:\]”~ " abce3eb\6Tb,i...: WD (12/U8(129U 1 PATENT -47 PD-10010538-1 5 N
Bl STABLE MOLECULAR MECHANI CAL DEVI CES W TH A BAND GAP CHANGE ACTI VATED BY. .a) )
AN ELECTRL G FOR ELECTRONI C SW TCHI NG, GATI NG, AND PL] CATI ONS~
10 CROSS- Eﬂ@l‘-’e@h@k TO RELATED APPLI CATI ONS [0001] The pr 2@%@2@1 cation

is a continuation-in-part application of Serial No. , filed

(PD-10003866-1], which in turn is a contijnuation-in-part 15 application of
Serial No. , filed Decenber 14) 2000 [ PD-10004762-1 ]. [0002] The present
application is also related to the follow ng applications and ppA¢pNT:

Serial Nunbers 09/280,048 ("Chem cally Synthesized and Assenbl ed El ectronic

Devi ces"); 09/280,225 ("Ml ecul ar \/mlm I mm | nt er conneckIs-10BI0538gnal
Routi ng and Comuni cations"); 09/28 | ar Wre Crossbar Logic");
09/ 282,049 2 0 ("Demul tiplexer for a M) '

lar Wre Crossbar Network"); and
091 280, 188 ("Ml ecul ar Wre Transi stors"C), all filed on March 29, 1999, and
U S. Patent 6,128,214, issued on Cctober 3, 2000 ("Ml ecular Wre Crossbar
Menory") 5 [ 0003] BISSEABIEEdVIOIaRAIT L AR MECH ANICGAL DEMIGESVEITHhe
foregoing applications and patent in that it is directed to classes of
mol ecul es t hat prfb\Bz@NB\GAgm}h{j\NMle’mTthBéf AN EIECTRIENt st at e,
characterized by a change in the electrical conductivity. Case 10010538
WD 021 (180290 2 TECHIECA) FHORIELECTTRONICG SWITCHIDNG) GEINGesent
invention relates generally to electroni c devices whose functional |ength
scal es are measured i n nanoMMNRMEMORYWPRPLIEATHEINS |y, to classes 5 of
nol ecul es that provide electronic switching. Electronic devices both of
m cronmet er and nanoneter scale nay be constructed in accordance with the
t eachi ngg herein. BACKGROUND ART 10 [0005] The area of nol ecul ar
electronics is in its infancy. To date, there have been two convincing
dermonstrations of nol eCROSS-REFERENCE A0 REEWTEDNABPIIGIATIONSd i n t he
technical literature; see, C.P. Collier et al., Science, Vol. 28S, pp.
391-394 ( 16 July 1999) and C.P. Collier et al., Science, Vol. 289, pp.
1172-117S ( gust 0 her.e . . . deal of | aticQn_and
interest w él[ﬁp(ri:ﬂt he Séﬂ%&x}eﬁﬁé’%gél%ﬁ? tl;é/agcl?gﬂ'?ﬂhog'%ﬁpm? apSch%ﬁgn OE Seral

No. , filed

[PD-10003866-1], which in turn is a continuation-in-part
, filed December 14, 2000 [PD-10004762-1].

15  application of Serial No.

[0002] 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 Rout-
ing and Communications™); 09/282,045 (“Molecular Wire Crossbar Logic”); 09/282,049
20  (“Demultiplexer for a Molecular Wire Crossbar Network™); and 09/280,188 (“Molecular
Wire Transistors™), all filed on March 29, 1999, and U.S. Patent 6,128,214, issued on
October 3, 2000 (“Molecular Wire Crossbar Memory”).
[0003] The present application is an improvement over the foregoing applica-
tions and patent in that it is directed to classes of molecules that provide switching from

25  one state to a different state, characterized by a change in the electrical conductivity.
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15 rounding this topic. In the published work, a nolecule called a rotaxane
or a catenane was trapped between two netal electrodes and caused to switch
from an to an OFF state by the application of a i .Ld i as
acr oss tﬁgbﬁ% é%% e. The ON and OFF states differed in re@?@p%b%§§ by about
a factor of 100 and S, respectively, for the rotaxane and catenane. 2 0

[ 0006] The primary problemw th the rota%ane was that it is an irreversible
switch. It can only be toggled once. Thus, it can be used in a progranmabl e
read-only nmenory (PROV), but not TECHNROWI! FIERIDdevi ce nor in a _
reconfigurable system such as a defect-tol erant conmunications and | ogic
network. In addition, the rotaxane requires an oxidation and/or reduction

" reaction to r bef j This . ires the
expenditure[g a signﬁ?ﬁcgﬁgmgﬁgﬁ%poggggﬁgﬁ%@ngy?8ggﬁgbpﬁe&§W%$gﬁbgsn

addi tion, tHendt@nhgdeant scagspiremenairet @ mhometesss ank sn@vPartiehiatigdo cprRUNdS
potentially nmakes the switching tines of the nolecules slow The primary
probl ensowi 9 Mlecules: thrfniewde electsopir switrhing-Fiegtranig deyices dodh of ingigroswgtarchi ng
time. [0007] ' ' . | . t.hat _avoi ds

Cher oot onad Bndtibal i) %fgg@%@é‘?@%‘%"%@?ﬂnﬁg%ﬁ%@%@%“é@%@‘erﬁé“pi d
swtching froma first state to a second, Case 10010S38 WO 02/ 080290 3
PCT/ USO02/ 101-47 is reversible to permt the fabrication of ROMIi ke

devi ces, and can be used in a vadﬁéﬁ&iﬂﬂléﬁadMKBnic devi ces. DI SCLOSURE OF
| NVENTI ON 5 [0008] In accordance with the present invention, a nolecular
systemis provided for nanoneter-scale reversible electronic swtches,

speci fi cal | yooedject ri criei @dotfatblev@hedle SrRIRGUL &f it MhyeTo dileemerd peM! ar

system has an electric field induced band gap change that occurs via one of
the fol | owi rhgerrBehaenvinaing damgrogadgns(of )metetudesidsalectonicomighésopubbibadge or an

i i zatiqQp; . [001Q]. h t . Conj ' ' i cal
bondi ng. chande e higBhed S0 Set i S PSRN vt P BT By o
stretching. 000ald CraagiliRgedl., Sxieatsiad C9) paati7en 175 a1 & Aegse abodosdi ng

change to 15 change the band gap may be acconplished in one of the
fol | owi ng wahere i$ a@ISE deal) of spequiationedrdr iateresh wathin theowishiific commawiy spani ed

by i ncreasi of._decr easi bangd.l.ocal i zation; or [0014] (b) change of

ext ende gcoﬁﬁﬂ%é?%gﬁsWP%-éﬁ%?é%Q%%% rat d%mg&twggéﬁﬁf%g%P%ﬂgShﬂcﬁg%ﬁﬁd
breaki ng or WQri@pkdBetwied) th Okl cldtfoddsLaRNtaulcaBRWIRR fRMPYA BB state to
nanoneter-scale reversible electronic swtches that can be assenbl ed easily
to make crosw-QHF s@tdbythecapplicationi efsa pauitévechios adrass the malédude. e DN ead

descri bed i e abave-listed serigs of patent ications and issued
patent. The Ilglér]étﬂ\%f’ ?“ﬁ‘?‘%@f’b&“%ﬂ@%@ al? i aﬁﬂﬂoﬁg(ﬂﬂﬂﬁa%éf?p&ﬁ%v Xjrfﬁ"tﬁl}l’Sns.
One exanpl e r@ﬂ‘ax&r’f&n@cﬁ&hﬁﬁbﬂi c switches is the so-called crossed-wre

device, which com 2 551pr| ses a pair of crossed wires that forma junction
where oRé wilP@O&r ossesherimay maeblam withithe oitivene twearthateit ds degrexessiblad at

| east ect i ting t ir of d wi inth
| incti on TROMEGEERE AR S Tt ERe Pl BeatRebs A WamamarklSeedSnlkr ger
for mul til ayféory (PROMYBECHAin 8 ROMERKCARI iR $n h R oRRLGaHE RYstEUSHRM

~disclosed and cl ai med herein. Case 10010538
as a defect-tolerant communications and logic network. In addition, the rotaxane re-

quires an oxidation and/or reduction reaction to occur before the switch can be tog-
25  gled. This requires the expenditure of a significant amount of energy to toggle the

switch. In addition, the large and complex nature of rotaxanes and related compounds

potentially makes the switching times of the molecules slow. The primary problems

with the catenanes are small ON-to-OFF ratio and a slow switching time,

[0007] Thus, what is needed is a molecular system that avoids chemical oxida-

30 tion and/or reduction, permits reasonably rapid switching from a first state to a second,

Case 10010538



WO 02/080290 4 5 10 PCTI LI S021101~7 [0016] The present invention introduces

several new types of switching nmechanism ( 1) an electric (E) field

i nduced r i f at | east one rotatable section (rotor ecule to

change tﬁgbﬁghﬁﬁagp of the nmolecule; (2) E-field induced %ﬁgéggyggkération

or re-conbination of the nolecule via chem cal bonding change to change the

band gap; (3) E-field induced band gap change via nol ecul e folding or

stretching. These devices are generically considered to be electric field

devi ces, ants @rasible tbeednis therfghricatiedoff ROM-bke Hévires ombd @di henged if desgaty bed i n

t he above-nentjioned rel ated patent applications and patent) that are

directed toCEPEefcHfdictal devi ces. [0017] Thus, the nolecule is never

" oxidized nor reduced in the toggling of the switch. Also, the part of the

nol ecul e that noves is quite small, so the switching tines are expected to
be very fast. Al so) the nol ecHISCLASERMEORINVENTEONand t hus easier and

" cheaper to make than the rotaxanes, catenanes, and rel ated conpounds.

[0018] The nol ecul ar system of the present invention is expected to find

use 1n a Yalbtﬁis{ of a@?b&}&?&ah&”&i lh’éﬁJré&‘é{]ﬂgverl%Hﬁ, J‘ﬁ’.@a&d@ ﬁgm.tiP rovkid®" ! €S,

| ogi ¢ devices, 15 nul tipl'exers, demnultiplexers, ‘contigurable interconnects

for integrat@thabmeittk&ale fdvelsiblpelegrariarabitchegadpecificdl By sle¢thGRAR) Jctivhies s- bar
swi t ches, and conmuni cation devices, such as cellul ar phones, nobile

appl i ances, mMerumasvithey. EFheppgloRuipr spEmFar R piRapie Nedd indicpddend grp G 1 a
is a schemat , i t Lres, wth at | east one

nol ecul e at tcb %ngeﬁﬁ{tg)?@g%? %aoog’gg h{ehﬁgﬁ?%@\?mﬁ ('r%gg\;%'fIS'OZO] FIG Ibis a
perspectpve [@d(®yat i onal Vi W, méleqilgicon@riniondhun@eorah @othetidatiohG. 1 a; 2 5
[0021] FIG 2 is a schematic nodel depicting an E-field-induced band gap
change via ttul ar conf ol Pechiege o leAisgded ¢opjupatian we shemigpldopdingsbusigy :
[0022] FIG 3c i S ﬁq%chcgmat, iog nodel depicting an E-field-induced band gap
change causé%lalba)?g? S %ad)é of extended conjugation via charge separation
or reconbi Ny acconpaniq@rame&mﬁqggﬁiqgsgapmﬁ%reasing band | ocal i zati on;
Case 10010538 WD 02/ 08WU290 5 PCT/ USOZ/g101~7 [0023] FIG 3b is a schematic
nodel depi cti@®i@lan E- fGhehgng mfuedendbd mdniygptiarh afng ehatzioal eboridinge blzange tof

S St G REN R e
E-field-indygegsyband gap 5 9hange skpRatd QCebdnbihlodi DgoRpanfld Btiaheng; and

[0025] FIG 5 iS a schematicC representation of a two-dinensional array of
swW t ches of itgher ¢gecregsng bandvegalizaion; efepi cting a 6x6 crossbar switch.

[0014] (b) change of extended conjugation via charge separation or re-
combination and 7t-bond breaking or formation.

