicting the device
showmn in 2 5 FIG 1 a; [0025] FIGS. 2a and 2b are ball-and-stick draw ngs

t hat depmod oBos®Ei3ecul e whi ch has been designed with an appeEndso/e0dcor
perpendicular to the orientation or current-carrying axis of the entire

nol ecul e, wherein FIG 2a depicts the 'nolecule in one stable state and
FIG 2b depicts the sane nolecule in a second stable state; and WO
021U55503 5 PCT/ US02/ 002C1 [ 0026] FIGS. 34-3c, on coordi nates of current
and voltage, are pI ots depi cti ng a generic hysteresis loop for the type of
nmol ecul e shown in rein FIG _3a depic

characteri sti c[q0ﬁ3lo%e Q%bq‘]ecd'\”?y ntAeiogss AL r%@%gper) o‘?tsh'éth‘r%@ﬁrr) Fic 3b
-depi cts the |-y, eharagledingblgerwhen the rotor is flipped to the second
stable 5 state, and FIG 3c depicts the full hysteresis |oop; and [0027]
FIG ,4 is a sHed#kFi< Gibp¥e€eatitvht Chalogdn; £C-O- @HORéetbérb raiSRéthioairenf C-
-svm'tches of the pre t i ven ion, depicting a 6x6 crossbar switch. BEST
MODES FOR CARR?P% éf# NTI ON 10 Definitions [0028] As used herein,
the term  pel f [(th]QG&d"CI@;SNam:Hll'tyﬂédCIfﬁlo;gédé nCOMNC-OREans);t DBR (thivetheynat i on
that forns the switch and/or other electrical connection between two wres
i s created \/\he?‘é\?lésrcfﬁ%r%ﬂi“é@tef’elther of which may be coated or
functionalized (e} _a ¥ a t sicng t hat
creates the ju cstlg]ojrcl %‘o%] T %pﬁg?lﬁggg%e?@?ss%%(ggé) thstl}g%ggﬁgl?eldjn
refers to a syshilm €ester ordbivestea] | y adopts sone geonetric pattern because of

the identity o conmpengn of the st t at. | east
a local mni whaﬁﬁfﬁér@ﬁgﬁgﬁ% l’agg‘ﬁ %‘b ?T@H (gg)r%agtﬁ an;%ﬁe me r)OtC[OOC%O]
The term " ko nghypideoDlestgtisrabibesteryreans that a switch can change |ts state
only once via an _irreversibl eéProcess such as an_oxidation qr reduction

reaction; suchl018WM THHsakFyLGlHEHY G (B0 %Ifl]@yg(?%n%ﬁq:lé CHEnEH s M Vs menor y

(PROV) , for exipRhk: NP8 NOtgast erm “reconfigurabl e” neans that a switch
can change its state nul- 1ltiple tines via a reversible process such as an
oxi dati on or r W18} QenCH; witrogenephoswhonss; or boron;

[0020] Y =O 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. 1a 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. 13
[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
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2 5 the switch can be opened and closed nultiple tines, such as the nmenory
bits in a ran dom access nenory (RAM. [0032] The terns " bi-stable" as
appl i ed o az/esk@scul e neans a nol ecul e having ' two rel at PCBIUS0Y/@26@Nner gy
states separated by an energy (or activation) barrier. The nol ecul e may be
either irreversibly switched fromone state to the other (singly cnfig3 0O
arable) or reversibly switched fromone state to the other
(reconfigurable), WD 02/ 0~~~03 6 PCT/ USP12/11026( [0033] M cron-scale

di rensions refers to dinensions that range from1 mcroneter to a few

mcroneters in sjize. [00 uh-m cron, scal e di nensjo refers to. .

di mensi ons t hatl #’éﬁge Tr%%%ﬁ?g,rwgmage&&ﬁ C‘L“Bemgf“'@fgv g Shepai deriginen g3 g)
Nanomet er scal & ghnBRIs@RSis 16pahSthk ypd iR RIdRAB Shdwipin FI@S IR 7b! @heréin FIG.
nanoneters to 50 nanoneters (0.05 mcrometers). [0036] M cron-scale and

submi cr on- scal Sadepists thefdf sharesteristic dr opg pibla-osirapiéen WihdePedrte tiy rotor,

-seni conduct ors it ?g \a@quéatpﬁ]e%vdc&lm,g&ﬁ IR tHQrc}t&eisqf;i)éﬁ%@% msseeJndﬂstatgiealo

m cronmeters, heigh can range froma few tens nanoneters t
m cronet er, 510 san¢ ah®FigL Bs dafictsthe dulahysterasisdoagt, exds and | onger. Basi c

I nformati on on gossed W Wi tches [0037] The essential. device featpres
are shown in FI .ﬁl a- 1\#{&-‘a”o%ssége"@%‘rcereg‘%ﬁﬁeflf?ﬂc’ll@%@o%r“(#lglggs‘?%ﬁaWyr8 12,
14, each ei t hersyaich®toRthe PreserR MveRcH] Qb REtindaloR6 clobgbhr Mitchr € crossed at sone

non-zero angle. In between those wires is a |ayer of nolecules or nolecular
conmpounds 16, denoted Rin FIGS. |la and 1b. The particul ar nol ecul es 18

(denoted RS) that are Sﬁgﬁi nfdbﬁlgs gPRt@g%# ?W@WTI@EIQ(JE%@ONV‘D wres 12,
14 are identified as s : 0 I nterchangeable refereed to
herein as aqunction. Wen an appropriate voltage is applied across the
wires, the swt hfr.ml ecules are either oxi 2 0 dined or reduced. Wen a
nol ecul e is oxié?—‘rr%té@%reduced), then a second species is re duced

(oxi di zed) so tjpassjchar gasiuvsedRIr@nCEE terhhesLaligeed SR epHIRE targnétoanmealsl ed a
redox pair. One exanple of this device would be for one nolecuyle to be

reduced, and t hi&n the seetivadhardorashe switdheangdiop atheneleqirict compectoBdsvesaivg s
oxi di zed. In an@ﬁ&qﬁlcx‘:e Erev@ tWBIvafeN] BthbrSofVREUCRSY badaN? faktiddafzaal 1 es

is oxidized. In a't exanple, a nolecule is o
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 cam-
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 canfig-

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



2 5 oxidized, and one of the wires is reduced. In a fourth exanple, one
wire is oxidized, and an oxide associated with the other wire is reduced.
In all cas@e2/036%03dati on or reduction will affect the tunn@CrAgozé®é@nce or
the tunneling barrier height between the two wires, thereby exponentially
altering the rate of charge transport across the wire junc- tion, and
serving as the basis for a switch. WO 02/ O~-SS03 7 PCT/ US02/ OU2G5 [ 0038]
The el ectrical tasks perfornmed by these dévices are |argely determ ned by
the types of wires (electrodes) and the interwire materials that are used.

Tabl e | presents_the various types of, devices that mght be fabricated from
various combi nf088ns of MWE’WC%EQ‘WZ‘F‘OTW‘?WSrgl’égn‘i’rﬁl-opg?h% I3gh| n1(1: re

- (El ectrode) Mat@pie@l & a few micrometers in size. _ _
Devi ceMet al - net al Met al - et al Met al - Sem conduct or - Sem conduct or - Type( sane} ( di

fferent}sem colfdeh Senm cHchuictonserbndimensiens refens ¢ gimensions that range from 1 mi-

“junction) (heterojunction i stor unnel i ngXXXr esi st or Resonant XXXt unnel i n
gresi storDi odem{%ﬁﬁ%@? H?g@é&&gﬂ%gﬁ%esonant XXXXt unnel i ngdi odeBat t er y XXX
[0039] Dependi @3N t he Navogetdt exleodimsRdia@isiraks to himeraioas timeehnpetframehlt he

wires (the electrodes), each junction can either display the types of
el ectrical funBmogiterpioddaangmetys WelSdmciometstat el y on contact of the wires

or the junctiofyedgn haveyirshichic ind AbnfitbebdaRNwirdiabfeACbSod 6r HHOASRIpeQT
di sconnect the two wires together electrically. This switch can either be

si ngly conf i gurershetorsror sepisaiidugtorsabithewidths or dismeiershavingdtbe dimgasiongiofildp st ate
of the switch 5.0 |. Lcal |.asi L 1.6 nd a
llé 1<ﬁ§rgetgllrst Eeééﬁﬁetﬁ%&c% %ﬁé{\{r&% a.fé(w Bi'ngéf ﬁo&@t@rﬁ% 519&019&}{10

parti cul ar t hr esfo vol'ta erm ne e materials in the
junction, whichnd kngbsefiteddnaltniieadomyteanneélongérr ochemi cal cel |, oxi dizes or

reduces the material or nol ecul es between the WO (12/0555U3 8

PCT/ USU2/ QU2CG V\:i.r? to.rreyersihly glose or open the swtch,
respectively, éﬁ%&—‘ﬁ%ﬁﬂ#&ﬁ%ﬁ%ﬁwﬁé&@%&ﬁs initial state. In the second
case, by cyclipgstpe pol pid dsyenfildiciBdRhtuttd @redshoivhién FITIS. ageb. Anerbdied ik t ch
beyond the appropriate threshold values, it is possible to reversibly

oxi di ze or redsvich Hecompsises wp s d2+t el cashcithsr 8maetyor senigendieier vige.dhddse or

open the S%t CIQre 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 oxi-

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 jur-

tion, and serving as the basis for a switch.



