15 Dec 2005 PATENT PD-10010538-1 5 BISTABLE MOLECULAR MECHANICAL DEVICES WITH
A BAND GAP CHANGE ACTIVATED BY AN ELECTRIC FIELD FOR ELECTRONIC SWITCHING,
GATING, AND MEMORY APPLICATIONS 10 CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application is a continuation-in-part application of Serial No. , filed
[PD-10003866-1], which in turn is a continuation-in- pat]t 15 application of Serial NeqR8 December
14, 2000 [PD-10004762-1]. [0002] The present application is also related to the followg)grgpyications
and patents: Serial Numbers 09/280,048 ("Chemically Synthesized and Assembled Elec- tronic
Devices"); 09/280,225 ("Molecular Wire Crossbar Interconnects for Signal Rout-HRgl@a4d0538-1
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 rovement over the forego ica tions and
patent in that it is dw&l{)&?‘ Eg Iéég ESr SN otni ?%‘ﬁ&z‘é% ftetoa
different state, charactgrigg\ ﬁ&ﬁ’@ﬁ&ﬁ@ﬁ'%‘fﬂ%?%ﬁ“ﬁ'ﬁ}‘ ARPRLRCTRIE
FIELD FOR ELECTRONIC SWITCHING, GATING,
AND MEMORY APPLICATIONS

10
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application is a continuation-in-part application of Serial
No. , filed [PD-10003866-1], which in turn is a continuation-in-part

15  application of Serial No. , filed December 14, 2000 [PD-10004762-1].

[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 improvemerit 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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2 TECHNICAL FIELD 5 Dec 2005 [0004] The present invention relates generally to electronic devices
whose functional length scales are measured in nanometers, and, more particularly, to classes 5 of
molecules that provide electronic switching. Electronic devices both of micrometer and nanometer
scale may be constructed in accordance with the teachings herein. BACKGROUND ART 10 [0005]
The area of molecular electronics is in its infancy. To date, there have been two 2&RAREMY
demonstrations of molecules as electronic smg%@_&%g%ﬁ%? the technical literature; see, C.P.
Collier et al., Science, Vol. 285, pp. 391-394 C.P. Collier et al., Science, Vol. 289,
pp. 1172-1175 (18 August 2000), but there is a great deal of speculation and interest within the
scientific commynity sur 15 rounding this topic. In the published work, a.molecule, called aﬁotaxane or
a catenane wa 4Hi)ed bet ﬁ%ﬁ‘f‘?ﬁé{h i §e§r§?%%{ﬂ‘ﬁl¥dt?oe§\9\ﬁ MOIC AN 205%e to an

OFF state by the:aaRlicationsel scpRsiicriéasuredansthemates ulfd, herOpaidl L ictaiesdiffered
in resistivity by about a factor of 100 and 5, respectively, for the rotaxane and catenane. 20 [0006]

The primary préfigmlgamiesbabprouide glsstipmsiching Frspricdaugeshoth Fnrigemsidied
once. Thus, it caRibRMSRAIP RAAFTURBRIEERE RN RBMQY Wi REMAchiHR Betgia ROM-like
device nor in a reconfigurable system, such 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 expenditureg{ Ex&sdioNtd argunt of energy to toggle the

10 [0005] The area of molecular electronics is in its infancy. To date, there have
been two convincing demonstrations of molecules as electronic switches published in
the technical literature; see, C.P. Collier et al., Science, Vol. 285, pp. 391-394 (16 July
1999) and C.P. Collier et al., Science, Vol. 289, pp. 1172-1175 (18 August 2000), but
there is a great deal of speculation and interest within the scientific community sur-

15 rounding this topic. In the published work, a molecule called a rotaxane or a catenane
was trapped between two metal electrodes and caused to switch from an ON state to
an OFF state by the application of a positive bias across the molecule. The ON and
OFF states differed in resistivity by about a factor of 100 and 5, respectively, for the
rotaxane and catenane.

20  [0006] The primary problem with the rotaxane was that it is an irreversible
switch. It can only be toggled once. Thus, it can be used in a programmable read-only
memory (PROM), but not in a ROM-like device nor in a reconfigurable system, such
as a defect-tolerant communications and logic network. 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,
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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, permi#s reasonably rapid switching from a first state
to a second, Case 10010538 3 5 Dec 2005 is reversible to permit the fabrication 61RO Yke devices,
and can be useq 1.3 ¥aijely QL elesHoRG derGes RISGLRSHREORINVENTIONSIABLY
accordance with the present mvention, a molecular system is provided for nanometer-scale reversible
electronic switchfelespenitidalhyceslectric field activated molecular switches. The molecular system has
an electric field induced band gap change that occurs via one of the following mechanisms: 10 [0009]
(1) molecular conformation change or an isomerization; [0010] (2) change of extended conjugation via
chemical bonding change to change th@BOUAESPRE QFONYENTION cular folding or stretching.
[0012] Changing of extended conjugation via chemical bonding change to 15 change the band gap
may be acé’omplished in one of the following ways: [0013] (a) charge separation or recombination

accompanied byoiigpas- INg Brdesr@aR o e ntk IfeaéZetienbn, a molecular system is provided

for nanometer-scale reversible electronic switches, specifically, electric field activated

molecular switches. The molecular system has an electric field induced band gap
change that occurs via one of the following mechanisms:

10 [0009] (1) molecular conformation change or an isomerization;

[0010] (2) change of extended conjugation via chemical bonding change
to change the band gap; or

[0011] (3) molecular folding or stretching.

[0012] Changing of extended conjugation via chemical bonding change to

15 change the band gap may be accomplished in one of the following ways:

[0013] (a) charge separation or recombination accompanied by increas-
ing or decreasing band localization; or

[0014] (b) change of extended conjugation via charge separation or re-
combination and mt-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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[0014] (b) change of extended conjugation via charge separation or re- combination and tt-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. Dne example of the electroRecstithes is the

so-called crossefgoxgée device£ which com 25 F1pgises a t[r)aér of crossed wrilg%c, tthag gororp g‘i}ﬁrclﬁgiﬁ)n where
one wire cross ther at Hear%?éegfhéw i Jerd Qoeé]rceegs Hnd at 1888t oHE connéctor spécies
connecting the prithaficnescptawiskstifictie)) fietdidndided ponaimndfas &hsnotionatadiblesiaivin

nanome- ters or larger for multilayers. The connector species.comprises the molecular syste
disclosed and d%ﬂ?ﬂ@dolfiearerﬁlﬂ}%% %6&%8%5%%&: %Qﬁd%ﬂ%@ﬁ‘é“éﬁe@nEﬁ*fﬁtf@ﬁ%@oduces
several new tyRgmQbswiishifien BerlesishndldmoralectisiteliiolchibRetaralr ot RO Rnigass one
rotatable section (rotor) of a molecule to change the b?éjﬁgap of the molecule; (2) E-field induced

charge separat@iegerdbgpapth&8pn @) Hdiple adnecd; ﬁﬁﬁﬁlﬁ&ﬁaiﬂ&ﬂﬁ}?ﬁélﬁofgleﬁ%ﬁé the

band gap; (3) Esfigichinduaad and gep shapgRviainUssiliefeldibobereistieichiog dhass davices are
generically considered to be electric field devices, and are to be distinguished from earlier

embodiments (@esteibedistinguighsdcirrarmmshederhatingtscidessiiraibiicahe yriasrfignsdare
directed to elechoaRR ISl APHGER il Hhdl JMP the: MR'aFUIRIF DRYEL AR MR IRYyced i the

toggling of the 10 switch. Also, the part of the molecule that moves is quite small, so the switching
times [0017] Thus, the molecule is never oxidized nor reduced in the toggling of the

10  switch. Also, the part of the molecule that moves is quite small, so the switching times
are expected to be very fast. Also, the molecules are much simpler and thus easier and
cheaper to make than the rotaxanes, catenanes, and related compounds.

[0018] The molecular system of the present invention is expected to find use
in a variety of applications, including, but not limited to, memories, logic devices,

15  multiplexers, demultiplexers, configurable interconnects for integrated circuits, field-
programmable gate arrays (FGPAs), cross-bar switches, and communication devices,

such as cellular phones, mobile appliances, and PDAs.

BRIEF DESCRIPTION OF THE DRAWINGS

20
[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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are expected to be very fast. Also, the molecules are much simpler and thus easier and cheaper to
make than the rotaxanes, catenanes, and related compounds. [0018] The molecular system of the
present invention is expected to find use in a variety of applications, including, but not limited to,
memories, logic devices, 15 multiplexers, demultiplexers, configurable interconnects for integrated
circuits, field programmable gate arrays (FGPASs), cross-bar switches, and commufigaa8iXevices,
such as cellular, es, mohile.appliances,.and PDAs..BRJEF DESC ION OQF THE DRAWINGS
20 [0019] FIG. i alsa scher%gpﬁé %p}%s%ﬁfgﬁf)nﬁ%cf W%dgqrodseé)éc l%rgg%ge at| e%s?te dcl)_rl?gn Iran ae%ule at
the intersectionchhiige tamsedines cHRA2O o k3 tdhdisla pajigpective eldvagio peglavition de pectintgbihe device
shown in FIG. | a; 25 O%&{IG. 2 is a schematic model depicting an E-field-induced band gap
change via mol8eR A LB RO UFA R SR R8P stator type of model); [0022] FIG. 3a is a schematic
model depicting@y243-field-inggcedibang garnedirnaaauaepidintharcRior Mhddandandceapigation
via charge separation or recombi- nation accompanied by increasing or decreasing band localization;
Case 10019538tanep ¥i2 seplecriantelding osstistchig @ithtic model depicting an E-field-induced band

gap change cappdpy changgyf £xtendedcrRIOALNRNIARAIGR? SEPAAERATiSREPIIRIpaction and
n-bond breaking or formation;
switches of the present invention, depicting a 6x6 crossbar switch.