20  [0015] The present invention provides nanometer-scale reversible electronic
switches that can be assembled easily to make cross-bar and other circuits. The cross-
bar circuits have been described in the above-listed series of patent applications and
issued patent. The circuits provide memory, logic and communications functions. One
example of the electronic switches is the so-called crossed-wire device, which com-

25  prises a pair of crossed wires that form a junction where one 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 nanome-
ters or larger for multilayers. The connector species comprises the molecular system

disclosed and claimed herein.
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BEST MODES FOR CARRYI NG OQUT THE | NVENTI ON 10 Definitions [0026J As used
herein, the term"self-aligned" as applied to "junction" neans that the
junction \t’vﬁaotz/()?;&'b the switch and/or other electrical coppg Mm)lget ween
two wires is created wherever two wires, either of which nay be coated or
functionalized, 15 cross each other, because it is the act of crossing that
creates the junction. [0027] The term "skl f-assenbl ed" as used herein
refers to a systemthat naturally adopts some geonetric pattern because of
t he identity0@F6]t he cdiipopestms aferdtiva sysitdeds tdveradyisivenypashoevesichingl east
a local mninmumin its energy hy adopting this configuration. 2 0 [0028]
The term "sinefgmmélahﬂi)gaareiqﬂ%é@ (’%rl?efé[fﬁ‘g indyged Eptatigng frat depst efatRiptahle sectivhi e
" only once vi jer i.bl.e S C, i A OF; pon
reaction; sdgqﬁ&z dsfvar fn\é) Cgfggdobcet%%g abs@g %a]p a";f %rg olg?(lggﬁaéira’b(?g Er)g%lgsg%%arrermry
_ (PROM), for chagapkgaratjdh0@9k-cbhmbirtaéiomof trecanlecye vidétenics doadihp @harggesnd t ch
can change its state nultiple tines via a reversible process_such as an
oxi dati oh orchargeubeibgnd gapy Gy fistield indygsd hand gap chgngectia mpleqyle HidingPrand
cl osed mul ti i S t r i i o : ry
(R . [ 0030 Ghley Thesc el e ReAEY ckphlidrey (518 RO LTRSS TRAY
mol ecul e hawrd@ bavBistiggidshied elom katiceaabalingh@t(ésscab@ninathe dbbwe-@aentoredgy (or
activation) barrier. The ' nolecule nay be either irreversibly swtched
from one st delatedpatenbapplisations anchgatgnty Biatarg diregiad shelegtrasherpisgldeyiass.y

el U 120 1 IROPT Uittt SRNGATE ol EF MR iRbes RE obRATBCRe . O

di mensi @os tskafchr ARESHE Ao theimléMEhEr mbesas §iEive sthal, osTRie8ichifg $ints .
(0032] Sub-mcron scale dinensions refers to dinensions that range from1
m cronet er dowexpested [@Be ey fatedlse.ghe molagols prenandhempler spdihas gaser@dons
refers to dipensions ¢h . a [ nanoneters (0.05
m cronet er s)c. CTR%g%]mﬁ @%%Flh-%sq gg‘rgex{eg’rr?(?%g %%ér;éi %%gﬁfagec acloiien%v?nﬁl(r?%ss refers to rod
or ribbon- sgaom] condureGhsleaWlaS&RicAOHITIAE tppdsentiinbéhiibinds BRpeeteddtb IR @S
having the dinensions of 0.05 to 10 mcroneters, heights that can range
froma few tiarsvaietn ghepplicetiens, ancdudiig, ot aob datited | togagmosiag tlpgic glevisever al

m croneters a onger. Basic Information on Prior.Art Crossed Wr

Swi t ehed ] ooanpleRg el ery dpREERIE TP RoMeEE hoe R itul! ey,
and are di slpogtnifblel FudhedlqFGEALRIctoss-Bal HRitheg il @hih@capioh &tvices,
applications and patent. A crossed wire switch 10 conprises two wires 12,
14, each ei tsuek ancautagiphenessmabiteoappliances, and POAs hat are crossed at some
non-zero angle. In between those wires is a |layer of nolecules or nolecular
conmpounds 16, denoted Rin FIGS. la and | b. The particular nol ecul es 18
(denoted R5) that are sangmiEmpgsSeRIFIEON OFAIHEDRIAWMINGS the two wires 12,
14 are 2 0 identified as switch nolecules, also interchangeable referred to
herein & a junction.

[0019] FIG. 1a is a schematic representation of two crossed wires, with at least

one molecule at the intersection of the two wires;

[0020] FIG. 1b is a perspective elevational view, depicting the device shown in
FIG. 1a;
25  [0021] FIG. 2 is a schematic model depicting an E-field-induced band gap

change via molecular conformation change (rotor/stator type of model);
[0022] FIG. 3a is a schematic model depicting an E-field-induced band gap
change caused by the change of extended conjugation via charge separation or recombi-

nation accompanied by increasing or decreasing band localization;
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When an appropriate voltage is applied across the wires, the switch

nol ecul es are either oxidized or reduced. Wien a, nolecule is oxidized
(reduced)ynt second species is reduced (oxidized) so t charge is
balanced.wﬁﬂgggn o species are then called a redox pair.P%E S@%Hﬂb e of
this device would be for one nolecule to be reduced, 2 5 and then a second
nol ecul e (the other half of the redox parr) is oxidized. In another

exanple, a nolecule is reduced, and one of the wires is oxidized. In a
third exanpl[@023 nol ediGe3b ds axictemait, madel dopictiof dnhB-fisid-@duded ta@duyged. 1 n
a fourth exangle, one wire is oxidized, and an oxi de associated with the

ot her wire {CHangsfauser bychange) ofcxicaded eRniueatipn Nidothargssaparatin Qtirpeomdinact t he

* tunneling ditl?))%%ﬁc?ﬁ-b%dE)lefi}mggpf%l#ng@onbarri er height be 3 0 tween the two

wires, thereby exponentially altering the rate of charge transport across
_the wire juroeidpn, angigenvisng saentalie Mokl depRtingd ah VEIEl-inkRse thA@1HB38

WO (12/08029U 7 PCTI US02/101~7 [0036] The el ectrical tasks perforned by

t hese defi cebangedia melgeylyr falding orisirelghipy; ande types of wires (el ectrodes) and

the interwr, terials.that are used. Table ] presents. the various types
of devi ces t[ﬁ%ég?m' ght IFE% Ea‘ﬁr‘i‘éﬁli’eé%a"ﬁ ?ﬂ’r‘ie\sfé’lta}t‘é’ﬂsoﬁﬁﬁb‘ioh%‘?%%“ PR P  es

12, 14 in FlsGRchedof the presd@Bhention \WepRtindh 664 £0648Ar MALR 1 al S ,

Devi ceMet al - Met al - Met al - Sem conduct or - Sem conduct or - Typenet al et al senmi con- S
em conduct or sem conduct or (sane) (di fferent)ductor(p-n

junction) (heterojunc &m ] I r Resonant XXXt unnel i n
gr esi st or Di odeXXXXTu i E&mgggﬁbm\ﬁﬁmjﬁwl odeBat t er yXXX
[0037] Pbgpending on the nolecules or nmaterials that are used between the
wires (the electrodes), each junction can either display the types of

el ectrical fRafipitions 10 descri bed bel ow i medi ately on contact of the wires
or the junctj can have a switching function that acts tg connect or

di sconnect t[h@ikl]vvo Wi 5“%38&%?“%4%5& Feﬁéélllg%?.d ThARPlisdite cnelen aneansr be
si ngly conf iyghkablRcRin HECRRRE 9 GAlcR:ankAdr bR Licks DR%eilihingh State
of the switch is Jopcen nor g@?oseg.*é I'n ct hag s(racontrjEgasltg?lc‘%aﬁ%%%g%f%gfhggg WO
02/1180290 8viRCTS List2d Whtreldr oycivirag eithe gfoltdch inay dedomag o fundgormlizéd)e

vol tage_on the sw tc{;u beyond t he appropriate threshold values) it is

possi bl &>t o SFN &3 ARG}, Becpesebis dhe st gl eressingethat ey e dwiciered naterial s or
nol ecul es t se or ] L NETVARN . i en
cl osed, theq??/igqe) of e@gﬁ}?@};ﬁ%@%@?l on l%stﬁg{mf%n %egt%gg&%éﬁﬁ%él%'r
depends upomally sdoptsneirer geoieetfic partenh bedautehel the rideniti(yoof ik @oinponkasy ofathe
fabricated as well as the identity of the nplecules or materials between
the wires. [Y8%B] theasyptem acaﬁéfe%a‘s%é%a Reapimugy ing ieengsgy Bl adapjips shist
functions thBfr%%@ﬁiQQ(_a obt ai ned from various conbi nati ons of el ectrode
material s an terials or nole cules used in the junction. A resistor has
a |ineaeocurf0@2s]- vol t dhe terhatsagdipeordigueablesinnkans tHed a gaiich ban dhahgoits amal |y

over-reduci ng, the junction between various types of wires to es sentially
form a shor tONY} Qe Via WTREAHbIRIOMGSS sich ayap o laHan prredpctioniraachppciisk ai s t o

and of fecl | ours" e P Rt P e e FATERAE bty PR, PR 27 Ohe

posi tion of [0629]) unct iThe.terdn astoafigurgblee Meah O thatBi Hiddh arAchdigh its state
approximately 2 nanoneter thick, insulat 15 ing barrier between wires and
has an expord@HtPIaItBGs Yid it raysrsibiey @Tecsss sicheas 4y pxidation pheecdpetion; tim ther
juncti opcnol . rd vy def i ener st at e.inside
t he ban 59a|3$ Og ’gﬁe %flééﬁaﬁcﬂgﬂp%n?@sﬁﬁq glto ?6?3%%%}% tgxﬁ’e{]’%g?h %Satﬁg%%en&%rx g’étged by
el ectri cal | yn biragbmoactdse njemitsty (RAM)E he connection between the wires can
exhibit a flow of electrical current that is dom nated by the process of
resonant tudf@@0lng. TH&e tesgohirstablelms applieg 1o agneleenlp meanscemelseulo having e
inflection points,.| he ot herw se ex ntial current-vol.tage .

char act er i s'?}”g g 1?1 méeqﬁlj ety S:fn%t%‘c’l %etp(%&?e%ib%%c?ger& gr P{}Wé{l?@gbﬁfﬂ%& Thssses

" current norendlasid say Be @RtBertite@SbibBNsWitABd fidnt b QhRAH thABilet R @&h-an
asymmetry in the currentvoltage characteristic for positive and negative
vol t aged0 A figurabie) on i velistdieswiiehed drom pieestaso $0 thievathen éxgaonifigarapid)t age
asymmetry of the diode and the exponential - current 2 5 voltage
characteristic of the tunneling resistor. A resonant tunneling di ode has a
positive-negative voltage asymetry plus it has a peak in iGase 10010538
current-vol tage characteristic, such that over a restricted range of

i ncreasi ng magni tude of the voltage the nmagnitude of the current actually
decreases, a phenonenon that is known as negative differential resistivity.
In general, any real junction between wires fornmed by the processes de

es



3 0 scribed above will actually have two or nore of the electrical
functions described, with the effective circuit elenents connected in
series. 538 WD 021080290 9 PCT/ US02/101-47 [O t he
pr esent Fﬁ?en&?%%prmy be executed with any nunber of net a?'?%]us@ﬂﬁw
sem conducti ng wi re/ nol ecul e conbi nati ons, depending on the device
properties desired fromthe assenbl ed cif)cui t. 5 Basic Information on Prior
Art Fabrication of Wre El ectrodes [0040] Process-Defined Wres (defined as
wires that d0@1jrepar édidoyn-salevéintengingd refbsab rdimensi@isr thai tanpe Goes i mg
techniques; wires are typically prepared on a substrate as part of a
circuit): (GMT]’te'i\thaailel‘“y'ngW&e‘%réh‘i génhductor wires, with dianmeters ranging
" from several M cr ongy t&’?"-’t n

m cronet er - sc%ffhe) or wf’f%&a‘s“a?r‘e%i?@@r“g‘r?g% % gen%ﬁrgggsﬁ%gsl @th& %r%’tmerl down
. to 40 nenonehierandielefdwned 0e05 midbornetersonet er scale) in diameter, may be
prepared _usin vveI | -established art, including |ithographic (opt| cal ,
ul travi oPet ,[0&3lel ect r%‘WOS@%}SCQ & dHRGISIRYE defersTioedimengiprssthabiange fipmh@e a
ri bbon shap t8 | though circular cross sections

$afld Etggs At Lﬁ[ﬁér{lﬁéﬁaﬁ 8?%&' terd

are not 15 pre Wi re being determned by the

| i t hogr aphi og34jcess M&%d—&aﬁ&fﬂd@bﬁﬁtﬁoﬁ\fsda@e oNes tefdrs beidandr rivdoRghRbI ned
by the amount of material deposited in the region defined by |ithography.

[ 0042] memceadmcyompém@nwm&wub vadids o diemetarehyyingthe dimngicne ofifi0gues

ot her than qgrmerrllltl on el roces wres are

|
typically prepare romgters W II% tf e netertas | “’%M&Wr}f’% Opégnoﬁl}ﬂetrs & 30k rcui t

board): 1p0042iméft, ahdwﬂgthsem&efwuﬁmmewwlb Reral © defined as wires with
di aneters bel ow 50 nanonet ers (typically 2 to 20 nmanoneters), and with

| engths in the range of 0.1 mcrorreters to 50 m croneters {typically 5 to
10 m cronet exas) nakomey Pre A i e8y using any one of a nunber

f tech bed in th \ ' 4
gxangfemo?uiﬁ?ﬂﬁif[ e L%ﬁ?'ﬁ%{e?‘%?e f%gurfe# R A e M P
aNOW 1 65 Ofeutde8 i QRLEQRRSih A RIREREhicEPAMERDusHclyfors Anf Galh, PLEBRRLUM

tetrachl ori de and phenyltrichl orogermaniumw th "a di spersion of sodium
met al i n theviso$wigaht 10 ainymises tvendirat 123 18 eenok erbarranetelaor s8@@Cnducter wirgsed

vessel ) und 3 0 an rt _environne or a period of sever That
prepar at i on%art&ﬁ%‘érﬁsegl ﬁb‘?“éﬁ RAETP 6’@}%%%&’““’ ?ﬁ’é‘@% lyger @%ﬂ%%ﬁ"ﬁlOl 7
crystal ger nRRIRIAIMo8dsOf6, AbRNE] RIif FIBSEEa 4 Idﬂnfh%anea%%o@écmesand of
lengths from0.5 to 10 mcroneters. [0045] A second exanpl e a reported

t echni que f dB fderotpd ddutrl ere &aﬁdw@hvcwhdmonmsenmmi thestwof wtrdmelz 14 are

sem conducti.ng el enent is, to et . contai ni ng
oF oront 2P s ificheficS TR AR hoiiines, Bish dpteRBfaeuBR G Rt T el ot B0 S002
and an i nertweasan & ﬁrbﬁr‘i\ﬁgvéllfﬁg@qgﬁpﬁlﬁ@ &V&Qtlﬁ%lr@tﬂe@@vn%ﬁﬁélb&ﬁés‘ 88 ei-
process. This technl gue produces silicon wires that have dianmeters in the

range of 20 they @addized or reduced. When a molecule is oxidized (reduced), then a second spe-

cies is reduced (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,

25  and then a second molecule (the other half of the redox pair) is oxidized. In another
example, a molecule is reduced, and one of the wires is oxidized. In a third example, a
molecule is oxidized, and one of the wires is reduced. In a fourth example, one wire is
oxidized, and an oxide associated with the other wire is reduced. In all cases, oxida-

~ tion or reduction will affect the tunneling distance or the tunneling barrier height be-

30 tween the two wires, thereby exponentially altering the rate of charge transport across

the wire junction, and serving as the basis for a switch.