5 many tinmes. In either case, when closed, the type of electrical
connection that is nade between the wires depends upon the materials from
whi ch t havaW2/&s5q3or el ectrodes) are fabricated as well asPCRAS2U66 ty of
the nol ecules or materials between the wires. [0040] Table | above shows a
matri x of the various types of functions that can be obtained fromvarious
conbi nati ons of electrode materials and materials or nole 10 cules used in
the junction. A resistor has a |linear cur?ent voltage characteristic, and
is made by intentionally over-reducing the junction between various types
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Basic Information on Fabrication of Wre

El ectrodes Prod@839] Def i nBepewiing on (tHe maketlearvinatersaly thatt argrused befweee dheby
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el ectr
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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 electically. 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 essm-

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

& febbsal Y



[0042] Metallic and sem conductor wres, wth dianeters ranging from
several mcroneters to a single mcroneter (defined as m croneter-scale),
or with WQ5EFS ranging froma single mcroneter down tBCHYSHHNEeret er s
(defined as sub-m cronmeter scale) in dianeter, may be prepared using well
established art, including lithographic 2 O (optical, ultraviolet, or

el ectron beam technol ogies. These wires normally have a rb- bon shape or
rectangul ar cross section, although circufar cross sections are not
precluded, with the wi dth of the wire being determ ned by the |ithographic
process used t W, e, an I i anmount
of materi al de%brsl tto Eee““hf%% F%e ?jlognn c}lefsl“ﬂgfgiq e‘?% ‘R thg?é)énﬂlg&gg%ﬁm%mgl |y

- - Prepared W r egs inithestgie Wh ti@Sseadnd cﬁﬁd&;hﬁbﬁﬁﬁn@metmtalﬂlm aﬂeﬁagntth@roftﬁmltamven
tional electronic proceSS| [g t echnol og res._are typic red as a

, e
bul k materi al , O Hel@itch beyan gﬂeﬁaprtopmteﬁﬂreshf)@u‘fa!u%dbwpssﬁﬁ@@4@? ME?&T“ and

-sem conduct or BaREWeARS tlﬁzrpﬁ%&%'s&@&eéﬁab@hﬁl@ or Wofel@uléﬂ t@f&fﬁis@ bSopef iRWwaieh
nanoneters (typically 2 to 20 nanoneters), and with lengths in the range of

3 0 0.1 m c¥ onmeey meso Irbdthe @asméteero@sed ylpq tzmﬁt Myel@trnccal qapnertion dhab tsanagde.

These may be p{; gen O?\grescﬁ descra?eggg %ﬁ@h Rlarvﬁlqzs &%Wc&@de?}y éJSI ng

any one of a nu refere Fver bel ow
[0044] One ex at‘ﬂbhéat@lf asavell epmretxc&dtlt}mfhhm rqmlecu‘lesror imaergls bafwedni ttmwnés

sem conduct or nanowi res of the sem conducting, el enent ger iumijis to react
ger mani um t et r H080lch| or iTable d RBOYSHEAYF £ Malk %th@éar“r?ﬁ?ﬂyP%‘n %Cﬁ‘oﬁs ‘:5‘? Brsi on

of sodi um net aje bﬂanﬁé@fr&g WANs ofbitansns &Wﬂecﬁ%d@mﬁt@ﬂﬂ@ Efﬁi BhaRrifle 3f m%Q:OC ina
cl osed vessel, under an inert environnent, for peri od of several days.

That pr epalf(_é.tl eHepsedi incthe jusiingl A-repigtor bas aglenemawr@mr%whﬂ@stemtwdmwﬂﬂ ers
three to thirt é‘naﬁ'ea%pﬁ}%ég%?ll goe(:(lre%fuf: grﬂ%ét]% thB% %I?V{Tﬁg;‘&pga SPIRLEES - 10

[ 0045] A secon KoY epor chnique oduction of seni
conduct or nanowéntieldy ﬁofm t Hﬁ)r&&fmm beisheeit tha gvireb.cite pppaitt bLihi3 processtmtdoa&er
vaporize a tar

et cont.ai ni.n el mental .siljicon and.iron. is
bl aced i n-a vaBHiie VOISR Wadowl SEan Eers Ph Bor et PR e IRt he
oven during thBre&l@ﬂfé"WnZ@ﬁfe@fé ﬁrﬁféﬁsc&cuﬁﬁhh&hdt%ﬁrm(ﬂlhtepdértﬁﬂlﬂfftl& pihdtibf.00 W res
t hat have di aneters in e range of 20 to 30 na 15 noneters, and |engths

rangi ng frbn 1tungelpng fﬁﬁlséqf@i*?éfﬂté% a ﬂpomeﬂoxewéelb%aﬁﬁﬂ@tﬁfthﬁk,rl@%‘bﬂl%éamer
techni que for 8.0 YHMCHIIAs 3k eﬁﬁ&rﬁl’xﬂldl CuftSi b %%hﬁfactEmlcnﬁlt @k lch&e Bherment

gold is to electrochemcally grow gold wres wt
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 podtive-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-



the pores of an anodically etched alum numoxide thin film The al um num
oxide is dis- solved in acidic solution, releasing the gold nanow res,

whi ch ar o 2558031 | ected. Gold 2 0 nanowi res grown in thi BCHSEG026 e
characterized by diameters ranging from20 to 30 nanoneters, and | engths
ranging fromO0.5 to 5 mcroneters. [0047] Nanow res of various netallic and
sem conducting materials nay be prepared in a variety of fashions. Sone of
these devices will require doped sem con Yuctor wires, such as doped Si. 2
5 [0048] For the case of Si wires, the vvi res can be doped when the W res

are physically ar ed,. ase, s negessar e _dopant
into the react?rgﬁg e its ¢f %‘:trtoH (Pl@sasg}e a%%’iyr’r%‘al T’—‘%rftgl izg%p‘id W tRE | aser
-abl ati on/ vacuugfmsien seppar akidiemg 206 hetiuting a@aag gép@ﬁ&dak;oatemsmatmgwafn@nount
of dopant gas, such as phosphorus trihydride ( or arsenic tri hydr| de
(AsH3) is adde@harang tb%gatreﬁeﬁt acgap! (shq%bah plaﬁmg ﬂ@x%ﬁﬂropn@\b Yoltepauaesasiathg 1

- PCT/ USU2/ 02 4un&io%) whidflas fsﬂaemefw@ 4 Qleamhxﬁﬁuuéalomlﬁyamng dxiifizd aser

ablation/wire Tormation proc ess. [0049] Conversely, these w res can
modul at i on-ijopedudaythcuatermlg)rtmcnlesmthf: amstioniln Bewqu,rwrw@nmtmlbewres -

either electron:w thdr aci d bor on
trifluoride (BE3F %Og?le‘g\)}é@‘? rpg%escﬁ% %e%?rﬁ) dap%vfp‘gﬁl("\fg%ﬁ}é ﬁ%ase or moss ot tke 4

kyl am nes) to gekacdl ReotidstdyRabal wnhttnepafeamdmﬁloelsmerrteameﬁed Mfde;les See wire
preparation routes listed below FIG 1 b dE%I cts a coating 20 op wire 12
and a coating B948n wi r &hps thempeseploiayaniign mag be sxcciigy Witk appamber poetalopi ng
coatings, tunnglj P@&Bﬁﬂlcﬁﬁé \Aﬁrg/ngieﬂculg)&blqﬁﬁlt’lor@ rde?&nﬁnr A& pfoperties
functionally sulta materTal s. Alternatively, 0O wres 15 14

t hensel vesl trayddsaed bamndet asbenibledisscwit. nore R species 16, and where the wires
cross, RS 18 is forned. O yet alternatively, the wires 12, 14 may be
coated with nol ecul ar species 20, 22, respectively, for exanple, that

enabl e one or BatihInférimation en BxbricutiopeNWerd Eletrhdesm col | oi dal suspensi ons, as

di scussed bel ow. [005QJ Tgq .dope e wi.res via nodul ation- d
necessary to c@ﬁéﬁﬁ—%ﬁ%&—@ﬁﬁj@f‘? ﬁa|W'%é§haﬁéfesﬂﬁ?Hﬂaf€3’yon°“¥%ﬁ %8‘?015%? ng
organi ¢ or i NOLGRM FrodPBdifE tbifiqued irediatel typiéallyeprepareddddl sitBiritb@s Firt 6F hi

groups at the surface of the wres. Wien silicon nanowires are exposed to
air, a thikdsupifad® layer (1 nm) of SiQ2 will naturally form and at the

Si @/ air interf t he gﬁ?c n BoRdsyer i OUPS
that will bind (@gﬁor replﬁlétggmém% npgcﬁ%gblg%sea’hgg laﬁéteﬁ ra@ﬁfg g g'\lyerﬁc | ude R
Si ( CH3) X( OCH3_ Miigroieters Ro Si s{rgh3m(cpCiter CiiSinedl as RiGphSekscHIE), 3>r>w1thad1ajn‘ttl:1her S.