BEST MODES FOR CARRYING OUT THE INVENTION

10
Definitions
[0026] As used herein, the term “self-aligned” as applied to “junction” means
that the junction that forms the switch and/or other electrical connection between two
wires is created wherever two wires, either of which may be coated or functionalized,

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

[0027] The term “self-assembled” as used herein refers to a system that natu-
rally adopts some geometric pattern because of the identity of the components of the
system; the system achieves at least a local minimum in its energy by adopting this
configuration.

20 [0028] The term “singly configurable” means that a switch can change its state
only once via an irreversible process such as an oxidation or reduction reaction; such a
switch can be the basis of a programmable read-only memory (PROM), for example.
[0029] The term “reconfigurable” means that a switch can change its state
multiple times via a reversible process such as an oxidation or reduction; in other

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

[0030] The term “bi-stable” as applied to a molecule means a molecule having
two relatively low energy states separated by an energy (or activation) barrier. The
molecule may be either irreversibly switched from one state to the other (singly con-

30 figurable) or reversibly switched from one state to the other (reconfigurable).
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[0024] FIG. 4 is a schematic model depicting an E-field-induced band gap 5 change via molecular
folding or stretching; and [0025] FIG. 5 is a schematic representation of a two-dimensional array of
switches of the present invention, depicting a 6x6 crossbar switch. BEST MODES FOR CARRYING
OUT THE INVENTION 10 Definitions [0026] As used herein, the term "self-aligned" as applied to

"junction" means that the junction that forms the switch and/or other electrical conh¥ét etween

two wires is cregigg wherevayiyg iice: sierhhichmay R easis gplinalionalied; icross
each other, because’it is the act ot crossing that creates the junction. eterm
"self-assembledt@andise hdesmefersdea s8ystmn that natu- rally adopts some geometric pattern

because of the é&. ity of the chr]n pnents r%ft e sgstem; t}%%sxst%gn grclzgievsea}gtt Ir%glsé ehlcg)ca
minimum in its by ado“éf STPRTRD it IPRIFEIR 26 [6U28] T e TE M “Singly configurable” means

that a switch camichaingeiGosiate @K mieemitead) irreversible process such as an oxidation or
reduction reaction; such a switch can be the basis of a programmable read-only memrtoﬁry (B)? OM), for
o

example. 029043 term " NRAMBRIFE A LmRO NS F LSRRI AMesioRs: thar fghee times

via a reversible proGase SUe S8 AbRELIEN0Y kaesEaR: N other 25 words, the switch can be
opened and closed multiple times, such as the memory bits in a random access memory (RAM).

[0030] The termiO¥}table" advtigismosrddeapdotabmiciorstala sl HaAg oRPhonthaRFfow
energy states SgRalRs oY BB HM G IMAURBNR I an]diErs having the dimensions of 0.05

to 10 micrometers, heights that can range from a few tens of nanometers to a mi-

10  crometer, and lengths of several micrometers and longer.