Case 10010538



nanoneters,

and lengths ranging from1l to 20 mcroneters.

[ 0046] One

exanpl e of a reported technique for the production of netallic 10 nanow res

of the bbgag) ement gold is to electrochemcally gro ires within
t he porgsﬁgk/anzanodically et ched al um num oxide thin firggﬂhﬁgwg[ m num
oxide is dissolved in acidic solution, releasing the gold nanow res, which

are then collected. Gold nanowires growm’/ in this manner are characterized
by diameters ranging from20 to 30 nanoneters,
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WO 02/ 080290 12 PCT/US02/1 A .t7 The dodecanethiol not only will provide the
wres with a thin surface tunneling barrier, but will also allow for the

Wi res to g dsRss sed in sinple organic solvents, such as{,&?ﬁg@mgj&s [ 0055]

chl orof orm Basic Information on Prior Art Wre Prepara

The follow ng materials may be prepared as nanowi res according to the
reference listed. [0056] Silicon: AM Mrales et al, "A laser ablation
met hod for the synthesis of crystalline sen conductor nanow res", Science,
Vol . 279, ppychaghe pelafigaand magni@de obdE volt @@ 5| thGewenbayond theRppidpeat et

al, "Aliqui ol utipon synt hesi f single crystal gernmani um quant um
wires", Cﬂeﬁgrga ol Hf}suf:%slyll_se[’)?sész? ?C\/ v'ersg)@g,oxg%z'e. %6@8%%(’115?\@ i’ls,e{ei@%).

1 [008] et almdaovir ailecklR to MR ehetine sWiRRIhAR LA, Ndifuatigp of 15
Nano- el ectrode Ensenbl es", Analytical Chemstry) Vol. 67, pp. 1920-1928

(Jul . 1, 19%%)sed,[thosPr ofglectricohednngétivg thitlis owde batween seneires deptndslupon

" "Conbi natorial approaches,t rd.patternin anocrystal s", Journal of

Appl i ed hyéﬁ%?ﬁ%ﬁg%r%ﬁyhb%%%%%§ g%féf’cfr@g S?arf,fala_r 3 oYl Srtheidapier of
r ef er ences) .of thenbROEOIoFHiNEELIOBRhIcZA 13 WiRe, Sur faces of Gold
Nanostructures: D.V. Leff et al, "Thernodynam c Size Control of Au

Nanocryst al 40038}per i mérabledraboV eloows's mitix afabe paiowsfrygelb v fmﬁtioﬁlﬁﬁﬁcahr Y,
Vol . 99, p. ,7036-704 May. 4, 1995). [0061] Ml ecul ar switching components
may Ccone frc?ﬁloi’r‘ﬁ}“‘?ﬁiuﬁ'l%%rv%f’uw?ff‘@ﬁ“éﬁ‘ﬂnscqfe? ggd%m%qalécq@riégqterembemio"ﬁg,

again, on tRadesdd RAnPEMRELS | £%esRortHE agﬁ_gércc%greﬁté?%%gg cF%cté&?s?féisgn%ﬁgnt of

the nol ecules is that, en they are sandw che ; ey my
be el ectpochmesiedalintgntiwsily ioser-fedudng Owijolicziod borweer dutad)ybss o ptey tdigs-a

vol tage across.the wires. Wien the nol ecul ar conponents are so nodified,
the net ef f SERUILY Topma $hoat eiichilePstwgem dier Wies. phevrppRsitenel thip Prdcessisite

modi fied, a D84t ioqu todl ' . ] he basis of
2w toh 1 hat "o SpRucht ERR il B3 GRANAC o olfech S0 PGS 20
communi cat i divelrisead geabire (uedtergn PeEnoicdust) iVeae uiteadt thvpdii@Soc@B jimic! ude

redox pairs of nolecyles, in which application of a voltage re Case
10010528 WB G624 § UCSISOPTRINGEDYY ion.-aPProximaislyohsansmei¢rehigl) imsulptes and

oxi di zesggt h?}g%gzﬂﬁér ?é?@céar?(@ é gncflf\as.saﬂ%a erfqgl%F%p%ﬁ{-vél%%?ﬁh{&g%tégsg%gﬁtthg €.

ni ckel ocene I -cycl opent adi enyl ni cke )
tyl ammoni umcheexadtljuestiop mod phadscor (MBuerdNAiE . shigly @fckd efbrg) £1810.inslthed be: 5

10 15 20 25 band gap of an electrically insulating barrier that can be accessed by electrically bias-
ing the junction, the connection between the wires can exhibit a flow of electrical cur-
rent that is dominated by the process of resonant tunneling. The resonant tunneling

20  can produce one or more inflection points in the otherwise exponential current-voltage
characteristic 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 current-
voltage characteristic for positive and negative voltages. A tunneling diode has both
the positive-negative voltage asymmetry of the diode and the exponential current-

25  voltage characteristic of the tunneling resistor. A resonant tunneling diode has a posi-
tive-negative voltage asymmetry plus it has a peak in its current-voltage characteristic,
such that over a restricted range of increasing magnitude of the voltage the magnitude
of the current actually decreases, a phenomenon that is known as negative differential
resistivity. In general, any real junction between wires formed by the processes de-

30 scribed above will actually have two or more of the electrical functions described,

with the effective circuit elements connected in series.
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30 [0062] (reduction) Cp~Ni + Bu4NPF6 ~ Cp?Ni - + Bu~NPF6+ (-1.7 V) [0063]
or [0064] (oxidation) CpZNi + Bu4NPF6 -~ Cp~Ni + + BuaNPFb (-0.1 V) [0065]
e duction, as

The ni ck stemis of particular interest in that ther
pr obed bs\k@%ﬁ}a?uzg% phase cyclic voltametry, is highly as§Wé’§ 1:0“7Such
asymmetry i s anal ogous to magneti zation hysteresis curves that formthe
basis for stable and rewiteable nmagneti2 nenory. However, in the presence
of oxygen, the reduction of nickelocene is irreversible, as probed by

sol ution pha{QQSSqu t amiitus ythe preseait trhventi@asey be extwated avittoanyarinthet bpmeaf- t hi s

systemw | | rmdlf t he tunneling barrler between the two wires between
whi ch t he @CW@C%&W Aiderulersrrebingng. dgpepding CBuUbe dspes Rfapers

“either a recti?:'@fdleé]l‘érd%m&the%rsse%b?éd‘&b% [confl gurabl e nol ecul ar switch. For
net al | ocene systens, see i I Hol | oway et al, "Electron-transfer
reactions of netall ocenes: Ian uence of netal oxidation state on structure
~and reactivity', Journal of the American Chem cal Society, Vol. 101, pp.
2038- 2024 (b o b dighricatis §etradssci es 16 conprises a

AL AR R e T S

fromcurr enteiembhﬁgﬁercﬁh@rcaﬁismg &bhrﬁ@udsﬂw&e§m{eltyblszllgt@elbdﬂétl:bh @Rubdmspml es of
such species include netall ocenes, rotaxanes) pseudo-rotaxanes, and
cat enanes, VRFH 2<8Yilon i ntranol ecul ar hydr ogen bond| ng. Wil e such

nol ecul es arg eful f scl.osed

i ntranol ecul Aflydr ogel\gé%ﬁllegmg%fg]gr%g%%k(gr%' erservcjat %erégasqgllggé%é%‘é?é‘& under
cer t ai n10ondhicisMiders 36 a Gl HIRIMBRP V&AinBd as Qﬂ&rohﬁt‘e@@&dl@n ol Q& diant&i8rs
present invention introduces several new types of sw tching nechani sns that

di sti ngui sh rmﬂgmg 6mrt mengiﬁﬂwromqter @a@etoﬂ@omgesters (vldm@/@awgmcmmaer
PCT/ USU2/ 1UL el ec Iatl on
of at |east 8%‘8 ot %1 %f stecet ]i)reﬂarf’% 8%‘8?)‘”3 resg%Hgfegé’ﬂﬁ é“‘%‘bdl grap ¥ band

gap of the nepeaul @iratioRE%r €1dtrder bésh)dtechsbIeaes. mewavlﬁ:@pﬁfrﬁahnpma% a
reconbi nation of the nolecule via chem cal bonding change to change the

band gap; arfibbon[shegopr (gyangufay eqrqsslsqmwltbam glaplwhemgre saetiansaicenat| ar

fol di ng,er in Thus guer, ox i zed nor

reduced 1?’n t%gc&f‘f&g&gl‘&h ti]g %%1' fht\l/!él"a’t e g?lﬁgcdgﬁwglgflsqy Bﬁﬁtlb?gr%‘&‘t‘c BISFSaches.
Al so, the pafstd @b ddﬁ@erfﬁéﬁbﬁbﬂ and At hdlPmeBeihs d@ﬁhéa?b? Bk lam&At ohensuiifichi ng
time is expected to be quite fast. Al so, the nol ecules are 10 nuch sinpler

and thus easﬂeEiDSl@ﬁdnmeegjemdeweﬁdiyéltbmwahe r ot axanes cat enanes, and

rel at ed co The are exa deI

wth a briefd -k ' gﬂﬂ’é?‘? Bipes TYS@%M% f}l%ea%ﬁwaﬁead band
gap change \@oavémioﬁetﬁlaﬁroﬁfzrﬁreémhF Q&hﬁélo@f‘%‘ﬁ& 4rk %ﬁéduzt;ﬁ&ﬁh&e& YPLHLAk
nodel) - FIG [0074] (2a) E-f d-i nduced d gap change caused by t

change &0 eﬂnéﬁ@@drad@h}h@gaﬁ P@hof/ilalr@hfahoged)separ atl on or reconbi nat| on
acconpani ed j,ncr eas| or decreas band |.ocal iz Fl G [ 0075]
(2b) E-fiel O[B?‘#(Juced Mg Gaf Semirgn ‘l?g{isaﬁ"%’f}‘eéhéﬁgit hf“"‘dz B eicenal

conj ugat i on dfhdetcReBY SERMoRIHRY (t g?ﬁlcélgﬁPmm%b%te?ﬂdad%\bWQnﬁfh@%ﬂﬁg or
formation - FIG 3b; and [0076] fi el d-i nduced band gap change via

mol ecul e f olrdigegofo®. lsmceqmmrﬁgo 50Fm@r0maer[S(IQ®?qanEeﬁctm hbdetrometers). Theeor ti ng
exanples, is d| cussed However xappl es given ngt to be
consi dered 1T ¥9 Wﬁpfﬁ%bﬁ‘WEﬂyW%%’Yt% 36 50% %*? ,degzgygxp&%&e

i I'lustrated reRpdncepSidal bl el y exenplary of the above switching nechanisns.

Model (1) E Field I'nduced Band Gad Chancre Via Ml ecul ar Conformation
Change 3 0 ([P944dr/ St at@me Toxpmplef dbdelrpported technique for the production of

semiconductor nanowires of the semiconducting element germanium is to react
germanium tetrachloride and phenyltrichlorogermanium with a dispersion of sodium
metal in the solvent toluene, and at a temperature near 300°C in a closed vessel, under

30  an inert environment, for a period of several days. That preparation produces single-

Case 10010538



Case 10010538 WO 02/080290 15 PCT/LISO2/1A .17 [0078] FIG 2 is a
schemati c depiction of this nodel, which involves an Efield-induced band

gap chang\gov@g}g{gecul ar conformati on change (rotor/stat OFF%%Q@R%#JMG' ).

As shown I'n , the nolecule 30 conprises a rotor por a
stator portion 34. The rotor portion 32 rotates with an applied electric
field. In one 5 state, depicted on the |Bft side of the drawing, there is
an extended conjugation through the entire nolecule, resulting in a

rel atively sifgitdlegermamumganowines bhidiaptehes the¢eatoethirfyohdnowieregs, rantl aff ilengtiaf t he
rotor, depi éled 25n the right side of the drawi ng, the extended conjugation
i s destroyed O PEsui i BTN de el ati vel y | arger band gap. [0079] The

" foll owi ng reguygienent sy r@é%@mcb%xﬁ‘fﬁfélei bf tah}eEoHde%c'hniéc@e[Bp%% F-(r&%‘ﬁgigq]()f( b) In

nol ecul e nust have at | east one rotor and one stat segnent
one state ofsetthiendottecudnewitel of theshmidoddiningelanemt sitiech, HOMDaseanapize aUMOs
" (~t-stat gs and/ or nan- bgpdi ng .orbitals) that extend over the entire

mol ecul e>( r JRGEY SIntapns slemesial sylicon apd iren s Thetagast 1splpced 18 papgium greHti t al s
are lo 15 cajy ae! ; DT onnecting unit
bet ween rot oﬂrjogﬁg’ %@a%ngﬁe%%?%e a sfils[ hgq%gﬁéb%g\gegzd&r%gtth ga é)ﬁ?%hoél PGS wi t h (

1 ) non-bonditig tehRigue Phsducgs Silicet Retes eh Hav® Afanetdds il De rahgLbLOONORY, OF
(3) n-electrons and non-bondi ng el ect ronsé to connect the rotor and stator
with the a-HERamerry apdlgagths camginpgom drio BB mitiogqetdrect rons, or ~- el ectrons,

or ~-electr nd nonsbongdi ng.electr of the rotors) ,and tators) can
be | ocali zegag?(ﬁdel ocartPlipczg)?i n&@%éﬁ | I 8@?}3 tt%émc%%ff%ﬁ' hﬁtff%ﬁu%‘f’htcﬁemﬁtﬁﬁ]&ul e
while the raiaaowired af &6 mwdlc aleincHEdd idxp cbtubednataly Zgr&Q%ld Wies WiiBin

conformations) of the nolecule can be E-field depend 5 ent or bi-stable;

[0085] (f) The pBiesfaplagodicallelyhashiiuménuae Akide sbinfiim. fhe alungnuinnxde is
rolecil o | ESRAA R OO0 R P SR RORe SHER PRSPl
WO 02/ 08029Gold halré¥1rédSR8wA QA tHid manner are characterized by diameters ranging from 20

to 30 nanometers, and lengths ranging from 0.5 to 5 micrometers.