In this case, Rnr R tomn & tsﬁlgle iQometer 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-



ganic or inorganic noiety that can contain electron-withdrawing (a Lew s
acid) or electron-donating groups (a Lewis base). This chem stry of binding
nol ecul ewo m/@&s8i302 passivated silicon surface is well espéabitissl/@des One
publ i shed exanpl e reaction for binding nolecules to the surface of Si Q2
passivated silicon is: 25 [0051 ] Si-OH(surface) + R-Si (CH3)zO -~

Si-OSi (CH3)?R + HCL [0052] Ot her sem conductor wires can be functionalized
wi t h organo-am nes, organo-thiols, organoLOphosphat es, etc. WO | 12/ 05SS03
12 PCT/ U8112/(111206 [ 0053] Appar ently, no previ ous descri ption of howto
nodul ati on- dope chem cal |y .synt he5| [ ear ed
in the techni cB® (P %alllz?ﬁ%mg f"&?’o%%'] 89@8%%5’18 > de\t,swﬁllibeeﬁﬁgﬁ%v&%%g@e?g uch
.as netal nanowglrve,sbem\ble W res can be chem cally functionalized with R SH

(for gold or silver wires), or RNHZ (for plati 5 numw res fﬁ?ﬁ “%%Iladl um
wires), or R-CEOHHF or ot%rﬁX%Plaloganﬁ’éﬁe%t§°m1q}‘8 for g Readusriom A S RIGRPAYSs or

-titaniumwresy, n%festo@ﬂ'le%elﬂrcgff(ﬂmgﬁ Ot RentSRABNRIY BNb GeddP & hMniliAdbiua | |

|l end the wire certain chemc properties - such as the property that wll
al | ow t he p®r sdrdogdd dlddadlenyhtnt:hieroamnammdwsb@r(bfaseltsi@e ofjspdivm magialan gl $bi d, in
a solvent. In one d wires m tion

dodecanet hi ol (’@I—@é‘gﬁ) an%ﬁngqﬁm&é}%r Féﬁlaﬁﬁfe% Vﬁfse? i aBr‘%?/’P et he
wires with a thinient téracribdl BN&veaDdA8-THae r,epabhtionvplréduc@ mla&ﬂyaw defiva-t he
wires to be dispersed in sinple organic solvents, such as hexane or

chl or of orni . Bamnqnnwwmﬁtdil@wt@ﬁtfwerte t@ﬂéﬁ&‘?%‘ﬁ% apghok lgagthirom @SSP Phe

fol |l ow ng mate;dé Fél cfdRY be prepared as nanow res according to the reference
listed. [0056] Silicon: A M Mrales et al, "A laser ablation nethod for
the synthesds @048} ystaIAmmnd;emmﬂﬂdﬂarapprtnhmdwmsfw thS@rcelncimn chsbml 279,
pp. 208-211 (J

liquid soluti oﬁoré‘&}‘ﬁftoﬁagio@)‘%sr Ofst?ﬁg nélc%'h}lg%r%%nqaléﬁpﬁﬁlﬂfwsqtﬁ%fe L ‘r’ﬁ‘p\&r '?ee% -

Chemi cal Physi gst ditdiBhS eledital s70n 4o . irond Fhe GeBget Juplacelilin al ORTm ({V@ﬁ)58]
Metal Nanowires: V.P. Menon et al, "Fabrication and Eval uation of

Nano- el ect r ode 1BHSExmndan inerhgas iy ffowas theph the pyen dygng ths¥apeyizatiqmprecesgog
(Jul. 1, 25 199]) te&hggﬁg Eroﬁﬁ@:g ts?éxg&@{&liréé gk kvt iGaRBters in th\é%m 680 -

" Conbi nat ori al approac toward patterning nanocrystal s'; Journal of
Appl i ed Physi capmetets, algengtis rar@ieir@6 T 0o 2Qwicronteterd. 998) (one of a nunber of

references). [(Y?Hﬁf 12/ 0581?‘e0§xa]rh?f)lepocg-/a l%?gozl'gé:g(tec%%%ue 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 (AsH;) is added into the inert gas (argon, for exam-



[ 0060) Functionalizing the Surfaces of Gold Nanostructures: D.V. Leff et
al, "Thernodynam c Size Control of Au Nanocrystals: Experinment and Theory';
The Jour mad 02655543y si cal Chemistry, Vol. 99, p. 7036-7041 POEAYSH/002€05) .

[ 0061 J Mol ecul ar switching conmponents may conme from any nunber of dii~er 5
ent classes of nol ecul es, depending, again, on the desired properties of
the device. The key requirenment of the nolecules is that, when they are
sandwi ched between two wires, they may bdlel ectrochemically nodified (i.e
oxi di zed or reduced) by applying a vol tage across the wires. Wen the

nmol ecul ar conponents_are so nodified, th fect t he tunneling
barrier betweeR¢} ki fans tWOP%‘g?’ YRR OV ETR urméﬁpje {aﬁ% aﬁla‘a%‘ﬂwe &’“Patﬂi‘ K&t f1ow
-is changed. Thig forns the basis of a switch that can, in turn, be used for
menory, | ogic operations, and communi cati on and si gnal routing networks.

Mol eazl ar swit 194% can |Gmllvcrd@y,rtb‘ag)Wllpapc'prsbfomodﬂtiﬂtmx}tdoegi by ¢paljkgi thpir sur-
-application of avthae~ uces 0

ot her - an_ exanfre S B BPILOIR P ke B e oy BU L B GF abUE

(di - cycl opent aslickay boroh ek fhoride QBF3§)mrl‘dleptrm-tldsnatxeg rgajnps alﬁ“ﬁylbﬁmmmh usal-

hexaf | uor ophosphat e %Bu ~NPF~). The reaction, then, ol . 0062
(reduction) CpfNfmpe Gﬁmﬂlﬁ%thﬂ%WRfoﬁnB’@QRﬂﬂb‘ﬁm(S 1esve°vyer i€ Prerafoe 4]
(oxi dation) Cpgh rotiteBuistlb6low, f«i@r Nb HeplictBy- COHE@bZdoxpwﬁe Y2 ar'i’(pa {RQkSD2 dhe

ni ckel ocene systemis of particular interest in that the reduction, as
probed by sol uwnr9d4pﬁbpseoa¢1yga 26 2 orayenmeduationgloningtrogtings,y iensting bartigigch
asymetry is a | r e
basis for stabr}:gé 9,§ |tea%n%Blr?:f%&ryge'EH;h cH¥l S%ﬁhtﬁi%%%é{ﬁﬁ w}%ﬁ‘% élréé;nce
of oxygen, 10 hewuxedm;tmmlnemfelves mk;ebe &a&d@etheommmdreliespmdsllé andsvhpreabed by

sol uti on phase voltanupetry.. In eith r case, ducti or _oxi dat.i f this
system wi | | &'l‘rFi/crf’?f‘eEt L%ﬁ(—f?‘i"ﬁd @ Fléerm%’éffb(e "’f’ﬁé??’l dWﬁ’éé:%t $\/\/§E

whi ch the nol eﬁiéle@tﬂaﬁsfp@cémm GEpEtivdip Uy exdaltipte, 148 EiRBleGAk bboBPRIralts bas
either a reconfigurable, or a singly confi urabl e rml ecul ar switch. For

metal | ocene sy&4saepged todferm gollpidal ﬁlSE?nE“’“SHé? IfNE: “El ectron-transfer
reacti ons of Iocen f %%Jrg t]1 2GdhMS0 248
netal oxidatio t]at e oﬁﬁ%gdrpgcdgﬂﬁ{e}&gvﬁ%n%@ﬁnw ty" : oﬂ‘?nasfmy (? ﬁ% ga%erl can