Basic Information on Prior Art Crossed Wire Switches

[0035] The essential device features are shown in FIGS. la-1b and are dis-
15 cussed in greater detail in the above-related patent applications and patent. A crossed
wire switch 10 comprises two wires 12, 14, each either a metal or semiconductor wire,
that are crossed at some non-zero angle. In between those wires is a layer of molecules
or molecular compounds 16, denoted R in FIGS. 1a and 1b. The particular molecules
18 (denoted R;) that are sandwiched at the intersection of the two wires 12, 14 are
20  identified as switch molecules, also interchangeable referred to herein as a junction.
When an appropriate voltage is applied across the wires, the switch molecules are ei-
ther oxidized 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.
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molecule may be either irreversibly switched from one state to the other (singly con- 30 figurable) or
reversibly switched from one state to the other (reconfigurable). Case 10010538 6 5 Dec 2005 [0031]
Micron-scale dimensions refers to dimensions that range from 1 mi- crometer to a few micrometers in
size. [0032] Sub-micron scale dimensions refers to dimensions that range from 1 micrometer down to
0.05 micrometers. 5 [0033] Nanometer scale dlmensgzes refers to dimensions thatP46g&%om 0.1
nanometers to ometers.{0. icrometers 0034] Micran-scale and s n ires
refers to rod or?%@%x shape lgcf?ofr:l ﬁqc}:fg?s OF St g’lré{%n ?J(ictg@ﬂé?gfbvn gy dtivs %ﬁegjaqggeargtﬁlgglﬁ%wthe
dimensions of 0b§5thto tyPenicf onirete (slck aiglets) tiat daaemmaqmﬁsanamﬁaw tbat at neadniétels ko a mi-
10 crometer, and lengths of several micr ters and lon c Information on Prior Art.Crossed
Wire Switches [Bf?ﬁ%‘?"?ﬁié A >a”8v.8§n (fa%erse h?Slltre s%%{v\ll)r? ?ﬁ\l}r 47}41% rand are dig %g]cussed in
greater detail intibasaliohe watedd@ pbhtenTaGSlibatibns and patent. A crossed wire switch 10 comprises
two wires 12, 14, each either a metal or semiconductor wire, that are crossed at some non-zero
angle. In bétween those wires is a layer of molecules or molecular compounds 16, denoted R in
FIGS. la and Ib. The particular molecuIe[sablegl(weﬁ@t@gidaﬁ))ahawtelsﬂ'dW|ched at the intersection of

the two wires 12, 14-are 20-identified-as-switch-molecules_alsg interchangeable referred-to-herein as
a junction. WHe#VIES appropid&&lioltage Mephlied ad¥iRalthe wRicpRauGiREn nsmisaRdugierei]
Type metal metal semicon- | Semiconductor | semiconductor
(same) (different) ductor (p-n junction) | (heterojunction)
Resistor X X X
Tunneling X X X
resistor
Resonant X X X
tunneling
resistor
Diode X X X X
Tunneling X X X X
diode
Resonant X X X X
tunneling
diode
Battery X X X
[0037] Depending on the molecules or materials that are used between the

wires (the electrodes), each junction can either display the types of electrical function
10  described below immediately on contact of the wires or the junction can have a
switching function that acts to connect or disconnect the two wires together
electrically. This switch can either be singly configurable or reconfigurable. In the

first case, the initial state of the switch is open or closed. In the second case, by
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ther oxidized 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 mglecule is reduced, and one of the wires is
oxidized. In a third example, a molecule is oxidized, afid one of the wires is redu¢defar¥Pfourth

example, one wireis oxidized,.and an oxide associated with the ather wire IS 1 n all cases,
oxida- tion or re%ylfclzlt?é?t }éﬁi ﬁ‘gﬁ‘é‘ﬁ ?ﬁleg {lAne |%ge(%?s%%g§lgargt %nt%lhense‘%htgb%f%}%ﬂg%%g%gp% %Neen the
two wires, therethyeskpidneadtiaslyialiepogsible natecvbrdibly etidizspartreduosshehpropeel yusedticed and

serving as the basis f% a switigg ﬁﬁa?se 10010538 7 5 Eec 2(8815&?0036 The ﬁllec ical tasks ﬁ)eer{formed
n

by these deviceD&fE! ?goélf/ng O )S/etﬁ)é ?)Pﬁgst OF Wires (e 3%*03&%5)' and ineiftefwite Materials

that are used. Tabbed, fhresgriothicvalitalisdynesion dextemtldat baigbt i ehtabieatachéiody wsoious
com_bina— tions nggthe Wir.s%i.Z, 14 ié]ﬁFl g la-1b. 5 Tible I.dé/g/iraere(I;,‘r!l%(r:itégttgg)alé/l‘zil;g3 iaaslsthe identi
DeviceMetal- Mt RS HR S Aok eI SErs B fliBrdes) entity
Type_metalmeta@aﬁgm}&ammmﬁmdumﬁmme)(different)ductor(p-n
Junctlon)(heterOtl(J)Sgglon) Res?&%rl)éé);b-[)%g gﬁg&%xg( r)éatrix of the various types of functions that can
be obtained from various combinations of electrode materials and materials or mole-
cules used in the junction. A resistor has a linear current-voltage characteristic, and is
10  made by intentionally over-reducing the junction between various types of wires to es-
sentially form a short circuit between the wires. The opposite of this process is to
over-oxidize a junction, which will consume the wire in a localized region and effec-
tively break the wire (create an open circuit) in that wire at the position of the junc-
tion. A tunneling resistor maintains a thin, approximately 2 nanometer thick, insulat-
15  ing barrier between wires and has an exponential current-voltage characteristic. In the
case that junction molecules or materials have a sharply defined energy state inside the
band gap of an electrically insulating barrier that can be accessed by electrically 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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resistor ResonantxXX tunneling resistor DiodexXXX TunnelingxXXX diode ResonantxXXX tunneling
diode BatteryxXX [0037] Depending on the molecules or materials that are used between the wires
(the electrodes), each junction can either display the types of electrical function 10 described below
immediately on contact of the wires or the junction can have a switching function that acts to connect
or disconnect the two wires together electrically. This Switch can either be singlyXBSegsble or