15  [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.

[0048] For the case of Si wires, the wires can be doped when the wires are
physically prepared. In this case, it is necessary to add the dopant into the reaction

20  vessel as the wires are formed. For example, in the laser ablation/vacuum oven prepa-
ration technique described above, a small amount of dopant gas, such as phosphorus
trihydride (PH;) or arsenic trihydride (AsHj;) is added into the inert gas (argon, for ex-
ample) that flows through the vacuum oven during the laser ablation/wire formation
process. |

25  [0049] Conversely, these wires can be modulation-doped by coating their sur-
faces with appropriate molecules — either electron-withdrawing groups (Lewis acids,
such as boron trifluoride (BF3)) or electron-donating groups (Lewis bases, such as al-
kylamines) to make them p-type or n-type conductors, respectively. See wire prepara-
tion routes listed below. FIG. 1b depicts a coating 20 on wire 12 and a coating 22 on

30 wire 14. The coatings 20, 22 may be modulatioﬁ—doping coatings, tunneling barriers

(e.g., oxides), or other nano-scale functionally suitable materials. Alternatively, the
Case 10010538



[0086] (g) The band gap of the nolecule will change dependi ng on the.
degree of non-bonding electron, or n-electron, or [err]-electron and

non- bondi on de-localization of the nolecule. Thi ge the
conductldﬁgy%ogﬁ&Le nol ecul e. [0087] Follow ng are two exg ¥$%£y§$§?hls
nodel (Exanples 1 and 2): 5 [0088] The novel nol ecul es of the pr esent
invention are active electronic de vicesllthat can be switched with an
external electric field. The general idea is to design into the nol ecules a
rotatabl e miwidéselsdgrhemnselvesnmy)be3Ratchatitthere @ thaedesmicies|16, moineindre (ree

Exanples 1 and 2) an at two other portio f the nol ecul e 30that
arerer"rDbl | i %8 %rgﬁsa bﬁg fﬁﬂm({(}zﬁé'?t ?lﬁé“‘}t‘r’f?%'u@reild‘é‘r%fﬁ ﬁa gwbeéaatg@ &ty i ¢

“field, the vggledflaf eci@k@@lﬁzr@:ﬂ%m f&h& Olth2nibik lond t |lgn
par al I el to the di I‘g{:tl on of 'the exvteg{ nal alﬁ@}l . \I/\]/everon %LBBEP, ecu e 30
i s designed usubpended totﬂoeneoﬁwldallsmmnsnoasadé discuss¢d elow] ecul ar f or ces, such

" as hydrogen i ng or d| ole interactions as well as steric
repul si o?? @ﬁgﬂ st ablT‘?‘i er t 8§ 13 ‘ﬁﬁ‘f‘oﬁ‘a‘i‘f«tﬁl%lltdﬁ DgESSEAY b shsmucalivt h

respect to tdgeidnahiy &e%ﬁrfa@b’tsthe it eérﬁ&ﬁlE' nﬁdrgirﬁc d R %aqq’vﬁlo
cause the rotor 32 to unlatch 15from|t tral orfentation an
Wi t h respectcovalentie bittdatoise S4)0-Hf griohps -di rtlmc&mnﬁate%f tHee warpf| Wanen fdiledodt | S

opposite to that of the dipole of the rotor. Mce switched into a
particul ar JrneRirat ?rSrFXP?Sﬁé Adited Hik S@@a‘iﬁnlﬂerr(bﬁﬁl)r?f SiOy Wall "%}Piaélbitfam,on
until it is M@iv esi gn
is that therazmag?ﬁz}e%t(g)rﬁlrcmrepu geo%l@fﬁg%fac&hqﬁ&gl?ﬁea&ee H;e r ot g&'gg l?rsom 20

rotatingot hribarglwid bmdphet @ lﬂﬂdcdegi-e)éthl'(fupgy@ﬂeenoﬂ nghiged to the il@del on is
halted by the steric interactiaon of s on the rotor 32 and

rou
stators 34 at-S¥fHiPeHos); a‘bﬁ%@ﬂﬁxﬁ?@ﬁgﬁéﬂg i€eH)REbm e others: ilal this
orientation..EUrgh i o] i stalllz
di fferent set %fk %%d?&reﬁm %‘5] (ﬁg?yﬁ ?(gr nrgq‘?% ({er%l d?o%e(?lanbg%rg%m %8‘f%%| e
i nt eract i onswitladrawing (b fes/id @idhedldctropldasRingVvgbumif alewiiBasaPAhieehefdiel d i s
turned 2 5 off. For switch nolecules, this ability to latch the rotor 32
bet ween two 5t 8k Rigdigg saelegudes 1By %l@prpé%i“f%ﬂde‘llk}c%uﬁfég? ée\geﬁ establishes. §ngt or s
is crucial . I r a aII | an t he
nol ecul e%I s Ilc%ﬁrp %@B&%ﬁﬁga f%r b%%in@%o efe?lon % udl § Oélsé@% Pgﬁ%"a?egr
n- el ect r ons,silédonris: eI ectrons and non-bondi ng el ectrons of t he nol ecul e,
t hrough its highest occupied nolecular 3 0 orbital (HOMD and | owest
unoccupi ed nol ecul ar orbital {LUMD, are delocalized Case 10010538 V1i-' O

02/ 080290 17 /11302/ 101~ </ hi s a high
conduct i vi t)IOF itch ON) stat(g Hf"“’tﬁReé]rTéqﬂgﬁh(ﬁD%e#:;%t%ﬁ@@&%e Mre t he
rotor 32 is rotated by 90 degrees with respect to the stators 34, the

conjugation of the nolecule 30 is broken and the HOMO and LUMO are no
| onger &8l od803Hed ovdPthehsemipenduetonmlitss girebe furictionalizeth avithowgasmatnines,vi t y

or 5 switch | ecule 30. Thus, the nolecule 30 is
reversibly sﬁ{chtg&tlseoggezlf]vxggﬂg@ﬁt%gaw and OFF states. [0091] Exanples 1 and
2 show two dob$xrent oxppardndlyi QRS pfiolsWiésehpiiéh tdte noW! ef UhSfulaldh-doprNpl €
|, the rotation axis of the rotor is designed to be nearly perpendicular to

the net cur raamicady synthesized ssmigondueionwires biseyst appearethin tha hare! Btega- 10
the rotati on & axis is parallel to the orientation axis of the nol ecule.
These design ns™al | ow di f f er ent geonetries of nolecular filns and el ectrodes

to be used, [@emgndi ng mmehfaséieﬁémedmhe@uést Such! &3 AN wires, Eﬂbewéf@sf heal
dotted lines represent electrodes, to which the nolecule 1s attache

t hrough an t@-chermk?ébefunmaﬂzer@mthdh-%f (fohegokinbt sitvergwiresd) or RsNH, (for
D P Sor b5 i s (g gt e O kB, "B THER oS S0ek o AINES- 0

coated aluminum wires or titanium wires), where the R-group denotes some organic

moiety that will lend the wire certain chemical properties — such as the property that

30  will allow the person skilled in the art to disperse the wires, as a colloid, in a solvent,

In one example, gold wires might be functionalized with dodecanethiol (C;,H,sSH).
Case 10010538



Y = H OH, SHetc l 1 ~S~Y~~-NOi ~fi ~I~~ YS-C vaitChCh
Switch O ~N1 .0~ ..... ,~HHI "~r Q~C ~J~H, ~Cf" S~i

Switch Ok gch On Exanple 1 PCT/US02/101.17 Y = H, The
nol ecul e s 0208%‘%bove (Exanpl e 1) has been designed with tﬁyrmﬁpllﬁgl r ot or
32 perpendicular to the orientation or current-flow axis of the entire

mol ecule 10 30. In this case, the exterdal field is applied along the
orientation axis of the nolecule 30 as pictured - the electrodes (vertical
dott ed |i nedhe dpdecan¢ibiol edt qmaly peldirevtiathe wirchwithlaathan s:ufrfathaanalmg band

er pendi cul ar or| n axis of the lec.ul : Case
20010538 “%\&’ ;f 0 3bip™ %&W’Eﬁ%@% fospersed 1 18IS ‘Prgal?fcé&éi‘:ftfﬁusecm el d
“oriented fraind@ht of Ghiblo®din. i N the diagranms, as indicted by the

doubl e- headed arrow, will cause the rotor 32 as pictured in the upper
diagramto rotate to the position shown on the |ower right diagram and

" vice versa. Basic fifosmaiamein Rrive AroWire B2pastifi Roweed in the | ower right

di agramis not coplanar with the rest of the nolecule, 5 so this is the OFF
or Tow condlf®Slity sifheéoliswingimatpsiabiqnnebe pipareias namewires aecordingophanar
with the re? er%ceh C{ml ecul e on the upper diagram so this is the ON or
hi gh conducti Vi e of the nolecule. The structure shown in the | ower
left diagr amo$epl cts Shroh! AN MoRdesSdrat e‘ADfasérQbPa‘hb@%e'ﬂ%d"@ﬁmetsls}ﬁthb'ﬂper

di agram (co-pl anar, conjugated) and the | ower right diagram (central

portion rot QFéwSt&hldm‘- eomicorficed )nanewirt Y0 SzlentheV ob| 280ubp. depitt ¢bmi 9,

Exanpl e ?1, |§9 n- conductive (or conparatively |ow conductive) in the

non- con gatéd’state. In the conjugated state, the nole cule is conductive.
[0093] For {Gu3710! eculRemamiumX3R| eath e abi“20ki§uidPRMiiRYCSyntARLE U il | | mis
grown, for exanple using Langnuir-Bl odgett techniques or “self -asser%o

monol ay15 eexystasgermanhat quansurowicsst a€Chamicah®hysios Letters,mddle 208, gp. 263-268

per pendi cul Q% | ane of the electrodes used to switch the nol ecul es.
El ect r odes %Vegé 8gsited in the manner described by Collier et al, su

ra, or nethegigfescri ReGall Nadd¥EreRDOVE- VRAGH ENGEGFRAHGERN and Evaluation of

15  Nano-electrode Ensembles”, Analytical Chemistry, Vol. 67, pp. 1920-1928 (Jul. 1,
1995).

[0059] Functionalizing Silicon: T. Vossmeyer et al, “Combinatorial ap-
proaches toward patterning nanocrystals”, Journal of Applied Physics, Vol. 84, pp.
3664-3670 (Oct. 1, 1998) (one of a number of references).

20 [0060] Functionalizing the Surfaces of Gold Nanostructures: D.V. Leff et al,

“Thermodynamic Size Control of Au Nanocrystals: Experiment and Theory”, The

Journal of Physical Chemistry, Vol. 99, p. 7036-7041 (May 4, 1995).

[0061] Molecular switching components may come from any number of dif-
ferent classes of molecules, depending, again, on the desired properties of the device.
25  The key requirement of the molecules is that, when they are sandwiched between two
wires, they may be electrochemically modified (i.e. oxidized or reduced) by applying 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 cur-
rent flow is changed. This forms the basis of a switch that can, in turn, be used for
30 memory, logic operations, and communication and signal routing networks. Molecular

switches can include redox pairs of molecules, in which application of a voltage re-
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applications and issued patent. - o JEEL . NO- GN_H+ Ao E~0 -~0 -J &
J Case 10010538 WD 02/ 0811290 PCTIUSO2IIUL.~7 20 OJ=E~. ~GrAOEND
O~~Ar v ad G O- O, Exanple 2 10 15 20 (0094] The, ..shown
above (Ex‘g%)lzém%o]has been designed with the in ternal ro g%%@#@?f@ to
the orientation axis of the entire nolecule. In this case, the external
field is applied perpendicular to the nmiBecul ar axis - the electrodes are
oriented parallel to the long axis of the nol ecule and can be either

per pendi cul @uc& oreadfaht @lolécaldsh@d pixadigesahe bitRr.abo¢Lapld@If sGEH bl@idlecR$ar FOr
exanpl e, application of an electric field to the ugé)ﬁr nol ecul e shown above

where the firedax paimaighhbe niekelnspeR @incx¢lopestadirayhpicke] ylos CpalNi. vidrdrgii-nt i ng
“upward will e r a i ctuyned. d t _di.agr.amto tate to
appr oxi mat el 205 RA0F bRk R e ek BHGwS e SHET RriFh S er
ol ecul ar di agram above, and vice versa. In this case, the rotor as
pictured in the |ower diagramis not coplanar with the rest of the
mol ecul e5 sd0@Gls is trduaicm)or Opebli ¢ BalNBEd Vi €52Nit 5 BesNFFd he (thl ¥Lul e,
wher eas the [p%tsir i; coplanar with the rest of the nolecule on the upper
di agram so i "the ON or hi gh conductivity state of the nolecule. In
the di agrampoddig | et t @bsidMiond. Bp,Gi + BINDF| HICEAE+Hd,RPRMNer®, V] f er ent
chem cal units can be utilized to adjust the geonetrical structure of the
nol ecul e, and ot her chem cal groups may al so be used as the rotor and
stators. (T tters N, H and Oretain_their Case 10010538 W) 02/ 080290
21 rch;oZmIlﬁQéﬁsual rﬂﬁﬁ’i‘%@ﬁ’fc@ fysteppls OF partigulagyntggest ¢ t]P?F]a“’:feq,”zil;i""i.‘yeasany of
the fol hgw NGobdielyBlRIAPhalEcttic WitaBmeSy, :hi&i§ adymMYUAE OSREDRmARLA heT
sat ur at ed ogﬂ%nsat)ﬁ{ at ed;@aorc)ﬁyar ocgr bgny’\/\iitﬁggfalyé%st one of ?‘Re Hy
above- nent i anechldgtus o atagngtization hylderesioauitves thae fdror thg diasig fort fiabld etd ez-s G
and J can be ané) of the. foll ow het er oat ons: hqv?grtggen, F, d, Br, I, etc.
5 [0095] ForVHPIfrotasRelie DeBONEAMKTEToin e PresenetsolPyegh ok BtHHOPIRSt t he
mol ecul ar  axji&elehBlsahk frsibf, bBrddkan @ludoRhaleeailAtRsry. Ticindfhsd Vol ve
filnms that arleerruleti pSI e rrtgﬁllofééye?g%ltehi gks u'I'lhe%rml ecufaes fgyr m 5?01” d-gt’at e or
i qui d crystradigtiom ontvixchtibhef lths gestaavidr mgdidy ge @neclingcheederi bittwegrothiet | on

by internol ecul ar interactjons or direct bondin a support structure,
but thelPot d?"’oi‘@"%sr%‘weeé'n%]lﬂiﬁﬁ theomplseales,prersp ‘t"ﬁgf’qt- gftht‘?’égls system could op-

erate as either a reconfigurable, or a singly configurable molecular switch. For metal-
locene systems, see, e.g., J.D.L. Holloway et al, “Electron-transfer reactions of metal-
locenes: Influence of metal oxidation state on structure and reactivity”, Journal of the

American Chemical Society, Vol. 101, pp. 2038- 2044 (April 11, 1979).