Cheni cal Sbgi efynchitlalizelid surfipe PO Bire L@k (rdgrid dr lmQroaerﬁ@)ecul(samaeﬁilll“éhe

connector species C mat er 1 hat .di spl ay i f| cant, or
measur abl e, ¥%ﬁ§'}téﬁql ﬂmﬁfg 65? FroERtRt 9“&5{1 %cg ogghrev‘g'res thg.rll ?fe‘g) nge from
solu 5 tion eI eeldxpesae b Sir) ¥/ thel sirfadiagatr(l @nt) of Sid2g1 nahaﬁlgcfbem Iaﬁﬂ iaCthei N a

solid-state junction. Exanples of such specie |nQI u t g| ocenes,
rot axanes, psedisATopEKErRedle Sith Sﬂrzél“%ﬂf’a?‘?ggma b¥ rh éﬁ)}"’gﬁs ieyPa Rt ¥l ar

hydr ogen bondl BGd tW&t lrﬁla%ucslnoml RGPk a@ rﬁ)"t@inﬂt%@ftél bud xaauaém-smﬂmmﬂg s
di scl osed, however, rrg e i ntranol ecul ar @‘i; rogen bond m}g orces are
@ g

rel ativel y28as &@(@%é,é@ HoClimdidk-SEEHD &1 aphethers odhis gasedR senpsedsianpove. 10
P t | t
resen nven g%?sg)ﬁqquélamg%lew hatd cég{fiﬁﬁ giel:@ﬂwv&ﬁcﬂrévﬁﬁ (a T Fd?fgteel&j

swi tchi ng mech ectric | el uced rotatio ecul ar
group or rotor tohsbnatiag rgreups (amesg:esedl "Puo$ ehenostenof bifting ,mctldwelemwl ebfde is

Dot ontl al 1y avBrAFA PEEAL TR Sio 0 HORR e e PSR ket s SO

mol ecul e that mvRsledigesqd tHe@uiSamlof SiCs paskivated wiliéadhis:ng ti me shoul d be very
fast, on the order of 1 ps. Also, the nol ecules are nuch sinpler and thus
easi er andZeheaper to

[0051] Si-O-Hsurface) + R-Si(CH3)2Cl = Si-O-Si(CH;),R + HCI

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

organo-thiols, organo-phosphates, etc.



make than the rotaxanes and rel ated conpounds. [0068] The present invention
turns nolecules into active electronic devices that 2 0 can be sw tched

wi th an swo eresabosel ectric field. The general idea is to sPaTHEsl/MR6GTD~
cules with a stationary part that will bridge two el ectrodes (stator) and a
confamational |y bistable group (rotor) that has a | arge di pole nonent. The
nol ecul e i s designed such that intra-nolecular forces, such as hydrogen
bondi ng, as well as steric repul sions, sti@bilize the rotor asymetrically
wWith respect to the stator. The stator 's de 2 5 signed to be symetric

wWith respect to the rotation axis of .the raotor. Therefore, .there ﬁ" ways are
two particul ar [83lent at iAsmareaily, @revinus descrpiongf dow; to gradulstipn-dops shemir 5 g0
.energy barrier L& i AlRestis LA 8pRaRalin (R & hficsiBiendRe. 20) . The
hei ght of the B‘I:all rsglﬁedr]egllzgar%eﬂagﬂs}ggggto %Se ggff?ci ent“lly | ar glér teﬁan' t he

oper ation tenp@iodslur e ofFot the cdevifothes panolvires, Sieb as wietad hangiwites, ilest wises can

-activated by random.t he L flugtuati Under. the il , Wwhen
the rotor is pg‘? C?em’%n%l%Wféﬁﬁﬂl%o$'ggf{f°§§9@nqr S}l}/erv%\ﬁ ﬁeg))r’ gﬁgﬁﬁt(#er?ﬁeﬁénd
WO 02/ USSS08  1auGlitet0@ phlfabiReGwivies)] oNRICELL forl @tHealmeyals wich b Al®;tdoated

alternate stable state, However, the.switching can _be done wi th an. external
field by applypHgiBnbVEes Goftenps Weshawdire e Riaiprnfogtes SoBe orepis gy o
monent of the f1] 10hd the W8RG erddin Bllehfithl BRpEHiLE! subRad the pRpLey Mad williagbw
exerted on ' tﬁg{ﬁd ecul'e. If the initi gll%dilr ecti on of I_)tﬁﬁe@}zii povlwe i S

opposi te to théte pefson Hellebipl theat t¢ dibperseshe Wises, pt a ppllaid, e afsplvenddntope Kot at e

Wi th respect to the at.or an i.tch to t S n | t sone

t hreshol d bi as aWBFt 5‘8@.“?%“‘1@@& b ““‘l“?“aﬁzeer‘%ah‘?‘ﬁ’ ?ﬁ&{zﬁ‘éﬁ‘@t@@%ﬁﬁ i]l%egér?'
external fiel ddedanahibfl héti st witbgravide die: wiesapith b eltinisnrfideerumefings barier, but

di rection. [Oog\?\gl For mul a éq') bel op/ represents I’;\ swi t chabl e rmllleclt]JI,e W th a
singl e naive (i alspalkvelor diepyires tg P disPersed it SIMRle FEALIOTYRE) SyFh as hexane
configuration Ry hydfegen bonding to 10 sites E or DO B~~A MK~ J Due. | -~
GEQF (1) [0070] The letters in Formula (1) are defined as follows: 15
[0071] A =CH N, Calkyl; Ghalogen; GOH C OR(ether); G SR(thioether); C
am de; G est er Basicidformmatiomen WigPrenarggion Roptes N C- al kyl ; G hal ogen; ; C OH;

G O ek S i 65 LA e B O

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).



2 0 amde; C-ester or thioester; [0074] E=CH N, Call yl; C halogen;
COH COR(ether); CSR(thioether); Cam de; C-ester or thioester; [0075] F
= CH N, wO adidsgha3 C- hal ogen; G OH, C OR(ether); C SR(thi oRCR&ISY2/00M de;
C-ester or thioester; WO 1) 2/ OSSS03 16 PCT/ US112/1102GG [0076] G = CH, N;
C-al kyl; Gnal ogen; CGOH C-OR(ether); C SR{thioether); Cam de; C-ester or
thioester; [0077] J = CH N, Cal kyl; Ghalogen; CGOH C OR(ether);
C-SR{thioether); Camide; Cester or thioeSter; 5 [0078] K= CH N Calkyl;
C-hal ogen; CGOH, COR(ether); CSR(thioether); C amde; C-ester or

Gz a5, Il . “Nppiorgingctit S ptio oo Mg g £ ‘i“if‘:“ef;hor s

-or boron; 10 [ 8AR{hod¥nami® RNfe @ont?d]dof[ ﬁ@&?ﬂno&yﬁalg Eiperitlelty hnd TR, GRe
CHR NHR; CHR-OR, CHR-SR; CHR- X (halogen); NR NHR NR-OR or NR-SR [0083]

One possible sﬁﬂﬂ:@é&&ﬂﬁ&h@ﬂﬁtﬂt% % epHBaLT06h(MaY 48P2Vul es havi ng
“Formul a | |ss bel o 8]§ lla d bl 268 RuRBer Eaghed Vvia
condensa 15 ti (B £/C| O- \gg %I onwgl? ﬁ%%gﬁ%gﬁ?@cegéshar; II’ eggcmlgoerﬁ ot O 1T0rman
i nternedi at® cenqulassg of hxblecnﬂ/émﬂe:peﬂdi&g,l alcrala,rkdl thé des&ecépmpenmsrccf itkd deyicavEiel abl e.
Interrredlatell |sthenre?cted1/v| %\QC-Xuder Bg?cg%d onstoform
Conpound |, as 5Py FEBEFRIEA Julen they are saggvpie %542
(rrr) 20 WO We@,ﬁheyjlﬂa%l b1e7e1é3 %éhbﬁ%@c?adl?%@@ed (i.e. oxidized or reduced) by applymg a
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 cu-
10 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. 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 (BwNPFg). The reaction, then, would be:

[0062] (reduction)  Cp;Ni + BusNPFs > CpoNi + BusNPF¢" (-1.7V)
[0063] or
[0064] (oxidation)  Cp,Ni+ BuNPFs = 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



5 [0084] Turning now to FIGS. 2a-2b, the nolecule depicted therein is seen
to have the formula --- S ~N HN~ OR (1 A) 10 [0085] The nol ecul e depicted
i n For nuv® ra3s03s designed with a stator portion S and aFCHBPEAYYE rotor R
perpendicular to the orientation or current-carrying axis of the entire

nol ecule; that is, fromleft to right or vice versa, as shown above. [00S6]
In FIGS. 2a-2b, the nolecule is shown rotated 90 degrees fromthe
representation above, and in this case, te external field is applied al ong
the orientation 15 axis of the nolecule (vertical direction) as pictured -

the electrodes are ori.ented in the horizaontal. di i LGul ar
to the plane O?P‘Pﬁtél %‘%&P‘? gtﬁ&%’lnisgﬁ%t?rgr‘?néfeag%hgl’JB‘%;I |beﬁ