reconfigurable. jglg first case, (he Infelslale, of e suiiah s g0en AL closed I e speond case. by
Case 1001053 ec 2005 cycling RRE polarity and ma?'gnltu)c(ie of the Voltage on The switch beyond

the appropriate lihresteohicvatiiesing is pessdiete ramatsimsidiepardieg weetheederige yopetected
materials or molecules to ;J{ose %r og%een jg](e witch many times. In either case, when closed, the type

of electrical conAEcHBHETaY i i H&ires depends upon

5 Basic Information on Prior Art Fabrication of Wire Electrodes

[0040] Process-Defined Wires (defined as wires that are prepared by conventional

electronic-circuit processing techniques; wires are typically prepared on a substrate as
part of a circuit):
[0041] Metallic and semiconductor wires, with diameters ranging from several
10  micrometers to a single micrometer (defined as micrometer-scale), or with diameters
ranging from a single micrometer down to 40 nanometers (defined as sub-micrometer
scale) in diameter, may be prepared using well-established art, including lithographic
(optical, ultraviolet, or electron beam) technologies. These wires normally have a
ribbon shape or rectangular cross section, although circular cross sections are not
15  precluded, with the width of the wire being determined by the lithographic process
used to define the wire and its height being defined by the amount of material
deposited in the region defined by lithography.

[0042] Chemically-Prepared Wires (these wires are prepared by techniques other than

conventional electronic processing technology; wires are typically prepared as a bulk
20  material, rather than as part of a circuit board):

[0043] Metal and semiconductor nanowires are defined as wires with

diameters below 50 nanometers (typically 2 to 20 nanometers), and with lengths in the

range of 0.1 micrometers to 50 micrometers (typically 5 to 10 micrometers). These

may be prepared chemically using any one of a number of techniques described in the
25  references given below.

[0044] One example of a reported 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-
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5 the materials from which the wires (or electrodes) are fabricated as well as the identity of the
molecules or materials between the wires. [0038] Table | above shows a matrix of the various types of
functions that can be obtained from various combinations of electrode materials and materials or
mole- cules used in the junction. A resistor has a Iineafocurrent-voltage characteristic, and is 10 made
by intentionally over-reducing the junction between various types of wires to es- seR§&lR?#rm a short

circuit between I Wires:, ! 'ﬁ?ugx%%?g%i?é thy cﬁ%?&é’téfsigh‘f%e‘%X%f?ff@l%&%%‘&ﬁ‘%ﬁd‘%?iféth}LL.
consume the wire in aJocalized region and effec- tve y break the wire (create an open circtiit) in that
wire at the positiamndd.the jLUd citicomé&etsnneling resistor maintains a thin, approximately 2 nanometer

thick, insulat 15 j rrier befween wjres and has.an exponential currentfvoltﬁ e characteristjc. In the
case that junctié lecules oY MTARIaC AR %é“rpr 8%#&&%9&% sfértetirgsﬁféﬁﬁgl%%n(ﬁ gap of
an electrically instajondinaci eatioatieanob chaceassendaytilg clleaaht BiHsonN tod dserctigporihea
connection between the wires can exhibit a flow of eIectricEI cur- rent éﬁgt Is,dominated by the process

of resonanPtuniRTH CTHA PR AIERBIN SR B AU H Bro bt S2E5RS BrRIGFE MR CACRIBL e Althe
otherwise expongobeat CHAE R YRiRgss e ameiariaticughanbrelintrRsist vApdioseibn pibasion that

passes current more easily in one direction than in the other, and thus has an asymmetry in the

current- voltage IRRatSeRaiRR: PEPPISSRivEiSPR Waga DAt BtsgdameiginiBIthg sode ARIBEMIthe
positive-negativgaﬁgﬁﬁg&sqﬁﬁm[p@msqfamgi%@napg)tﬁ@rﬁmgﬂgg@] 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 ﬁ@@‘&l}rent-vo@‘g?emabterfs@idemtm%f@stmm@ﬁ@@noﬁfnmﬂm
magnitudg o the yoliaas H%‘iqymgﬂf%eel%ﬁh‘? SO SEIHANY HERIRARE $r SWP DSTOMERRDHRL S

known as negative aifferentia
the pores of an anodically etched aluminum oxide thin film. The aluminum oxide is