20  [0066] The connector species 16 cdmprises a material that displays a significant,
or measurable, hysteresis in its current-voltage curve, obtained either from solution
electrochemistry or from current-voltage characteristics in a solid-state junction.
Examples of such species include metallocenes, rotaxanes, pseudo-rotaxanes, and
catenanes, which rely on intramolecular hydrogen bonding. While such molecules are

25  useful for the purpose disclosed, however, simple intramolecular hydrogen bonding

forces are relatively easily exceeded under certain conditions, as discussed above.

Present Invention

[0067] The present invention introduces several new types of switching

30  mechanisms that distinguish it from the prior art:
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10 of the nolecules. Wth the proper orientation of electrodes, this
structure can be used to create a gated junction (transistor); i.e., one

where a vglit plied to one el ectrode can control the t that flows
bet ween t‘&/(k))og@ﬁ)ezfa(pel ectrodes that are bridged by the nol eggf‘@g&”[% 96]

Al t hough linking noieties are not shown in Exanple 2, such |inking 15

noi eties, for exanple, -S-, depicted inlBExanple 1, would be used to connect
t he nol ecul e between a pair of electrodes, as depicted in Exanple 1. Model
(2a)' E Fi ell@68hduced Band (Gam €eangdieth($eficldy) inbece@hangen of aFlehended

Conj ugation via Charge Separation or Reconbinati on Acconpani ed by

| ncr easi ng 6?[a§81658?f}°§é§1[‘%g°§éﬁ’81°£‘61€é‘{‘Fl?ﬁg‘? b -bappgrpAt the raplegyes; 5™ 5

- schematic dq&%@t}i on of thi %ZWQ?EIIC% iﬁmk&f'aflzggé)lsy D) .&ffie%rg&imﬂgﬂc thgand
gap change caused by the change of extended”conjugation via charge

~ separation onoléabovibcirmbicdrboadiag ohmpe &xchaygd the baabgapgadr decr easi ng band

| ocal i zation, As shown in FIG 3a, the nolecule 130 conprises two portions

132 and 2 5988] The nol ecyBeEfBld induerchban gan shagee Visamelegalar Salding orwi t h

| ess [err] 'gﬁktgﬁiﬂ};.i zation. Application of an electric field causes charge

separation in the“nol ecule 130, resulting in a smaller band gap state) with

better n-del[ogAl)i zat i athus,RAE aidRicORtis aevedfoxidiedaidadRSed Bt ME Rspglile oflecul e
130 to its original state. [0098] The follow ng requirenents nust be net in

thi s nodel : S&isl ingontoBBY prioglae WprEEEoHlspoths pag of thepmriewdo tyat WH¥Es $0099]

Th | t -y t. dielectri t ant, E~ and b
cabi Iy pol adtbeSmal G MEYFihER BEEns BBeRfi0 ke P Mugan BRsERE 88 (o 10
and pol aoi zahicBnimplel Gsd R eEhdd dndakeshedlo hdkd hav therothABA) Chiehdnks Alngl east

one segnment of the nol ecul e nust have nonbondi ng el ectrons, or
[err]-el ect rgad compeundk.ect r ons and non- bondi ng el ectrons that can be

nobi i zed o he entire nol.ecul e or rt .of the nolecule;.  [0100J (c
The ol ecul i&@gﬁi be sblrlﬁerg?lll(?%l% aﬁrexﬁ@?%ﬁg’? Podsh ‘?Olfﬁﬂ%)sl‘ﬂ’%(ﬁ r S?fde*&Bi( bl) e
di pol es) of graRiftoh&ioH! € can be oriented in at |east one direction; [0102]

(e) The charges will be separated either partially or conpletely during
E-field i ndd@@3]pol ari zat i dh) E{ff@eldosiucedl paiihgarstiangs vieinalévatageordepaatiati on or

ool gati op,£aT e, FluSiel dsRemetiool b etable, stabilized through
o3, o OB L1 2020 AR50 T SOy il i
r econbi nat i enteofled domjugation via charge separation or recombination accompanied by increasing
or decreasing band localization - FIG. 3a;
[0075] (2b) E-field-induced band gap change caused by change of
20 extended conjugation via charge separation or recombination and m-bond breaking or
formation - FIG. 3b; and
[0076] (3) E-field-induced band gap change via molecule folding or
stretching - FIG. 4.
[0077] Each model, with supporting examples, is discussed below. However,
25  the examples given are not to be considered limiting the invention to the specific
molecular systems illustrated, but rather merely exemplary of the above switching

mechanisms.

Model (1): E-Field-Induced Band Gap Change Via Molecular Conformation Change
30 (Rotor/Stator Type of Model):
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nol ecul e can involve or not involve 6- and n-bond breakage or formation;
and [010S] (h) During the charge separation or re-conbination process ac
tivated el d) the band gap of the nolecule wll endi ng
on the dt\g/o%/ogoeng of the non-bonding electron, or [err]- e?giﬁg@ﬂﬁ%

n-el ectron and non- bondi ng elec tron de-localization in the nolecule. Both
optical and electrical properties of thd5nolecules will be changed
accordingly. [0106] One exanple of an E-field induced band gap change
(conducti vi t[9978]i a chd?l@e 2siepascatinatic depice@pobihiatiodel, iwivet involyeban -

br eaki ng or d tionis 2 5 shown hel ow (Exanple 3): Case 10010538
WD 021 08029 ek QSI d'Bynd e chageevig mo‘ﬂ%Pro?qné%@agpa@afse%%r/stﬂw &pem ~ ~

R P oy LAy S o P o
- PCT/ US02/ 10Xst41ar Rorfiof G20The Tdrer b@t1b&l32\/kbtanes|5)m]mahexp§h¢c8 el&Sﬁld ficdd. olasm@nat e
an el ect 5On state, depicted on the left side of the drawing, there is an extended conjugation
through the entire molecule, resulting in a relatively smaller band gap. In the other
state, following rotation of the rotor, depicted on the right side of the drawing, the ex-

tended conjugation is destroyed, resulting in a relatively larger band gap.

[0079] The following requirements must be met in this model:

10  [0080] (a) The molecule must have at least one rotor and one stator
segment,
[0081] (b) In one state of the molecule, there should be delocalized

HOMOs and/or LUMOs (n-states and/or non-bonding orbitals) that extend over the
entire molecule (rotor(s) and stator(s)), whereas in the other state, the orbitals are lo-

15  calized on the rotor and stator;

[0082] (c) The connecting unit between rotor and stator can be a single
o-bond or at least one atom with (1) non-bonding electrons (p or other electrons), or
(2) m-electrons, or (3) m-electrons and non-bonding electron(s) to connect the rotor and
stator with the o-bond;

20  [0083] (d) The non-bonding electrons, or m-electrons, or m-electrons
and non-bonding electron(s) of the rotor(s) and stator(s) can be localized or de-
localized depending on the conformation of the molecule while the rotor rotates when
activated by an E-field;

[0084] (e) The conformation(s) of the molecule can be E-field depend-

25  ent or bi-stable;

[0085] (f) The bi-stable state(s) can be achieved by intra- or inter-
molecular forces such as hydrogen bonding, Coulomb force, van der Waals force,

metal ion complex or dipole inter-stabilization; and
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wi t hdrawi ng group, e.g., nitro, carboxylic acid derivatives, ketone,

al dehyde, sul fone, sulfoxide sulfuric acid or its derivatives, sulfenic
acid or i tives, hal ogen or hal ogenated hydrocarbq itrite or
nitrite d%/rﬁl VE’H é@s, or hydrocarbon (saturated or unsatur 5?3@%"%‘?1‘7 at

| east one of the above-nentioned el ectron-w thdrawi ng groups. 2 5 [0108] An
exanpl e of an E-field induced band gap clfange i nvolving the formation of a
nol ecul e-netal conplex or a nol ecule-Lewis acid conplex is shown be | ow
(Exanpl e 4):[0¢8de 10010538 (g) Wb O@)/ B0 ¢ DdleEgle (wiHOMM delddpddingoBthebeV ~N
C ~ ~~1/~~/N N S~ - M+t ~ ~ M+ Colorless State ' M+ M= H Lew s
Aci d) , RCN I@CN?RPG%@%S{"EFEC‘TO'MPF T-eleqiiong of Wlec&omﬂnmbwd&lwlewgn%

b sonr TotcAr o) HihehoRefer T Aok Syl SRIRET, U

nmetal s, or t[0e87 hal og@moeiiEar® b excspley oftitiis@hodel (EantpldRel a?nfd hew s
' aC|d(s) [011 As above, the pair of electrodes is omtted, as are the
li nker nBi etlPOE8]| i nki Agetnovehmplesules of thetteseal Bwentirteare apdveslestroniqde-

SQSFEECG’ S "W&s u‘la@‘é% bggwﬁéheﬁ Wlﬁ]n dn cae)!tgr%%lre?ec?nc ¥\Dl% ?hg gen%%efqdea 18 %”de%lcg%“a'

into the molecules a rotatable middle segment (rotor) 32 that has a large dipole mo-
ment (see Examples 1 and 2) and that links two other portions of the molecule 30 that
are immobilized (stators) 34. Under the influence of an applied electric field, the vec-
10  tor dipole moment of the rotor 32 will attempt to align parallel to the direction of the
external field. However, the molecule 30 is designed such that there are inter- and/or
intra-molecular forces, such as hydrogen bonding or dipole-dipole interactions as well
as steric repulsions, that stabilize the rotor 32 in particular orientations with respect to
the stators 34. Thus, a large electric field is required to cause the rotor 32 to unlatch
15  from its initial orientation and rotate with respect to the stators 34, if the direction of
- the applied field is opposite to that of the dipole of the rotor.
[0089] Once switched into a particular orientation, the molecule 30 will re-
main in that orientation until it is switched out. However, a key component of the
molecule design is that there is a steric repulsion that will prevent the rotor 32 from
20  rotating through a complete 180 degree half cycle. Instead, the rotation is halted by the
steric interaction of bulky groups on the rotor 32 and stators 34 at an angle of ap-
proximately 90 degrees from the initial orientation. Furthermore, this 90 degree orien-
tation is stabilized by a different set of inter- and/or intra-molecular hydrogen bonds
or dipole interactions, and is thus latched in place even after the applied field is turned
25  off. For switch molecules, this ability to latch the rotor 32 between two states sepa-
rated by approximately 90 degrees from the stators is crucial.
[0090] When the rotor 32 and stators 34 are all co-planar, the molecule is
completely conjugated. Thus, the non-bonding electrons, or nt-electrons, or n-electrons
and non-bonding electrons of the molecule, through its highest occupied molecular

30 orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), are delocalized
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2 5 Mddel (2b)' E Field Induced Band Gap Change Caused by the Change of
Ext ended Conj ugation via Charge Separation or Reconbination and [err]-Bond

Br eaki ng tion: [0111] FIG 3b is a schenmatic depjciL this
nodel , \/\h‘igérqg%vo ves an Efiel d-i nduced band gap change ciég{gtelgﬁf)@i{’he

change of extended conjugation via 3 0 charge separation or reconbi nation
and [err]-bond breaking or formation. Ad7shown in Case 10010538 V' O
02/ 080290 PCT/US021101.17 25 5 10 FIG 3b, the nolecule 130" conprises two
portions 132vemathd ¢hBd moldvalendil. eliud & 4 Bh eniddendys (swvisthaDINg rstapa figh whap

state. Application of an electric field causes breaking of the n-bond in
the mol ecul &Or&e. Ip daq,Fasf gerenthy rpior agrls fetfied &a;?%sctégfe% Wi ETRES] Loghe t he

"Efield re- %&W?@HsthEQ%afﬁgmdomg‘P&ﬁ&uié‘% Es"‘@rof?&{ %‘if‘{‘—'%f ¥io ARALURM and

returns the nolecule 130 "to its original state. The requirements
t hat nust beararetd lonpet dekbcalivdélovar ehetdntires ardecate. [Tihist 8dhé dow Mbaldicti{ta)or

" [0113] One exanple of an E-field jnduced band gap. change cause by extended
conj ugat ? on SVitgh CHET yatef she molegple( - MY the E%S’%CHB’ Hhig TRVESHRY sMeichallE on) i s

shown bel ow ) e ~ HZ WCH3 ONON+ 1 HNHCGCO 2 ~x
W+ CH3 P@@%@f”mﬁ'ﬁ‘"ﬁ M o0 . +H , 1, HHZ' +' Case

1001 0538 [0091] Examples 1 and 2 show two different orientations for switching the
molecules. In Example 1, the rotation axis of the rotor is designed to be nearly per-
pendicular to the net current-carrying axis of the molecules, whereas in Example 2,
10 the rotation axis is parallel to the orientation axis of the molecule. These designs allow
different geometries of molecular films and electrodes to be used, depending on the
desired results. In Example 1, the vertical dotted lines represent electrodes, to which
the molecule is attached through an -S- linkage. The direction of the switching field is
perpendicular to the electrodes, as shown by the double-headed arrow.