- PCT/ US02/ 0026/ godiéty,ovdll Bl dpgo20F 02644 A bavr®m to top in FIG 2a will
cause the rotor Ras pictured in FIG 2a to rotate tQq tgeodpo ition shown in
FIG 2b. Appli t866bn of Theeormestor speciesi 18] Pminrigsh & Materid) Jhat A13PAYS Bt 8%t i n
‘FIG 2b will cayse O L dlia@c indd Eiifer fkh folu-t hat
shown in FIG g%ﬁ’ Oé\%l%aglﬁfrﬂﬁég’q?r&gﬁlg?elkit&lggﬁg{’%éta%eéf%wt&ﬁe other stable 5
state i s rever sibbkkctrdzhiemissy nofromeaudichtyvolipge eltagagtepigiias He prealid-$tatg dengdienons,

having a barrier tq sw.tching of .ahout 0 \ or X ] Y,
conponent of t éa'H@Fse\étls "B‘ @%&eﬁr}nﬁ%&t Wﬁ&aﬁ)tcg%es’agi}%?%r |p(L:Q%§E %Jta ncg)s?iaéqut ation
of the rotor aggtesdnad, Whichnelytdieintraiélicang hjdibgmaohdiag Whild sych ehdecates are
aspnnetric diode-like current-voltage (I-V) .characteri Su}'\,ﬁl@ see Elrgi[.l 3a,
whi ch depi cts tprsul foy theopusprsp M@F?‘EWWCW’ timele fpiraeqleaan e rog L PN i s
in one stable bk @felaﬁ@g{ly\’ea{st %Efc%&feﬁtunaéf cbiBn SdrliRhs, of 8R8SEd dhRel - V

Wi

abl B ;
characteristic WIT%| I nver respect to the applied voltage when the

field acro3s the nol ecul e causes the rotor to reverse its orientation; see
FI G 3b, V\/nichljdegitgts %.he |-V characteristic when the rotor is flipped to
the second st abfs ISt [0089] The 1-V characteristic of the bistable
mol ecul e will t[f069] cr eat Bhedprasend igeraiod usijirazet ndve typy of ewiahing medpnitoy artt he
|-V characteristic, of a (E)ai r of identical electrodes wth .npl gcul S of this
type trapped i reieeis: fieldndyepgyotagion ofgimalecylangropn of Jofordhit carpors adpies dipoje, oo - o

di stinct featurg af ! @O RdiGulehiatheIB oxidigednik rédus®in fRMSESRY of the
anticlockwi se (as 20 in this exanple) or clockw se, [0090] These nmpl ecul es

can be usedSas switeh,awhitly potreitnllyravpids Artéaiag o pvsYErsiknERRgtQsy The Patli®ehi ng
el ement, for exanpl e tglatong(%ﬂel is| te%&%g,g%.t thk RYASiALAmb §hdé%'d3@%ﬁégytf§§t,tdﬁqm

quantum i nterference devices descri in US Patent 5, . , ' Quantum
Wi re Switch andcr@wnidf dhpsndlsvptheonblecuies sire 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 mog-
" cules with a stationary part that will bridge two electrodes (stator) and a confama-
tionally bistable group (rotor) that has a large dipole moment. The molecule is de-
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 b 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



2 5 sued on May 11, 1999, to Flory and R S. WIllians and assigned to the
sane assignee as the present application. However, in the present :

i nvent i owobhoasseght of the wave function noves fromthe PCBASOHEN66 (ri ng)
of the nolecule as a whole to the "bottonmt part (ring), and vise versa, by
changing the orientation of the dipole (as the nolecule is depicted in

FI GS. 2a-2b). The coupling between the two arns of the nolecule renmains 3 0
very strong, and the electronic i nterferdndce pattern (given by the

nmol ecul ar orbital WO 112/0S; 5113 19 PCT/ US02/ 002CG wei ghts) sinply

refl ects about e m f o t YY) LG

nol ecul e, whi cwh?%m%a&éggatngrswgztggm@é ?F’%ﬂ aﬁeysst%-ﬂgérjgtgtle'sﬁ o%‘)pé)%’ tﬂ%gw%lrngg g%r%:l y
.usi ng the di odéonestigivincexteriial tfibld by-applying\aehiasstodtngd begwden dim thvoeleatydeselhey of

the nol ecule asg_a whole, nqot b litativel ngi.ng_t he es of the
wave function. 3‘881[36\?)‘9‘2‘]“ th ’err&‘%}' g’i@ﬁt"étt? 9@'1%‘?@2‘%“23? étﬁmﬁ]ﬁ?%e Btte{lrﬂpa (1),
-may be prepar egebypi@uiealitgd Mitf ditRGEbMARESipalatk SIpBLiRNES that 6F the Hplis€ atlg, and
nanoscal e applications. For exanple, a single nonolayer nolecular filmcan

be grown orb anthen écwilldueforsed i rogate Wish raspesifn e giatargnd awigthup theieerndea
techniques or gelf a536aRl G, IANGIA%RE (?hér%to‘%%h ?ﬁnaﬁﬂ\%m sﬁa%leclﬁ]atqgﬁ _the
orientation or current-carrying axis o the nol ecul &s I's per pai I cul ar
to the pl ane ofertahéeldloéaifficielet snagsiadie iscapplied inhhd dpposieldgections. Bottom and top

el ectrodes may deposited | he manner, descri bed | lier. et al

supra, or net hgﬁggldes cri %’QHUI? RI) Ebﬁlgwafﬁ‘%ff’lsgmé W%tffé?%gedm&g‘f"gf‘gﬁh f)é‘f’glﬁ ta:a}“',e

appl i cations apgilcRsudAipddd @0tp, kERGY thearkit@lat e6iTROIG6YbyyRIE 0 B6hdRittio
clainmed herein for formng crossed wires (mcro-neter or nanoneter) may be
used to pe}d or mea BagPety of functions and to form 15 a variety of useful
devices and circuits for inplenenting conputing on a mcroscale and even on
a nanoscal e. For exanple, applicati ons i ngl udg, mol ecul ar wire crossbar

i nterconnects (MACI) for signal rogti an ormuni cations, nolecular wire
crossbar nmenory (U. S. Patent 6, 128, 2% Ee clilar wire crossbar |ogic
(MACL) enpl oyi ng progranmrabl e | ogi Pxay <k enul ti pl exer for a nol ecul ar
Wi re crossbar network, and 2 0 nol ecul ar L»i\re transistors. [0094] As

illustrated in FIG 4, the switch 10 of the present can be replicated in a
t wo- di nensional array to fornl a pl uramr array, 60 of switches to
forma crossbar switch. FIG 4 depicts“a 6x6 array 60, but the invention is
not so limted to the partiailar nunber of elenents, or switches, in the
array. Access to a single point, e.g., 2b,I)is 2 5 done by inpressing
voltage on wires 2 and b to cause a chang(e in the state of the no |ecular
species 18 at the junction thereof, as described above. Thus, access to

each junction is readily_avail aple faor confjqurin nly those presel ected
junctions in ad®PHance” The lpterhid EOEE@MI&@@ dlﬁg?eéiiaﬁ.%l%g’lsai | s of the operation

o ot e erossbaech o6 W S0k € ko hsoLonal MRS

amide; C-ester or thioester; '
[0072] B = CH; N; C-alkyl; C-halogen; ; C-OH; C-OR(ether); C-SR(thioether); C-
amide; C-ester or thioester;
[0073] D = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-

20  amide; C-ester or thioester;
[0074] E = CH; N; C-alkyl; C-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 | NDUSTRI AL APPLI CABI LI TY PCT/ Csl 121002GG (0095] The bi st abl e nol ecul es
di scl osed herein are expected to find use in mcro-scale and nano-scal e
devi ces. WO W/@55(132/ 11SS5113 21 CLAIMS What |s Cai ned |s: PEOUTISUB02661102f i f i
5 1. A bistable nolecule for a crossed-wire device conprising a pair of
crossed wires that forma junction where one wire crosses another at an
angl e other than zero degrees and at | east one connector species connecting
said pair of crossed wires in said junctilén, said junction having a
functional dinmension in nanoneters, wherein said at | east one connector

species and said pair of crossed wires for ectrochem cal .10 cell,
said at |east WHSOIGM&N Spdeiles hé’@ﬁ’iﬂ*l ’s%%&l(ﬁf‘%r?a fsg(tﬁ'lﬁ’?@é& “havi ng
-a general for”!dhﬁe%)éfi&&)ﬂn&s?ﬁ MICy r D~ ~~~-GEQF G Y (I) 15 where
the letters in Forniu mean any of the follow n N; C—alkyl

G hal ogen; C— 077 OK( @Hhé‘f)c atbyBRC-hhlpgras HePH; @D&Mtg@} @@&“@We@\e C-
t hi oester; Cld é\ll ¢ rt es;cerGhaI ogen; ; G OH C-OR(ether);
C—SR(thloether?m & ﬁfafe° ster or thioester; 2 0 D=CH N Calkyl;

C hal ogen; - Odo76} KR¢ atiner) C-diaBR(HHaloge; heOH; COR(ite); CSiharter); C-
thioester; E=CH N, Calkyl; CGhalogen; COH C OR(ether);
C- SR(t hi oet her}mld@%ﬁftﬁ%ort@@%"ér or thioester; F=CH N Calkyl; G

hal ogen; C- OH; (dg76R(EL bsh,) CrE &R [HOGIR @HOH AR €8; CE-CH; CHy-CHy; S; O;

NH; NR; NCOR; or NCOAr;
[0080] Q = CH,; nitrogen; phosphorus; or boron;