dissolved in acidic solution, releasing the gold nanowires, which are then collected.
Gold nanowires grown in this 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 (PH3) or arsenic trihydride (AsHj3) 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
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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. Case 10010538 9 5 Dec 2005 [0039] Thus, the present invention may be
executed with any number of metal- lic or semiconducﬂpg wire/molecule combinations, depending on
the device proper- ties desired from the assembled circuit. 5 Basic Information or® B¥§6r2R¥Fabrication
of Wire Electrodes [0040] Prpcessriefinedl/ies disfined asviresd helais arepaied Ggenyentional
electronlc-cwcu|¥Vproce§smg echniques; wires are typically prepared on‘a substrate as part of a
circuit): [0041] MetedliaandResitofuneior Qdnes alvi stianieteis vangir@.fldnmag\heradaldl mithometers

to a single micrometer (defined as micrometer-scale), or with diameters . ranging from a single
micrometer dovJH‘l%% 538‘?‘}?8?53 ééeﬁﬁ%"c?%{é"% b}}?ﬁ% & ‘rE%%ﬁ%)a.‘h‘edl %{e?,gﬂ%é’fllf?g Kepared

using well-estahjishiepaidein@yoingdshoidiaRhipe(ppitahsditavisial bel@lectron beam) technologies.
These wires normall{i{l have a ribbon shape or rec’g&gulat cross section, although circular. cross

sections are nol @ Blecluded WHAPHESG T DY i BT eN d WiBE 1AL Be65S B I ST B brocess

used to define thenvritaaiig itBehaightOINthelalined niorgamas! ok ohsrairitamslepassabaivifg region
defined by lithography. [0042] Chemically-Prepared Wires (these wires are prepared by techniques

other than conVv&¥ cRigf ol cthF oo ESHg SRS oS APewiHEE S e A SREa RS YRR 28 E B Ik

nanowires are exposed to air, a thin surface layer (1 nm) of SiO, will naturally form,
and at the SiO»/air interface, the SiO; surface is terminated by Si-O-H bonds. Groups
10 that will bind to or replace Si-O-H groups are not limited to but include
R-Si(CH3)x(OCH3s.x), R-Si(CH3):(OCH,;CH;), R-Si(CH3)<Cls, and others. In this
case, R represents an organic or inorganic moiety that can contain electron-
withdrawing (a Lewis acid) or electron-donating groups (a Lewis base). This chemis-
try of binding molecules to a SiO, passivated silicon surface is well established. One

15  published example reaction for binding molecules to the surface of SiO, passivated

silicon is:
[0051] Si-O-Hsurface) + R-Si(CH3)2Cl = Si-O-Si(CH3)2R + HCI
20  [0052] Other semiconductor wires can be functionalized with organo-amines,

organo-thiols, organo-phosphates, etc.

[0053] Apparently, no previous description of how to modulation-dope
chemically synthesized semiconductor wires has yet appeared in the technical litera-
ture.

25  [0054] For the case of other nanowires, such as metal nanowires, the wires can
be chemically functionalized with R-SH (for gold or silver wires), or R-NH, (for
platinum wires and palladium wires), or R-CO,H for other metals such as Al,Os3-
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).
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20 material, rather than as part of a circuit board): [0043] Metal and semiconductor nanowires are
defined as wires with diameters below 50 nanometers (typically 2 to 20 nanometers), and with lengths
in the range of 0.1 micrometers to 50 micrometers (typically 5 to 10 micrometers). These may be
prepared chemically using any one of a number of tecm[ﬂques described in the 25 references given
below. [0044] One example of a reported technique for'the production of semicondf&3PRanowires of
the Sem!conducPlQegdaolggggpétg rlnﬁg?lg '%vﬁ‘ﬂ r‘ﬁ%‘%(gdg‘%ﬁ@‘%ftéw Hachal Iglﬁ‘ 99 tunneling bar-
phenyltrichlorogermanium Wlth a dispersion of sodium metal in the solvent toluene, and-at a
temperature neseB3®GACwil batdosdbbwefssethe mies 30 bandisprersadvirosimplet ofigazi  evlydnts, saebral days.
That preparation produces sjngle Case 10010538 10 5 Dec 2005 crystal germanium nanowires of
diameters threeafgr'ﬁ%‘i?ﬂf ﬁéﬁhﬁ%‘i@@?and of lengths from 0.5 to 10 micrometers. [0045] A second
example of a reported technique for the production of semiconductor nanowires of the

semicondustingBlearind:sHigh o5 PriesarvadesiPa:paratisrioRb@@staining elemental silicon and iron.
The target is placed_in a vacuum oven at 1300C, and an inert gas is flowed through the oven during

the vaporizationffotess. ThisfetHRSRSIMRIAS DRSS RIFELSHASTADQ UL AtSPLAREH8 Bhge of
20 to 30 nanomgteencamdiengths ranging from 1 to 20 micrometers. [0046] One example of a

reported technigue for the production of metallic 10 nanowires of the metallic element gold is to
eIectrochemicaﬁ?ﬂér@W gold wiiconiiy Morales et al, “A laser ablation method for the synthesis

of crystalline semiconductor nanowires”, Science, Vol. 279, pp. 208-211 (Jan. 9,
10  1998).