15
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WO 02/ 080290 PCT/US02/101.~7 26 WCH3 B ONON Al H N"~~ ~. O+"'~'

Y""... O+ WCH3B+pMN NAHN'"H~""~0+ ~~~,

Exanpl e Sy 008090 & — [0114] e 5 t he
|l etters A and B can be any of the follomnng “hydr o5 gen, ﬁé?@géiﬁg (e.qg.,
N, O S P, F, d, Br, I, etc.)) or functional groups wth at |east one of

t he above-nenti oned heteroatom;, hydr ocdBbons (either saturated or
unsaturated)) or hydrocarbons with at | east one of the above-nentioned
heteroatons. The letters W X, Y, and Z can be any of the follow ng:

hydr ogen) het eroat ons é_e?g N, O S P, B F d, Br, I, etc.), or
functional groups with | east one of the above mentl oned 10 het eroat ons,
" hydrocarbons (either saturated or unsaturated), or hydrocarbons with at

| east one of the abo ntloneqrheteroatons The |inker noieties,

_connecting the to the cf'f odes shown, are not depicted for
clarity. I—|owe\r\e1 actual deyice, such Ii nker moieties woul d be
present. Case N 2 i

H ~0-
1< |
e
H M :
‘C’Y S\
Switch On Switch Off

© Y = H, OH, SH etc.
NS @ i

o7 N
old y H H Switch Off
O H N' e — M.
‘.\\“\C/ ‘tH .
: Switch On
Y"i S Y S,

©
O

Example 1

The molecule shown above (Example 1) has been designed with the internal

rotor 32 perpendicular to the orientation or current-flow axis of the entire molecule

10  30. In this case, the external field is applied along the orientation axis of the molecule
30 as pictured - the electrodes (vertical dotted lines) are oriented perpendicular to the

plane of the paper and perpendicular to the orientation axis of the molecule 30. Appli-
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V1' O 02/08029U 27 PCT/US021101: 17 [0115] The uppernost nol ecul ar structure

has a smal |l er band gap state, and thus a higher conductivity, than the

| ower nost wiml,Rg4kg! Structure. [0116] Another exanple of ET}% Bi/ﬁ)l]% i nduced
band gap change caused by breakage of extended n-bond conjugatlon Vi a
charge reconbi nation and bond forma 5 lion is shown bel ow (Exanple 6):

10010538
| ’ +. ’
HzZ"". ..
5
10
15

+-

Case

WO 02/ 080290 28 A H,,, H Z XISCT/US02/101-47 WCH3 | B i NWN H +;

W_CBBONNAH'" \N~-O-O-H,.. H~=YHZ OANH"""

O cation of an electric field oriented from left to right in the diagrams, as indicted by the

double-headed arrow, will cause the rotor 32 as pictured in the upper diagram to rotate
to the position shown on the lower right diagram, and vice versa. In this case, the rotor
32 as pictured in the lower right diagram is not coplanar with the rest of the molecule,
so this is the OFF or low conductivity state of the molecule, whereas the rotor is co-
planar with the rest of the molecule on the upper diagram, so this is the ON or high
conductivity state of the molecule. The structure shown in the lower left diagram de-
picts the transition state of rotation between the upper diagram (co-planar, conjugated)
and the lower right diagram (central portion rotated, non-conjugated).

[0092] The molecule depicted in Example | is non-conductive (or compara-
tively low conductive) in the non-conjugated state. In the conjugated state, the mole-
cule is conductive. |

[0093] For the molecules in Example 1, a single monolayer molecular film is
grown, for example using Langmuir-Blodgett techniques or self-assembled monolay-
ers, such that the orientation axis of the molecules is perpendicular to the plane of the
electrodes used to switch the molecules. Electrodes may be deposited in the manner
described by Collier et al, supra, or methods described in the above-referenced patent

applications and issued patent.

”O O‘r;l 0' @
Oy Y_ -0

H— —-J

@ E
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Example 6 +. , , , +. , +. WCH3 ~~-B N~NH +. |, | , t~, , +

Case 10010538 '\WD 02/1)80290 29 PCT/US02/ 101~7 [0117] In Exanpl e 6,
the lette B can be any of the follow ng: hydro ge H% al ons
(e.g., N, ,d%§%%§’ B, F, d, Br, I, etc.), or functional EFE éﬁ&ﬁ?ﬂ at

| east one of the above-nentioned heteroatons, hydrocarbons (either
saturated or un saturated), or hydrocar¥ns with at |east one of the
above-nentioned heteroatons. The 5 letters W X, Y, and Z can be any of the
foll ow ng: hydrogen, heteroatons (e.g., NN O S P, F, d, Br, I, etc.), or
functional groups with at | east one of the above-nentioned heteroatons,
hydr ocarbons (either saturated or uns@turated), or hydrocarbons with at

"l east one of the above-nentioned hetefloatons. Again, the 1 inker noieties
have been omtted for convenience. 10/{[0118] Again, the uppernost nol ecul ar
structure has a smaller band gap stat'e, and thus a hi gher conductivity,

" than the | owernost nol ecul ar structure. [0119] A positive and a negative
charge are generated during the C O bond

—H A E’
¢ © £

5 Example 2

[0094] The molecule shown above (Example 2) has been designed with the in-
ternal rotor parallel to the orientation axis of the entire molecule. In this case, the ex-
ternal field is applied perpendicular to the molecular axis - the electrodes are oriented
10  parallel to the long axis of the molecule and can be either perpendicular or parallel to
the plane of the above model structures. For example, application of an electric field
to the upper molecule shown above where the field lines are perpendicular to the mo-
lecular axis and pointing upward will cause the rotor as pictured in that diagram to ro-
tate to approximately 90 degrees and appear edge on, as shown in the lower molecular
15  diagram above, and vice versa. In this case, the rotor as pictured in the lower diagram
is not coplanar with the fest of the molecule, so this is the OFF or low conductivity
state of the molecule, whereas the rotor is coplanar with the rest of the molecule on
the upper diagram, so this is the ON or high conductivity state of the molecule. In the
diagram, the letters A, D, E, G, and J indicate sites where different chemical units can
20  be utilized to adjust the geometrical structure of the molecule, and other chemical

groups may also be used as the rotor and stators. (The letters N, H, and O retain their
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breaki ng process. The resulting charges will be separated and nove in the

direction of the applied external field through charge mgration via an

ext ended j ion sys 15 tem (upper part of the nolecu ond

rotation 6(%/@%?@%%” of the nolecule), and the two aromat Fg%ﬁsﬁ%@%@ith an

extended dipole on it (upper part and | ower part) of the nolecule is

conpl etely conjugated and a col or (|l ongedl wavel ength shift) results (see

Exanpl e 5). However, the nolecule is designed to have inter- and/or

i ntra- nol ecuisanl hesnoes), Theulehiera s, iy di;, 6gend boandbenayy oEohd fottbwingt hetbpatognsdi pol e

i nteractions, as I 2 steri ¢ repul sions, or by a permanent external

_E-field to s@‘&biﬁi\f éesg'g’t“ﬁc-gﬁyr‘i&&?%oﬁ (glﬁ?eé SHFate Ao "é{%a'b‘ﬂt‘?-ﬂ?t ot hydrocathons,  a
large fiel d yih kaesk bEGof e UDSRLGEnd NG RRERGHINR. T ABidddtoltd fokdo;

orientation. Once sw tchedei nto a r|§)art€icul ar ori'en;t&?tlell%nﬁ[)o t%fglr%fnégéﬁee wil |

“re main in tlbrs 6randdtcatberanyof ihe followiag deictoatoats: hudrogdr) 201, BAtieetca r ever se
E-field is iBB%ed (Exanpl e 6), both _charges tend to re2 5 align thensel ves

to the difrre of t H®the mplsules PEERAUNDIE 2eihg filg are grepnisyeh dabhgenan t he

upper part qfcfifiexiof 181 M ] ar o] . | ecul e

(tri-aryl rretchane x;l)osff ﬁit%'lwon) \Mf éﬂgm%e&;tﬁ%gggé%ﬂ'g%%% d?{’a&y ??Ellc{hgﬁ)amc

non- bondi ng reulépler monol ayerneiicke The molatulestfomh ealid-statean digaNerbeaidim@hghect ron

del ocal i zati pn, Likew se, the nega tive charged |ower part of the nolecule
will tend t Mg ¥igEgiouphaterecked inp paritien by étermplesuias nseighiians or irna

Lootos3s  iHisEORBS B e PRAEE IEGHSS iRl holiin ki Blyd BRRB e i
bet ween 10he dfthe mdivduleheWYhgho pfipet brgdntabionlof RleMBdds, tHiesthRweE cibhd ugl t he

nol ecul e (the neageati ve charged sector) fromrotating through a conplete 180
degree hal f 'B\E98 2 18A JURCHONHErapHStaD| bh» Pae WhPicet voNage epBedeio ene elec-

i nteraction I r er . part, a n
angl ¢ of apirosiane L eiIghP Gunth iE doRHnBh 1B o gl RRS A e pftect
Fur t her nor e,bytthe mo®uldegree orientation is stabilized by a C O bond
formati on and charge reconbination. During this process, a tetrahedral
carbon (an (8896t or) iAlthovghdinking mpisties pregroy shonse hmFsapplsi 2.isoeh lifkieg
conj ugati-on of. the i oken.and the HOVD and LUMO are no | onger
del ocal i Zed Ig(\gllgl?&t ﬁgerp!éﬁa |lfg’e'§t]p|§£e'%l55§rl @#wﬁeelﬁmog@ug%psemosc%at fhg

ef fect of shnblekil@petivoen SbZieoﬂéle&thﬁieb,%ﬁg)ict@dinEﬁ’arh[bl@ 1vol ume occupi ed by
the el ectrons, which causes the HOMO LUMO gap to in crease and the
conductivity to decrease. [0121] An inportant factor is the ability to

switch the ngf L6 Bhabs

appr oxi mat el"y T ee v At0 e Sar M H et R

Wien the i niCajupties viaChaReSgsara@mesER édMbiR@ioh 2&ccampmisdly MR dingtance,
then the oppositely charged two aronmatic rings of the nolecule becone

conpl et 8Py ndfiegalizations p, n-el ectrons of the nolecule, through its

hi ghest occyp} nmol egylak_orbital (. .and.|l owest. unqccupi ed nol ecul ar
orbi tal (LULV\L@)??ﬁare dgﬁgcg ?sz%a&ge\%’:\&wtaggkgﬂ? of thip é’quSK.wq’T‘%bﬁqé'f’g'B%fm%s’

i dentical t gidld@iduté bandlya chiRgeRRhaRal Bﬁ'thepé‘}ﬁzfl\n%é”& dxfenBed Qnjudlifn Yige box
is the size of the entire nolecule, 2 0 i.e., when the orbitals are

del ocal i zed changesepantiogaqy rpeanpiipaiiontascerapADicsny intBing or ddcasing bynd el | .
[0122] Exanpl 5 a show different.s es of a representativ

swi t chabl e%ﬁ%&‘&f‘eﬂg i t”r‘mﬁ&ﬁ?%d&%gﬁ?‘%ﬁ“ea@e%‘%‘@?%ﬁF fy° é’ﬁ'ﬁﬂ“édgéﬁr’ el d.
For thi gspari3ii Thé aloldMREI T eViBnRELh Pargd baHA zh SGRE kntIBiCR alBE AU, film
is grown) for exanple us2 5 ing Langnurr-Bl oggett t echni ques, vapor phase
deposi ti on, Applicht ofcatudentnafieldeposs chirgnsepsmatibn irhtht mdiecuter i30nteatiitiag axi s
of the nol ecul es erpendi cul ar to the plane of the el ectrodes used to

i.S
~switch the dBPéE\?rh%f and £ap flae, éﬁb&@it%%ﬁelg@@ﬁﬁi%&?@ﬂlﬁimt&q&@émn&r@s

nol ecul e as rgtuggqgmlb{eghﬁelq)%gé itg%{i%ifllal"s‘?z{?é.' based solution that is thick film

coated (e.g.> reverse ro coated onto the substrate and

* subsequent | yo@aSlyner Ihe foll@dingeeqhirembiits Whast Bélindt inQRik nidedr i ed while the
coating is subjected to an electric field that orients the nolecule. A top
el ectrode may be a transparent conductor, such as in Case 10010538
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WO 02/ 080290 diumtin oxide, and the filns are grown such that the
nol ecul ar axis is parallel to the 31 5 10 15 20 plane of the el ectrodes.