10 [0081]) Y=Oor§; 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 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
I1I. 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.

gt ROCOM Ky
Pl L
SET TQH, R F
(1D (111)

20



2 5 ester or thioester; WO (12/ (hSS03 22 PCT/1JS(12/1102GG G = CH, N,
Callryl; Chalogen; CGOH COR(ether); C SR(thioether); C am de; Cester or
t hi oest ewo dvess€3;, N, C-al kyl; G hal ogen; C OH, C- OR(et hePET/US02/00266

C- SR(t hi oether); Cam de; Cester or thioester; 5 K= CH N GCalkyl;

Ghal ogen; G- OH C-OR(ether); C SR(thioether); Camde; C ester or
thioester; M= CH ; CFA; CCh; CHOCH3; CHOH, CHF; CO CH=CH CH -CH2; S; O
NH, NR; NCOR;, or NCQAr; Q = CH, nitrogen;1phosphorus; or boron; 10 Y = O or
S; and Z = R (H, alkyl); NHR OR SR, CHR NHR, CHR-OR;, CHR- SR, CHR-X

(hal ogen); NR-NHR, NR-OR, or NR-SR 2. The bistable nolecule of Cdaim1l
wherein said bistable nolecule has a for 15 mula given by / / N HZN' O
(I'A). 3. A nethod of fabricating a crossed-wire device conprising a pair of
crossed 2 0 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 species and said pair of crossed wres
forms an el ectrochemi cal cell, said method conprising (a) formng said
first wire, (b) depositing said at |east one connector species over at bast
a 2 5 portion of said first wire, and (c) formng said second wre over
said first wire so as to

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

L -

A —k

have the formula

HoN 0
(1A)
10  [0085] The molecule depicted in Formula (IA) 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-



WD 02/ 0SSS113 23 PCT/ LJS02/1102(i (i fornl said junction, wherein said at

| east one connector species conprises a bistable nol ecul e having a general
forni ul awp ex055803 BVA M K~J | | DBE Q FAG G ~Y (I) 5 wher BCT/U803/@R6ers in
Formula (I) nmean any of the following: A= CH N, Calkyl; Ghal ogen; C OH;
C-OR(ether); C SR(thioether); Camde; C ester or thioester; B = CH N,
C-al kyl; Chalogen; ; CGOH C OR(ether); C SR(thioether); Camde; C 10
ester or thioester; D= CH N, Calkyl; G8hal ogen; CGOH C- OR(ether);

C- SR(thioether); Camde; Cester or thioester; E=CH N Callryl;

C-hal ogen; COH, C OR(eth . .C-SR(thiqe r); G-amde; ster 0 .
t hi oester; 15 Fflc:f%(}ﬁ‘?‘(‘?{ifw%réﬁl‘@ft?’“& F?QI‘BEE‘?: gaéyé—ﬁau '&2{%‘%&1‘%?5 ?ml':ured m
-G SR(t hi oet her }1G.Caa3 iefdie fo 188 (BLitid sholth QR FUET 2b. A pplichtion™Nf the albdidit field

Ghal ogen; CGOH C-OR{ether}; C S-RSLEi oether); C-amde; Cester or thioester;
J = CH N; C afrythe ©pHa|thryeqitonGndils. 2b Ol @upreR Yo ratatsiomthe gesiiam shownani de;

2 poter o AR oy gy b R e B epter)
CHOH, CHF; €0 st@leCGdyerSible; Bilis ndbreadly MidcteNRy INGOR, flustuatii@Ginaving abhaier taCH;
ni trogen; phosgvr\}ict)ghlilr?g; of%IE)OIlJ)t%r.BOQ\% or more.
[0087] A key component of the molecular design is that the asymmetric nutual
orientation of the rotor and stator and their strong interaction will yield an asymmetric
diode-like current-voltage (I-V) characteristic; see FIG. 3a, which depicts the FV
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 IV 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



WD 02/ OSSSU3 Y=0or S; and 24 PCT/ US02/ 002G Z = R (H, alkyl); NHR OR SR
CblR NHR, CHR-OR; CHR-SR;, CHR-X (halogen); NR-NHR, NR-OR, or NR-SR 5 4.
The met had eX0585m@i m 3 wherein sai d bistabl e nol ecul e has BCTASMM0A6QT ven by
[/ NHN O (lIA). 10 5. A nmethod of operating a crossed-wre device
conprising a pair of crossed 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 jundfion having a functional dinension
i n nanoneters, wherein said at | east one connector species and said pair of
crossed wires farms an el ectrochem cal

ell, said hod c rising, 15
bi asi ng bot b WM EESPE SEdec BRI ReE e R OBG JBV e PUTHE PG ause
-an el ect r ochenygtulé, SAdh i@ Bhdribt&Hed b M8 MOGéRSis RBF,alproddd _b§\ﬂ’siﬁ%ﬂhe dioge St at e,
wherein said at | east one connector species conprises a bistable nol ecule

havi ng a generkghatior ¢fithe -4 weve, sigmBingTom KegJaspumetry. of3he matpeple a3@ Whole, WO

- U2/ GSS503 25 P%/byigﬁ{t%ﬁ@%%@%%ﬁ(’&%ﬁg@g%%ﬁl 't%l'forni ula (1) nmean any

of the foll ow ng: ogen; C C- OR(et her);
C- SR(t hi oetther Jpp9a]- am d&he Cgsesentative inbleadss siownBn=FodhiplaN][), fag bk ptepared

C hal ogen; Cl_)y%_tvar%tyq)?(tgc}lpl%lgs; an%e?n%ﬁotygcii %ergnrt]:lec{szgle zlcﬁda rggngs%;alecapplications. For
example, a single monolayer molecular film can be grown on an electrode or wire, for
example using Langmuir-Blodgett techniques or self-assembled monolayer (also called
SAMs), such that the orientation or current-carrying axis of the molecules is perpen-

10  dicular to the plane of the electrodes used to switch the molecules. Bottom and top
electrodes may be deposited in the manner described by Collier et al, supra, or methods
described in the above-enumerated related patent applications and issued patent.

[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 partiai-
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



5 ester or thioester; D= CH N, Calkyl; G halogen; COH GC OR(ether);
C-SR(thioether); C amde; Cester or thioester; E = CH N, Calkyl;

Ghal ogenw@ni¥35503- OR(et her); C SR(thioether); C am de; C BETAIS020266
thioester; 10 F = CH N, Cal kyl; C-halogen; COH C OR(ether);
C-SR(thioether); Camde; C ester or thioester; G=CH N, Calkyl;

C-hal ogen; G OH, COR(ether); C SR(thioether); C amde; Cester or
thioester; J = CH N, GC-alkyl; G halogen20C OH, C OR(ether);
C-SR(thioether); Canmde; C1 5 ester or thioester; K= CH N, Calkyl;

Ghal ogen; G OH C-OR(ether); C th i ]E G 'Pr e; Cester or thioester;
M= CHz ; CFz; CClz; CHOCHS; : : ; . -CHz; S; O NH NR
~NCOR; or NCQAr; 2 0 Q = CH nitrogen; phosphorus; or boron; Y =Oor S; and
Z =R (H alkyl); NHR OR SR CHR NHR, CHR-OR; CHR-SR CHR- X (hal ogen);
NR- NHR, NR- OR; [0895INR- SRThe tstgble Tipdecnies Miseloesd Imrein rirs cypseieditp fidiwe B st abl e
-mol ecul e has a_for | . U2/USSSU 3 26 N HZN ~ O

PCT/ USU2/ 002Gdnff"A%E'.d{eéaR‘g}‘%/“igséglﬁ%v‘. Y& . AY. & As& AS&L. A . As. As{ & . As&?. Al &2

5



A" h&?. ALA. Al & . As. As. & A" h& A & As92. AsL. As& A &% A &?. As. As/ % *34  ?NQ 6
Qzupj e [ V] ca] ca] ca] ca] c™a] ca] ca] c*a] ca] ca] ca] ca] ca] ca] c”a] ca] ca] ca] ca] ca] c”
a] cRa] cRa@ad/ea$msa] ca] ca] ca] ca] ca] ca] cal U >t DSkm PCT/US02/00266
<TW W k?{upkfa\ W] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca
] ca] ca] c”a] ca] ca] ca] caU] ca] ca] ca]ca]ca] ca]calv}2-|Isv'}*
1 2#| w mhe”Ykfa\ W] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca]c”a] ca]c”a]ca]c
a] ca] ca] ca] ca] ca] cal] ca] ca] ca] c’\a] ca] calUj2da] ca ?#BHLENE_#?$$90R" &&
C(FO) Fur - :/ytoje [V]ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] cal] ca] ca
] ca] ca] ca] ca] ca] ca] ca] cal ca] ca] ca] c”a] cCa Clﬂ calcalcalcalcaUca!:///1000[1i1
k12129344: 667M39: X; LA
: ; 8<<<==>?@V??{vqgl ga[ V] ca] c”a] c”a] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca]c
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca! ??Haag:AABBBCv CCADDDD
DEF" GqGHI M | RJ WhkdimiGlamkd 1sy| gb] W U] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]calcalc
-a] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] c™a] ca] ca] ca] ca] ca] ca] ca] cal! TM_ MoM MVIVNoNN
Pt PQRc RRASSTT=UUUUUUUWYYYZZZZp[ | wgl gb\ W ] ca] c”a] ca] ca] ca] c”a] ca] ca] ca] ca] ca
\U] \ca] ca] ca] sa] ca] cal.capisabkahclajutaie accabala)icaloddecapaliog heail ofi fossed [ [\ \\
11157 _>" aasev@deethat PHP 2iWqtoR Mhetkamn SR cgsssienpen 2 27 &g oRFE iR 4R a) ca) ¢
“a] ca] ca] ca] cabkakGad sakatbiadmadgalsals taimalnakaahrathostke aled alsal c a] c

t i #j vj j Rknnnnni@etismp sajd $erckipr hpvng ptfenctionpk dmensign vh pnometes heit At al ca) ca