[0057] Germanium: J.R. Heath et al, “A liquid solution synthesis of single

crystal germanium quantum wires”, Chemical Physics Letters, Vol. 208, pp. 263-268

(June 11, 1993),

[0058] Metal Nanowires: V.P. Menon et al, “Fabrication and Evaluation of
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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the pores of an anodically etched aluminum oxide thin film. The aluminum oxide is dissolved in acidic
solution, releasing the gold nanowires, which are then collected. Gold nanowires grown in this
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 semicoRe8BBEr wires,

such as doped $i. [0048] F thec se of ires,.the |re can pbe dope €,
physically prepa§re(§ Innt%ns{:::{ase ﬁs necessa(r)yl'[dc}zae (ﬁ Sf)alﬁ?lﬁ’fo%}?iergq:éﬁé% %@ggﬁsqe as the
wires are formetdbopekaiiple, be: tﬂneliekeeemda[dimy&apmmndlenehrmleﬂa atiopMacwiiuetcbseribed

above, a small a ount of dopant gas, s IEE rldeéP l{or ar n|c trinydride
(AsH3) is added! ‘I}?@ﬁw&?@ﬁ? 0?8 %Sg H%qg)guﬁiaﬁ% FAH? gﬁ he% (¥ oven during
the laser ablation/wire formation process. 25 [0049] Conversely, these wires can be
modulation-doped b coatlng their sur- faces with appropriate molecules - either, electron-withdrawing

groups (LeWis 1 such admBevsHPHIuOhdRe B )‘ éc?&%lghdtlﬁﬁ@{%fﬂ)s (Lelvis Bhases, such

as al- kylamlnefF 3|_Takenthem p-type or n-type conductors, respectively. See wire prepara- tion
routes listed be IG. Ib depicts a coating 20 on wire 12 and a coatlng 22 on 30 wire 14. The

coatings 20, 22[8#be moduliidatignping Cpa¥imhBudNREmR) s Bag\PEkided)Ook ¥iher

nano-scale functionally suitable materials. Alternatively, the Case 10010538 11 5 Dec 2005

[0065] The nickelocene system is of particular interest in that the reduction, as
10 probed by solution phase cyclic voltammetry, is highly asymmetric. Such asymmetry
is analogous to magnetization hysteresis curves that form the basis for stable and re-
writeable magnetic memory. However, in the presence of oxygen, the reduction of
nickelocene is irreversible, as probed by solution phase voltammetry. In either case,
reduction or oxidation of this system will modify the tunneling barrier between the
15  two wires between which the molecules are sandwiched. Thus, this 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 comprises 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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wires 12, 14 themselves may be coated with one or more R species 16, and where the wires cross,
R, 18 is formed. Or yet alternatively, the wires 12, 14 may be coated with molecular species 20, 22,
respectively, for example, that enable one or both wires to be suspended to form colloidal
suspensions, as discussed below. 5 [0050] To dope t iwires via modulation-doping, it is necessary to
chemically functionalize the surface of the wires using organic or inorganic moleeUrss #4bwill

covalently bind rlt&' Si-O-H group gth%ﬁs&ﬁg%ﬁfg ﬁbﬁ_\%ﬁﬁs& Yr\{ﬁ‘ N gi%:gpog%@oa ilreea§ta(ggeexposed
ace i0Z'w y

to air, a thin su ayer (1 nm) of Il naturally form, and at the Si02/air intertace, the SiO2
surface is termirateableys&ition Krdronds:. GGnolgoald Gothlxdngdltherichtd gapebihear®leOuld;groups are not

limited to but in R-Si(CH3)X(OCH . R-SI(CH3)X(OCH2CH3 X), R-Si(CH3)XC1 , and
others. In this cfgégsh represents a‘%&éﬁﬁ@dpﬁ%@a foisWARUIR & 58?3&%1% 18{}0%_—&<1e
withdrawing (a kedeudeid) ehaIcA GantRRatRgh 85 BRARE EWiBAddsep; BAts chemis- try of binding

molecules to a SiOé)i)assivated silicon surface is well established. One 15 published example reaction

for binding told® to the surface @ Sidiolpdadussd bagdicm ishanes Hismelesplariiding or
R-Si(CH3)2C1 4=icBinpi(CH3)2R + HCI 20 [0052] Other semiconductor wires can be functionalized
with organo-amines, organo-thiols, organo-phosphates, etc. [0053] Apparently, no previous

description of hBTdImodulafldwss themclesuie asyieygitraisized se damihwitesehag 9Ethsppeared
in the technical {ygygs;, U Soaral? 03 PHoP LN EohRAGE IS OIRD BB PAHET BY SRR HIE RhNARINIES, the

wires can be chemically functionalized with R-SH (for gold or silver wires), or R-NH2 (for
quite small, so the switching time is expected to be quite fast. Also, the molecules are