{?m solid-state or liquid crystals in whi Cﬁ%ﬂ@z'{}?{ e stator

The mol eWb%f‘/Ot{?? . Lat : ! .
groups are locked into position by internolecular interac irect

bonding to a support structure, but the rotor is small enough to nove
within the lattice of the nolecules. M@2l (3)' E-Field Induced Band Gap
Change via Mol ecular Folding or Stretching [0123] FIG 4 is a schematic
depi ction ofl0099s nodel, witi)cThei myletule muBnhdvefd mbdest diditeait davdnggpnghange
caused by the change of extended conjugation via nolecular folding or
stretchi ng. CAkbegawy norizedby 4n exanaldi-beld) with soincthepariesed 2t tarl@eandaroti ons

T 232, 234, agéejrg%agn fiéﬁggfﬁq}gi{legﬁﬁoﬁgﬁq?ﬁgi\gences a smal l er band gap state due

to an exten conjug A re nol ecul e. Application of an

electric figbdgloopuses breaking of) AN1€asEOmY $gRlchOSF th mid@udh&s Hh&e fpQ, due
to nol ecul ar fol ding about the central portion 234, resulting in a |larger

band gapS st &pedidgelactont or mestesttonndadt-clenirargatnidaron-voridivg eadtiane thalcagul e.
Reversal of . the bgﬁzfgi eld unfolds the, nol ecul e lamd returns the nol ecul e

30
to its origiPh&tobsizef @verdhy eptirsmpleclrrrnadanatibe melechls; central portion 234
of the nol e(wjggg 230 has th?c)%%&%%?&érneﬂe%ﬁleceﬁﬁwﬁJ Qgryyrﬁ}é\é[ﬂgdlr equi renment s

must be met in this Mdel: [0125] e mus ve at least two

segnments; [@0Wd] (b) All sédriBrtisdygide tipoiesy) ofust mblevele rambbonditeWin at
el ectrons, ?r n-el ectrons, or n-electrons and non-bonding el ectrons
i nvol ved i n'¢REON9MeEtion: UMDs, and nearby orbitals: [0127] (c) The nol ecul e

can be ejth nmet ri cal i, G@h, . W r..ge on. o si de
and an g%cegdtilg?xgr oup on ag%tﬂ%¥%éw%&%§%iggﬂg pfgéa?f({'g)ffgjnp%gel(d) At
| east two sdgrirgEsfiadd iddneedpll@izdlien;have sone functional groups that wll

hel p to stabjilize both states of folding and stretching through intra- or
i nt er - nol ecl®B1f or ces suck) dderiaiesodfeihatasrgpaaLion, ahregembingtips cimbe Es,

Coul o, 4 ety [ESrk R PR BB LGRS TGN B o
WO 02/ 08029@owent bond formation, hydrogen bonding, charge attraction, coulomb forces, metal
15  complex, or Lewis acid (base) complex, etc.;
[0104] (g) The process of charge separation or recombination of the
molecule can involve or not involve 6- and ®-bond breakage or formation; and
[0105] (h) During the charge separation or re-combination process ac-
tivated by an E-field, the band gap of the molecule will change depending on the de-
20  gree of the non-bonding electron, or m-electron, or m-electron and non-bonding elec-
tron de-localization in the molecule. Both optical and electrical properties of the
molecules will be changed accordingly. |
[0106] One example of an E-field induced band gap change (conductivity) via

charge separation or recombination involving bond breaking or bond formation is

25  shown below (Example 3):
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[0130] PCT/11S02/101~7 (f) In at |east one state (presumably in a fully
stretched state), the non-bonding el ectrons, or n-electrons, n- el ectrons
and non- i ectrons of the nolecule will be well-de and
t hose el 58 Sgﬂ@ of the nmolecule will be lo calized or onlb‘?@g 2?@?*7
del ocalized in other state(s); 5 [0131] (g) The band gap of the nDIecuIes
wi | I. change dependi ng on the degree of m@8n-bonding el ectron, or ~-electron,
or ~-electron and non-bondi ng el ectron delocalization while the nolecule is
folded or stretched by an applied external E field, and this type of change
will also affect the conductivity of the nobecule as well; and 10 [0132]
~(h) This characteristic can be applied thes¢-fypes of nolecules for optical
or electrical switches, gates, storage or dispbay applications. [0133] An
exanpl e of an E-field induced band via mol ecular fold ing or
~stretching is shown bel ow ( EX§npT ®_47) R ~~ R2 25 01 N-o Stretching
Qut Nblecule Fol ding Exanmpleay G4 r H ... .. AN+ ~HI | R2 HNHZ [0134]
where R °and Rz may be any of the follomnngmmgxgrogen het er oatons (e.g.,
N, 300 S P, F, d, Br, I, etc ogﬁjunctlonal groups with at |east one

of the above Case 1001053% @?@ﬁﬁﬁdg kpﬁLygﬁtlon due to nol ecul e fol ding

oty f@ Fr{i}“—(g

CHs
10
E-Field Direction E-Field Direction
“@@Jﬁ
15
High intensity Color State
Example 3
20 [0107] The letter W in Example 3 is used to designate an electron-
withdrawing group, e.g., nitro, carboxylic acid derivatives, ketone, aldehyde, sulfone,
sulfoxide, sulfuric acid or its derivatives, sulfenic acid or its derivatives, halogen or
halogenated hydrocarbon, nitrile or nitrile derivatives, or hydrocarbon (saturated or
unsaturated) with at least one of the above-mentioned electron-withdrawing groups.
25 [0108] An example of an E-field induced band gap change involving the for-

mation of a molecule-metal complex or a molecule-Lewis acid complex is shown be-

low (Example 4):
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WO 02/ 080290 33 PCT/ US02/101~7 nentioned heteroatons, hydrocarbons (either
saturated or unsaturated), or hydrocarbons with at | east one of the
above- nengj et eroat ons. As above, neither the pair o des nor
t he Iinkggkﬁgﬁgjﬁgs for connecting the nolecule to the elég?bggggﬁgfe
shown. However, such el ectrodes and |inker noieties would be present in an
elec 5 tronic device. [0135] The nol eculd on the |eft hand side has a
| arger band gap due to the non-extended conjugation in the entire nol ecul e,
while the nol ecule on the right hand side has a snaller band gap and a
hi gher conductivity due to an extended cepjdlgrivoOn.drough the entire
_ ol ecule. 10 [0136] The technol ogy discloseg and cl ained herein for formng
crossed wires (mcro-neter @f n mef y used to performa variety
of functions and to forma vap f ef ud kges and circuits for
_inplementing conputing on a‘ficroscale and even on a nanoscal e. For
exanpl e, applications include nol ecul ar w receregsepbar i nterconnects (MACI)
for signal routing and connunicatLpQ§J Tohgcular Wi re crossbar 15 nenory
(U.S. Patent 6,128>214), nol ecular wrescrossbar |ogic (MACL) enpl oying
programmabl e .l ogic arrays, a demultipl exer f QLq@wbmhecul ar wire crossbar
network, nolecular wire transistors, a g(k-l arrays for displays. [0137]
As illustrated in FIG 5, tﬁé\@ﬁI@r{gesent invention can be
replicated in a two-dinmensi opal ray to form3da pturality, or array, 60 of
switches to form2 0 a crossbar swtch. FIG 5 depicts a 6x6 array 60, but
the invention is not so limted to IhﬁLpFQEicular nunber of el enents, or
switcheg,oin the array. Access to a simgte point, e.g., 2b, - -is done by
i npressing voltage on wires 2 and b to_causge a change in the state of the
nol ecul ar species 18 at thecjun 'O”N-Gﬁi" descri bed above. Thus,
access to each junction is re vaktabl afgonfiguring only those
pre-sel ected junctions in 2“8 accordance with the teachings herein. Details
of the operation of the crossbar sw tch array"@0sgresfeurt her di scussed in
above-referenced U S. Patent 6,128, 214. Cdsé&oM10019538Y WO 112/0802911 34
| NDUSTRI AL APPLI CABI LI TY PCTI US02/ 101-47 [0137] The fiel d-sw tchable
noleculqﬁ di scl osed herein are expected to find use in mcro-scale and
nano-scale el ectronic devices. Case 10010538 WO U2/080290 35 CLAI M5
Example 4

[0109] where M" represents metals, including transition metals, or their halogen com-
20  plexes or H" or other type of Lewis acid(s).

[0110] As above, the pair of electrodes is omitted, as are the linker moieties

linking the molecule to the electrodes. However, in practice, such linker moieties and

electrodes would be used in an actual device.

25  Model (2b): E-Field Induced Band Gap Change Caused by the Change of Extended

Conjugation via Charge Separation or Recombination and ®-Bond Breaking or Forma-
tion:

[0111] FIG. 3b is a schematic depiction of this model, which involves an E-
field-induced band gap change caused by the change of extended conjugation via

30 charge separation or recombination and n-bond breaking or formation. As shown in

Case 10010538



What Is Cainmed Is: PCT/USU2/101-47 5 1. An electric field activated

nol ecul ar switch conprising a nolecular systemthat has an electric field

i nduced hange that occurs via one of the foll ow hanj sms: (

1) nol ecu afhzg)g‘%%r mati on change or an isonerization; (2%?&&@’3“’3@

ext ended conjugation via chem cal bondi ng change to 10 change the band gap;

or (3) nolecular folding or stretching. 2 The nolecular switch of Claiml

wherein said electric field induced band gap change occurs via nol ecul ar

conf or mat i onFléhahgbe arolamld E¥\epinpetdsawo pbiidhs IBRtamb] 3¢ Ul'tar mshatile h3@f

Claim?2 v\/nerei.$F sai d m%%g&)gl(gr sgﬁtem conprises at | east one stator portion

and at | east®§HfE51 P2 ROEAP YRS SPPIRHPR Of Bt BiECtFisigidbeausgsdmsaking olst

"state to a s N t: j palLi e i j epei n. i aid

st state, o parat @ Mol B e o Hhdsh St sW°RE el Pr R

_system resuffieRDreidonfedtetha b boakdybeBnddn SHBiw Eporlamdl Rapnd 8N M Rit@h S ien Sai d
second state, said extended conjugation is destroyed, resulting in a

rel ativelby |@aplgetle dadidodispriginal Ihe. nol ecul ar switch of Caim 3 wherein said

olc 11 o B TRTD PR Rl aughe melh g Mol et shoioi isted

Switch On Swiol Bfbderb@CT/ US02/ 101- 47 tc.

[0113] One example of an E-field induced band gap change cause by extended
conjugation via charge separation (o-bond breaking and m-bond formation) is shown

10  below (Example 5):
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Switch Of

to which said nolecule is electri

Switch On where the vertical dashed |lines represent el ectrodes
5 cally attached. 5. The nol ecular switch

of C ai mwoeseen sai d nol ecul ar system conprises: Case WO
REER D o'

02/ 080290 37 5 10 PCT/US02/101~7 ,00 _ J E Np GNH +

H G H_\

and opti cal

+0~JO0OJ .poJ- E-G-I H~AOEONDD-~ OOArr H
~E- J G O- O, wherein the letters A, D26E, G and J indicate sites where
different chem cal units can be utilized to adjust geonetrical structure

properties of said nol ecul ar 4system and have generic

A
E

designations as follows: A D, E, G and|J are independently selected from
, the group consisting of heteroatons, hydfjocarbons (either saturated or
unsaturated), and hydrocarbons with at |east one said hWeroatom and where

in addition to the foregoing, the letters G and J %
_selected fromthe! | gr oup consi st ing of hydrogen, F,
O

10010538

10

WD 02/ 080290 3

3

i

|+

)

L+

; E
P+ !
! |
i )
| é
|+ !
! |
H i
g -
P+

Example 5
[0114] In Example 5, the letters A and B can be any of the following: hydro-

gen, heteroatoms (e.g., N, O, S, P, F, Cl, Br, 1, etc.), or functional groups with at least
one of the above-mentioned heteroatoms, hydrocarbons (either saturated or unsatu-

rated), or hydrocarbons with at least one of the above-mentioned heteroatoms. The let-

. ters W, X, Y, and Z can be any of the following: hydrogen, heteroatoms (e.g.N,0O,S,

P, B, F, Cl, Br, 1, etc.), or functional groups with at least one of the above-mentioned
heteroatoms, hydrocarbons (either saturated or unsaturated), or hydrocarbons with at
least one of the above-mentioned heteroatoms. The linker moieties, connecting the
molecule to the electrodes shown, are not depicted for clarity. However, in an actual

device, such linker moieties would be present.
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PCT/ USO02/ 101-47 6. The nol ecular swtch of Caiml wherein said electric
field induced band gap occurs via a change of extended conjugation via
chem cal R{gndjog@eshange to change the band gap. 5 7. The Eglfﬁﬁwﬂ’ SWi tch
of Claim6 wherein said electric field induced band gap change 50l s via a
change of extended conjugation via char %e separation or reconbi nation
acconpani ed by increasing or decreasingZBand | ocalization. 8. The nol ecul ar
switch of Caim7 wherein said nol ecular system conprises 10 two portions,
wherein a cl@hidd fr omThefuppetmast atodecular atrsgomnihassi smelladaud gapistare, and
applied electri ield, ,said c e involvin rge separation in changing
~fromsaid fﬁli“?t C@gléetréo?@cgﬁ'i% g ﬁl}"’%ﬂ{'&{)g m‘%ﬁ‘é’ﬂ bgng'é‘é‘gl ting i n a
relatively | r ban | i
reconbi nat i (gﬂﬂgi char g\e&?%rc%gﬁgen%v A:gmﬁeggll &%lggonhh?gt%g? sal%dib?'r st
. state, ther dpkagesed éxtergied m-ondedoajugiedry viarohhige rredvaitingvp @it dofid vt
greater n 15 delocalizatign. 9. The nolecular switch of Claim8 wherein
sai d ol &culigp isshoparhelrfFiagede 600 25 caode~ s~~e EF~eld Direction ~ ~
E-Feld Direction _O--. + ~~y O~S/ C-h EFeld Direction ~ ~ E-Feld
Direction ----~++ ..- ., O030~"" S a-b 10. The nolecular ~~tc of