P PR N R B ey A b R S BN R BAV oS L RO P

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

ia]:gaU] caJ ca] ca gnae]aca(]n%%]acga‘]eg%]lcalﬂ cal] ca] ca] ca] caU] ca] ca] ca] ca] ca] caU] ca] cau
~g*W#i no47=@Ngw vgkf a[ V] ca] c*a] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] c"a] ca] ca
] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] cai ca]w@] cad ca] ca] cal wrz) Bydhntd / @-ytoje [V

] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] &4] ¢ ca ca]c\h] caJ calca] cal calca]ca] ca]ca]c
aJ ca] ca] c”a] c”a] cal] ca] ca] ca! @MRU1] z~ l G
oKay3beoz} | w ngb] X] ] ca] ca] cal] ca cafca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]

aU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] calica] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca

] ca] ca] ca] ca] ca] ca] ca! Ms, / AOF\ p! 90| ] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca]

cal] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca! } =@, / AOF\ p! 90| wmhb] X] ] ca] ¢
ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] c\aqc%a] cal] ca] ca] ca] ca] ca] ca] ca] ca%C 10
9% ()-!'{l (10%"& ()-'10%&k ()-:10%&' ()-s10%& () -
PP3+] 10%&' ()-\}[<f 110%& ()-!1\f 1 10%& ()-!(f !10%& ()- @L10%& ()-!
| 109%& ()-10%& ()-~_@10%& ()-s&l0% ()- 10 10
10Y6' 109&' () - MDOy10%&' ()-!pf ! 109%& ()- dE~_@10%&' ()-z
109&' () - S1O%R' (e ' ( 9 2?
dE~_ @! 10% prgg}ﬁq %%rsﬁfloo/ fﬁﬁd)lng%%{ @ﬂ@@g& 05~ 910w ()-oU > dE~ @
010%' ()-@! 10%&“((;1{,(1110(27&11(3)1 €'halogd; O'OH$ T ether)z CI3Rehigether); KEIGIOIR' () -
0%&' ()-s910%& t q 10 10 71 109%& ()- 0109 ()-DSkm aBbCl M 10%&' () - 109%&' ()
Y109 () - f 100&° ) N RO 00! () - 100 () -

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; G-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
E = CH; N; C-alkyl; Ghalogen; 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;



<TWdEbC | . 10%& ()- ,109& ()-)10%& ()-Y(10% ()- T10%& ()-1 10%&k ()- W aSE7
10 10__ 10__'Ys6ML0% & ()- 4109 ()- L310%&' ()-

110%&' () MW 02#5603- kK ?N<SE7 PCT/US02/00266

10! X31t 1 109&' ()- 'KY:'109&' ()-'aY:' 109%& ()-!&10%& ()-10%& ()-s910%& ()- ?V) X
VASE7!'t1t!109%&' ()- " !plt!109%&' ()-" ylt!10%

& ()-"'\I1t!1109% ()- " !'plt!109%& ()-"'alt!10% ()- 2e ~\N@ 10BB 10BB

10BB! Yf,' 109BB& ()- !'9pYf, ' 109& ()- Yf,'2209Bx3& () -

*109%&' ()-', 10%& ()--|aBN@ 10BB 10%& ()-!'Y, ' 10%h& () -

iggﬁ 8 : ;_gég%(&é %_ﬁié\?,z/ -_aflgyi,fséégé/geé _E_plﬁ;v -%Iﬂ ethé'());Bg-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;
5 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 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 mulagiven 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



109 ()-S109%&' ()-' }dEN@ 10BB F &10%&' ()-3 "109%& ()-F 9! 10%&k ()-109%& ()-3
109 ()- 109 ()-y* |'!1TaBN@ 10BB Y 0 10%&' ()-,,!10%& ()- !\,,!'10%& ()-
F *109%& WO 62/053898& () -S' ! 109 () - ! " <#=#>H?#LHANE_#r S4 PCT/US02/00266

'&10%&' () -s10%& ()-s910%& ()- 10bb 10bb

10bb! NYf 2' 10%b& () -!Yf2' 109%&' () - _##?$$$WEEr S4

1&1010%&' ()-109%&' ()-10% & ()- 109%&' ()-109%& ()-109%& ()-%&"&& ' ' (dEr $4
1&103"10% ()-y 10%& ()-& 10%& ()-109%& (R310%& ()- f1l09%& ()-(f(())*u*dErs4
1&10. & 10%&' ()--10%& ()-)10%& ()-1(10%& ()-& 109& ()- FYA0%& () - u*+++++++, bC
I R () -
' 8110%: () form said junction, wherein said at least one connector species comprises a bistable

molecule having a general formula given by
I I
D\\E 9 p” G

@

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(thioethgr); 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; 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-
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;; CCh; CHOCH;; CHOH; CHF; CO; CH=CH; CH,-CH,; S; O; NH;
NR; NCOR; or NCOAr;
25 Q= CH, nitrogen; phosphorus; or boron;



| &10%& ()-S10%& ()-s&10%& ()- 10 10 109010% ()-,,,--'-3-dEDC ! &1 10%& ()-

109&' ()- 109%& ()-y1l09%& ()- ~10%& ()-S109%& ()-3-:-1-X-Y-*-e-sY:bC 109%& ()-
109&' () - WO T/0538BR' ()- 109& ()- 10%&' ()-e-q-}-----T:bC 10CBR/USH/YORGST

109&' ()- 109%& ()- 109& ()- 109%&' ()-------- n>bC /KyT 10%& ()- 109%& ()-

1098 ()- 109%&' ()- 109&' ()-------- nTbC /KyT 10%& ()- 10%& ()- 10%&' ()-(
109&' ()-( 109& ()- 109&' ()-------- sT:bC 10%&' ()- 109%& ()- 10%&' ()-

109&' ()- 109%& ()-/KyT -------- | bH. C 109%&'26) - 10%&' ()- 109%&' ()- 109%& ()-
1098 ()-/KyT 10%& ()----- .WX9. C 10 10%& ()- 109%& ()- 109%&' ()-

109 ()-/KyT 109 I(% ........ | bH. C 109& ()- 10%&' ()- 10%& ()- 109%& ()-/KyT
1098 ()- 109& €)= 2280 # | bH C 109%& ()- 10%&' ()- 10%& ()- 109%& ()-/KyT

-109& ()- 10%& ﬁ)sl#(ﬁ e%t)&) ,NI-'IR/ ORDSR CHRKAUR U R, CHIOYE; CHR-X @4fogeny; / Ky T
10%&' ()- 109%& ()- 6. @A sY?.C 10% 10%& ()- 109%& ()-/KyT 10%& ()-
109& ()- 10%&' N MHK; IER@R, OINB-§R, C 10 109%& ()-/KyT 10%&' ()- 109%& ()-
-10%&' ()- 10%& ()-P.QRS. T.U.V. .}MC 109 ()-/KyT 10%& ()- 10%& ()-

109% ()- 109% ()- 10% ()- . .b.d.f.h.i.i9. KyT 10% ()-0 10%& ()-
109& ()- 109& ()- MDIRE fjetodftClaima whetein. shid IGHabYTmolbOUEES a fobOO, g{ven
109& ()- 109& ()- 109& ()- 109& ()-Y........ y /G KyT 10%&' ()- 10%&' ()-
109& ()- 109& é’i 109& ()- 109& ()-....... oP/ T/ KyT 109%&' ()- 109%&' ()-

109& ()- 109& ()- 109& ()- 109%& () /C/ s 3110% & () -
s/& 104 & ()- s . 104& ()- s ,10

- AU
| 0 /e& -/ KyT /1000X1Y1Z1[ 1i 1| obW4/
S &10% & ()-10"110"10" s7'!10% & ' 0
1 1086 &

- s Y4 10% & ()-
$2310% & ()-i 1k1z129344|[: bU4 s S¥1 g sle%‘&'()-z s 10% & ()-
S4109%8 & ()- S!109% & ()- s 10% & () - 4: 667}B9: |[ bU4/ s sl,/'!110% & ()-
S(10% & ()- sl 'M10% & ()- s& 10%WgNY el '!110% & ()- SYL0% & ()-: X;
i vUal s110% & ()- ss10% & ()- $s&L0% & ()-10"10"10" s6& 10% & () -
S010% & ()-; 8<<<==>?|[:vU4 s sYI0% & ()-s sf10% & ()-s s 10% & ()-
s310% & ()-z s 10% & ()- s 10% & () - ?@?3RH@A Z9vU4/  s"10% & () -
Y1104 & ()-f!sY 1 10%& ()-f s10% & ()- sYL0% & ()-

510%&() - @EEAABCVC [ : vUA/ S010% & ()- I/: I10%&()- s( 10% & () -

b n PR ST bl SR SRS et v
S @10% & ( ) - y DieEhhich fonhld‘jﬁnctﬁn Sth2R%n&wirk crossed ARGt (apd aBlS*O%e&:o(lﬂector
582}008/5) ((&) - gfl%glogg (311&12&?;??3'?8;?@856 gf cgqesgi %M&J %] sJal[d JIL)nL1JC4t{on sai }'u%g't?(%b hav1(r)g
0 - S
$9!10% & () - RId:hKiva\MVhdion fhlRandmSteys2 el daid at 1@st bADBBnnk&or( gpecies and

S-10% & ()- s*10%W & ()- s)10% & (t)- ss' M 10% & () - OVPMOM_MoM A410"s s
syGLO% & ()- s3adeparr (of -cressgh gdseg, forms am elpsigpchgmical cell, said method comprising

S Tova ()15 LM ) LT0ore ()" BARRoHG ?ﬁfﬂﬁ%‘%ﬁg et
S $10% & () -y sledidbanicil-reastion 0P8 (o)me@drﬁ@@xﬁe& afifl switch its state, whereinsaid at

| 10% & STT=UYUUUU 41010"10"10". & 10% & 100/' &
ST 100 8 1) SRR e ORI TR LB RRF Tisdcu e b it ()

I M 10% 'c given by

20 D



& ()- s!&I0% & ()- s1l0% & ()- ss910% & () -wyYYZZZp[|[: NA41010

F'l110% ' {& ()- F'110%'r& ()- s 10% & ()- s!'10% & ()- !'10%c& ()-

S&10% & Wo piAdssa\\\ JvU410 s!&10%W & ()- s10% & () - PCT/US02/00266
ST910% & ()-10{' {10{' {10{"{ +& 10%"'{& ()- sSt+& 10% & ()- ]]15*_>"a|[:vWl0
S SI10%W& ()-s s 10%W& ()-s s 10%W& ()- s 10%W& ()- s10% & ()-

s10% & () - aaf bcpeqger esee| obU410 sL&IO% #' & () -10~"~10~"~10~"~s
"s110%"~& ()- "s!10%"0& ()- sk"s!'10% ! & )- s1l0% & ()-eeeeffh|[:bW410 s
| * 109%#& ()- s1l0% # & ()- s le%Q & ()- ss10%# & ()- s!10% # & ()-
s10% #' & ()-hfhi h{h"iti bWl I100/ s10% #' & ()-s s10% # & ()-
SYMLO% #' & () - V8¢ %eﬂet&f{ forgujg %@e %99% N®Mmehnn| [: - 410" # s
S(t!10% &' & () & = (A 20%4) »-oﬁalégeme@#z@ ether Y sROl b8l L-cide; C-
9%-10% # & ()- s "10%# ) - nnnnnn@obA410 's s s 10% & ()- ss410% & () -
s &10% & () - s%elb(&tl(l9f=8tes,910%& ()-10"#" 10" # ooPppQuqr|[: A410"' #' s

S0, S B g et i e

S@10% & ()5 Sek&odrfiR&eser;- sSS10% & () rQSsstzt{t |t}t] [ NA41010' 10' 10

sY110% & ()- 'sY110Q %, & o

s)10% & (§) vttt uc&/ﬁ:&ﬁ‘ (‘%«D&Méfgh@" ?‘%ﬁtﬁ%f%%sé‘)(th?eﬁ’fﬁwcﬂ“ie -
s!10% & () - slgg@&r@mes&ww%& ()- uu<vvvvw<zY8NA4101 llo% \ & ()- -
“110%"a& ()- - ! 10%" a& ( g} - sf 1109 ()- - 109D (h -1°110% r Ir
& () - xxxxxxxx¥ ol N Eelkyhod-salegen; 6Ol ﬁl'(etbﬁll@wh(of 3’5)853 amjdryeCe (
SL&4109% & () - 4"%813/%‘ ) - XxxXx<yEyNySy| [: bU410 s s*10% & ()- "10%" A& ()
"109%" n& ()- ? @ /?’ ?’) f s1&10% & ()-

s10% & () - snysz{qH{I\[ | C-hiAgt Gl dgh;] O* ogmm%a@zb(%&éwem% g-an)ide; £3 |
10% & ()- s3 , 1‘5‘%&1 s-110% & ()-{{{{*}}}|[: NA41010 s10% & ()- s
109% & () - slow‘%"r‘j” "0 & ()- s10% & ()- s 910% & ()-}~~{Z9NA41010 sL!
10% & ()- s 10% & B, NSt-a1890 @hdldgéns IC-CRYDMER (Ether) SC B EhEdefher); C-amide; C-
s10% & ()-~g|[: NA41010 s y2 104 & ()- s 010% & ()- sS/:!110% & ()-
s)10% & ()- s) 2898 @ thipestes: 1005 &' () - vU410 s! &10% & ()- S10% & () -

s  &10% & ()- 1010 0

2110068 ()5 s 1oot &ty C iyl Yt (S GiRhan SERILIAHED Cunide; -
s109% & () - 347 [estvmmocssteso 10% & ()-s sS/I&10% & ()-s s)10% & () -

S0 () s Sl bibshigidn! EOW%N%@”%&%&& «

sf>10% & () - Sk@l%&tm))esters&lo%& ()-10"10"10" sy10% & ()-

S10% & ()-*z)B|[ :\ 0% 11
10% & ()- s! 1009(%‘&” Qﬁef‘/{@ (((;‘ﬁ%%‘h ‘Fﬁ?‘?H %ocg’) QS ﬁ%]%{(‘?“ S, O NH;
sy) 10% & ()-s ENIQ-Q@C(&{(O)NC&Z@H-O%& ()- 1@0%!c& ()-
sl @0% & () rrE{ZN@lOlO $s10"10" s710% & ()- s 1110% & ()- s 1110% & ()-!'s
H; 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

by



| 110% Z & ()- s/!'10% & ()-%[: Ma@B1010 sz 10%W & ()- S10% & ()- s10% & () -
SI&IO0W & ()- s 10%W & ()- sSS&I0O% & ()-D zYBMaB1010 s 10% & ()-- sl 10% & ()--
S10% & (WO OBATSE ()-- s10% & ()--!1s10%5 G & () -/ @VS| [ : VEBTWUS2/00266,

10% & ()- s S)10%W& ()- !'10% Y& ()- '10%!& ()- s310% & ()- s&

1096 & ()-WU410 s10% & ()- s 910% & ()-10"10"10" s5!'10% & ()- sy/10% & () -
S-&10%W & ()-1]uz~|[:vU410 s S10% & ()-s S10% t& ()- s S10% & () -
SS10% & ()- s10% & ()- s!&IO0%W & ()-~ o|[:380410 s sFS 10% & ()-s s10% & () -
S,"10% & ()- s910%W & ()-G s10OW & ()- st1l0% & ()-Ka{Zz9vW10 s)10% & ()-
S)10% & ()-!s)10%J U & ()- sY(!'10% & ()- s!'10% & ()-y

s 10% & ()-yay3_" abo| obU410 s 910%=& 0" sY710% & () -

sl 110% & ()- sl 110% & ()- sY/10% & 410 s s10% & ()- s
10% & ()- s@O% & ()-y s!&LO% & () S 10% & () - @M5| [: bU410 s
S$10% & ()- ss! 10% & ()-f IL:110%" o0& ()-z SLO1OW & ()- 110% 1& ()-
11098 & ()- | [ NA41010"10" 10" s510% & )-/g 09B"& ()- s, @OW & () -
s@10% & ()-f 1 & 110%"y& ()-z,/A~0| H2NA41®10 s10% & ()- s10% & () -

S10%&' ()- S!'10% & ()- sS10% & ()- ss&10% & ()-O0F \ p{Z9NA41010 sY&10% & () -
s3110% & ()-f!3110%L \L & ()-f sf10% & é)- sf10% & () -

s10% & () - p! 90{ Z9NA41010 "' 109" k& ()-f §8310% & ()-g ! 10%" p& ()-f!s! 10%5
G&()- slO®W& ()- s10% & ()-gOvu4l0 s10% & ()-( ss1l0%W & ()-(10"10"10" s
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