Cl ai m 8 wher~n scud nol ecul ar system conprises. r~~m-n~cas~af Case | 0010538
WO 02/0802')0 39 Eg ( HOMO /LUMO ) = 3.46eV ,~ BN C'y~ N ~N ~ , S~CH3 CFi ~
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- Mt ~ ~ M Colorless State "M+ ( M H~ Lewis Acid) ~~' "~~ C~ N CH~ N N~

,S~CF'b 10 "3 - M+ ~ ~ M+ M| ~ ~N CH-+ NN ~ ~S~CHa CH3 High Intensity
Col or St af pbRsde (HOMO /LUMO ) = 2.04eV PCT/US02/101-t7
represents ne@a S, including transition netals, or their ﬁg?égg%ﬁgénplexes

or H+ or other type of Ixwis acid(s). 2 01 1. The nol ecular switch of
Claim6 wherein said electric field i nd@8ed band gap occurs via a change of
ext ended conjugation via charge separation or reconbination and n-bond
breaking or formation. 12. The nol ecul ar switch of, Caim1ll;wherein said
nmol ecul ar sy$ten1conpr|ses 2 5 tw portions, wheréin_.a change froma first
,state to a sécond state occurs with an appli edHgl eg N

second st at e, wher e}
_throughout said Iy
state, and mhéreln
destroyed and separ
wi thin said hol ecul ar, systppr@o :
state. Case 1001053
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[0117] In Example 6, the letters A and B can be any of the following: hydro-
gen, heteroatoms (e.g., N, O, S, P, B, F, Cl, Br, 1, etc.), or functional groups with at
least one of the above-mentioned heteroatoms, hydrocarbons (either saturated or un-
saturaied), or hydrocarbons with at least one of the above-mentioned heteroatoms. The
letters W, X, Y, and Z can be any of the following: hydrogen, heteroatoms (e.g., N, O,
S, P, F, Cl, Br, I, etc.), or functional groups with at least one of the above-mentioned
heteroatoms, hydrocarbons (either saturated or unsaturated), or hydrocarbons with at
least one of the above-mentioned heteroatoms. Again, the linker moieties have been
omitted for convenience.

[0118] Again, the uppermost molecular structure has a smaller band gap state,
and thus a higher conductivity, than the lowermost molecular structure.

[0119] A positive and a negative charge are generated during the C-O bond
breaking process. The resulting charges will be separated and move in the direction of
the applied external field through charge migration via an extended conjugation sys-
tem (upper part of the molecule), or bond rotation (lower part of the molecule), and
the two aromatic rings with an extended dipole on it (upper part and lower part) of the
molecule is completely conjugated and a color (longer wavelength shift) results (see
Example 5). However, the molecule is designed to have inter- and/or intra-molecular
forces, such as hydrogen bonding, Coulomb, or dipole-dipole interactions as well as
steric repulsions, or by a permanent external E-field to stabilize both charges in this
particular orientation. Thus, a large field is required to unlatch the molecule from its
initial orientation. Once switched into a particular orientation, the molecule will re-
main in that orientation until it is switched out.

[0120] When a reverse E-field is applied (Example 6), both charges tend to re-
align themselves to the direction of the reverse external field. The positive charge on
the upper part of the molecule will migrate to the center part of the molecule (tri-aryl
methane position) from the side of the molecule through non-bonding electron, or -
electron, or m-electron and non-bonding electron delocalization. Likewise, the nega-
tive charged lower part of the molecule will tend to move closer to the external E-field

through C-C bond rotation. A key component of the molecule design is that there is a
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I 211 _. I I 1 wherein AA B W X, Y, and Z are independently sel ected
fromthe group consisting of hydrogen het eroat ons, functional groups with

at | east het er oat om hydrocarbons (either satura
unsaturatgl Q),Zﬁ)gdnzg hydrocarbons with at | east one said het @?g’z}ﬁ@%ﬂ"éﬁd t he

vertical dashed lines represent electrodes with which said nol ecular system

is electrically associated. 14. The nol eful ar switch of Caim 12 wherein

sai d nol ecul ar system conprises: Case 10010538 WO 021U80290 42 O- A ~NH

Z A _ ~N Hsteric HldI—BtZtIOOrdpqudﬂ bétveen the@Q, Hnd the Y. groRET tHASEAI1 Iddvett We+ 1

Gz BI1 N lo&ler pz{rt of the n‘)olecuTe (the negatlvgﬁarged sector) frol\rln rotlatnrlx_ig ;hrc;uglhoa com- o

plete 180 degree half cycle. Instead, the rotation is halted by the steric interaction of

bulky groups on the lower part and the upper part at an angle of approximately 90 de-
5  grees from the initial orientation. Furthermore, this 90 degree orientation is stabilized
by a C-O bond formation and charge recombination. During this process, a tetrahedral
carbon (an isolator) is formed at the tri-aryl methane position. The conjugation of the
molecule is broken and the HOMO and LUMO are no longer delocalized over the en-

tire upper part of the molecule. This has the effect of shrinking the size of the box, i.e.,

10  the volume occupied by the electrons, which causes the HOMO-LUMO gap to in-
crease and the conductivity to decrease.

[0121] An important factor is the ability to switch the rotor (lower part of
molecule) between two states separated by approximately 90 degrees from the stators

(the upper part of the molecule). When the intra-molecular charge separation reaches a

15 maximum distance, then the oppositely charged two aromatic rings of the molecule
. become completely conjugated. Thus, the p,m-electrons of the molecule, through its
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), are delocalized over the entire region. The effect is identical to that for a
quantum mechanical particle in a box: when the box is the size of the entire molecule,

20  i.e., when the orbitals are delocalized, then the gap between the HOMO and LUMO is
relatively small.

[0122] Examples 5 and 6 show two different states of a representative
switchable molecule under the influence of an externally applied E-field. For this par-
ticular type of molecule, a sufficiently thick molecular film is grown, for example us-

25  ing Langmuir-Blodgett techniques, vapor phase deposition, or electrochemical deposi-
tion, such that the orientation axis of the molecules is perpendicular to the plane of the
electrodes used to switch the molecules. Another deposition technique is to suspend
the molecule as a monomer/oligomer or solvent-based solution that is thick film
coated (e.g., reverse roll) or spin-coated onto the substrate and subsequently polymer-

30 ized (e.g., by UV radiation) or dried while the coating is subjected to an electric field

that orients the molecule. A top electrode may be a transparent conductor, such as in-
| Case 10010538
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state to a samsndrey ERDRE U Rked Aub pluol B RleAn B AR Bridell e
_invol ving a Homdihigrig agupirt gtwehiraghuaieubtonts ohalbaiotgh ecmode pathin tha latder ei n
in said first state, there is extended conjugation throughout said

mol ecul ar sydttknolesdstting in a relatively smaller band gap state, and
wherein in said second state) said extended conjugation is destroyed,
resulting in arelatively |larger band gap. 15 I 7. The nol ecul ar switch of
C ai m 16 wheMeiel (3piEdriniil Iaduded Bany $1ap Ghangpvia Mslecubirdaiiding ot Sm¢tugiagi on due
to nolecule folding o NI 2 0 N~o Stretching Qut .", RN+ o .."HIT |

Mol ecul e Foll@1% R H Rz 4Rs-asqheratio depighier af Hirmogal whick involvsdewdedent | y
sel ected frogmflk JOe St d 0 . tiognal
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unsat ur ated)lecidrdfohtiglf O€ ardichifig.WAd khoddn IneBIE). 40Me: Mmaiedulder3er aipides thrfk 18.
The nmol ecular switch of Caim1 conprisi ng@a crossed-wi re device conprising
5 :

a pair of crResdens 342y 33 aRd£236.oFhe moleciHe 2P0 avidpraes asmallel band@ap stéssdugnot her
at an an to an extended conjugation through the entire molecule. Application of an electric

field causes breaking of the conjugation in the molecule 230, due to molecular folding
about the central portion 234, resulting in a larger band gap state due to the non-
15 extended conjugation in the entire molecule. Reversal of the E-field unfolds the mole-
cule 230 and returns the molecule to its original state. Stretching and relaxing of the

central portion 234 of the molecule 230 has the same effect.

[0124] The following requirements must be met in this Model:
[0125] (a) The molecule must have at least two segments;
20 [0126] (b) All segments (portions) must have non-bonding electrons,

or m-¢lectrons, or m-electrons and non-bonding electrons involved in the HOMOs,
LUMOs, and nearby orbitals;

[0127] (c) The molecule can be either symmetrical or asymmetrical
with a donor group on one side and an acceptor group on another side;

25 [0128] (d) At least two segments of the molecule have some functional
groups that will help to stabilize both states of folding and stretching through intra- or
inter-molecular forces such as hydrogen bonding, van der Waals forces, Coulomb at-
traction or metal complex formation;

[0129] (e) The folding or stretching states of the molecule must be E-

30 field addressable;
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Breaking conjugation
due to molecule folding 1o)

Rz H NH

Molecule Folding

Example 7

[0134] where R, and R; may be any of the following: hydrogen, heteroatoms (e.g., N,

30 O, S, P, F Cl Br, I, etc.), or functional groups with at least one of the above-
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Dot + 0o oyl 485k field mBFA3GRR Y st Sl S op PP L AT P &
mechamsms
(1) molecular conformation change or an isomerization;
(2) change of extended conjugation via chemical bonding change to
10  change the band gap; or

(3) molecular folding or stretching.

2. The molecular switch of Claim 1 wherein said electric field induced band gap
change occurs via molecular conformation change or an isomerization.
15
3. The molecular switch of Claim 2 wherein said molecular system comprises at
least one stator portion and at least one rotor portion, wherein said rotor rotates from a
first state to a second state with an applied electric field, wherein in said first state, there
is extended conjugation throughout said molecular system, resulting in a relatively
20  smaller band gap, and wherein in said second state, said extended conjugation is

destroyed, resulting in a relatively larger band gap.

~ 4. The molecular switch of Claim 3 wherein said molecular system comprises:
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where the vertical dashed lines represent electrodes to which said molecule is electri-

5 cally attached.

5. The molecular switch of Claim 3 wherein said molecular system comprises:
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& ()- &10% # & ()-10(10(110( @ 10%&'()-( Y . 109K(K& ()-56277.88<:|[: vU4
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& F" 109 S\ 22222 [:-410 # @ 10% # & () @10% #
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y Z#10% & ()-T +z#10%
o e, O
—E” “N—O - G
N—H A @ 4
Ot F7 O
A —
H=N . E—J

e 2

wherein the letters A, D, E,VG, and J indicate sites where different chemical units can
be utilized to adjust geometrical structure and optical properties of said molecular sys-

5 tem and have generic designations as follows: A, D, E, G, and J are independently se-
lected from the group consisting of heteroatoms, hydrocarbons (either saturated or un-
saturated), and hydrocarbons with at least one said heteroatom, and where in addition
to the foregoing, the letters G and J are independently selected from the group consist-
ing of hydrogen, F, Cl, Br, and L
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10. The molecular &1

itchof Claim 8 whergin smd molecular system comprises:
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High Intensity Color State
15 Eg (HOMO /LUMO ) = 2,048V

where M" represents metals, including transition metals, or their halogen complexes or

H" or other type of Lewis acid(s).

20 11. The molecular switch of Claim 6 wherein said electric field induced band
gap occurs via a change of extended conjugation via charge separation or recombination

and m-bond breaking or formation.

12. The molecular switch of Claim 11 wherein said molecular system comprises

25  two portions, wherein a change from a first state to a second state occurs with an applied
electric field, said change involving charge separation in changing from said first state to

said second state, wherein in said first state, there is extended conjugation throughout

said molecular system, resulting in a relatively larger band gap state, and wherein in said
second state, said extended conjugation is destroyed and separated positive and negative

30 charges are created within said molecular system, resulting in a relatively smaller band

gap state.
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wherein A, B, W, X, Y, and Z are independently selected from the group consisting of
hydrogen, heteroatoms, functional groups with at least one said heteroatom, hydrocar-
5 bons (either saturated or unsaturated), and hydrocarbons with at least one said heteroa-
tom and the vertical dashed lines represent electrodes with which said molecular system

is electrically associated.

14. The molecular switch of Claim 12 wherein said molecular system comprises:
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wherein A, B, W, X, Y, and Z are independently selected from the group consisting of

hydrogen, heteroatoms, functional groups with at least one said heteroatom, hydrocar-
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field, said change involving a folding or stretching about or of said second portion,
wherein in said first state, there is extended conjugation throughout said molecular sys-

tem, resulting in a relatively smaller band gap state, and wherein in said second state,

said extended conjugation is destroyed, resulting in a relatively larger band gap.
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I'7. The molecular switch of Claim 16 wherein said molecular system comprises:

Breaking conjugation
due to molecule folding o

o) Stretching Out
—p

Molecule Folding

25  wherein R, and R, are independently selected from the group consisting of hydrogen,
heteroatoms, functional groups with at least one said heteroatom, hydrocarbons (either

saturated or unsaturated), and hydrocarbons with at least one said heteroatom.

30 18. The molecular switch of Claim 1 comprising a crossed-wire device compris-
ing a pair of crossed wires that form a junction where one wire crosses another at an an-
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ers, configurable interconnects for integrated circuits, field-programmable gate arrays

(FGPAs), cross-bar switches, and communication devices.

10 20. The molecular switch of Claim 1 wherein.said molecular system is sand-

wiched between a pair of electrodes and connected thereto by linking moieties.
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