10 much simpler and thus easier and cheaper to make than the rotaxanes, catenanes, and
related compounds.
[0072] The following are examples of model molecules with a brief description
of their function:
[0073] (1) E-field induced band gap change via molecular conformation
15 change (rotor/stator type of model) - FIG. 2;
[0074] (2a) E-field-induced band gap change caused by the change of
extended conjugation 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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platinum wires and palladium wires), or R-CO2H for other metals such as A1203- 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 (C12H25SH). Case 10010538 12 5 g,ec 2005 The dodecanethiol AGSHPWill provide
the wires with a thin surface tunneling bar- rier, but'Rill also allow for the wires to be dispersed in
simple organic solvents, such as hexane or chloroform. 5 Basic Information on Prior Art Wire

Preparation s [0055 é,:ne fallowin mater Is ma areéj owire accor(%ng to the
reference Iisf@%?%j)OSG] Si éf AN Ve ﬂé”g(‘étg IGR rﬁevfri}br&‘fﬂ}v e%Syfithesis of
crystalline sé‘mli@&ndiwﬁ@%aaﬁcgwe @eleﬁcmo‘lénhlaﬂ 90@%@@8@1&@&@6 @tdxﬂhfh&&&)yﬂ@%?]
Germanium: H et al, "A liquid.s nth SI of si stal germani antum wires",
Chemoal PRI SO0 BB K 26 S8 ESuo Py TEUR) I S OTEN R DAHLE: . P
Menon et al stiabioation mdﬁvaimﬂqmnbﬂ.fiﬂan%emﬂmdﬁ Epplemtﬂmtrﬁrfaﬂdlcﬁi aitemistry, Vol.
67, pp. 1920-1 28 Jul. 1 1991‘22: [0959 Fu E)n%hzm% Sll% on: T. Vossmeger et al, "Combinatorial
ap- stafe, depicted on t t rawl ere 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

extended conjugation is changed, resulting in a relatively larger band gap.

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

[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 (z-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
localized 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;

[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
delocalized 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
dependent or bi-stable;

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

metal 1on complex or dipole inter-stabilization; and



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 lg‘lgay 4, 1995). [0061] Molecular switching
components may come from any number of dif- ferent Classes of molecules, depereffct?4gain, on the

desired propertj the device. 25 The key require t of the molegules is t when re
sandwiched be aeée)(ff} two wires, the( hg})} e%a%?ig%?ogﬁ?e%irga %cﬁ%gﬁ%g ?régeo?(%i’%%ygogr é%ﬁée?ed) by
applying a voltaggracuissiibondiag. di¢beonhe melecutar, compbsrerus aré senrbodiieg clbetoat ef- fect

is that the tunneling barrier between the two wijres is. modified, and the rate of.cur- rent flow is
changed. This f%??ﬁ%c?ﬂé%‘%@%’ﬁgﬁ %M%i él‘i‘,’ﬁﬁ ?H%‘B@‘E&é%a ?tg'ét%ogrﬁ’c?r?}?gég%?%perations,
and communicgggand signgbiRwing ARl aiples dithiswitde sEamipled dadedpx pairs of

molecules, in which application of a voltage re Case 10010538 13 5 Dec 2005 duces one of the

molecules and B088ks the offfter navebmelnsiles QLB RisrsRICIESIHOAEH AFING GRBEO M H&locene
(di-cyclopentadigpyd pigKeih B8 SRedie P ERHSHARYEHPEIERR YR Ntk BareRN eRRNRIR, (RUANPF6).

The reaction, then, would be: 5[0062](reduction)Cp2Ni + Bu4NPF6 - CpZNi- + BUu4NPF6+(-1.7 V)
[0063]or [0064]{psddhtonpinenies 2 BerAtdPIE gnidtie MigmeBUUNPRH 6208 g9 edelzndipiikaiene

system is of pa%SHla(EéQtﬁ&%ﬁﬁﬁ%&“ﬁ&ﬁ'&%%‘dﬁ%‘&[‘hﬁﬁs 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 ®-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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10 probed by solution phase cyclic voltammetry, is highly asymmetric. Such asymmetry is analogous
to magnetization hysteresis curves that form the basis for stable and re- writeable magnetic memory.
However, in the presence of oxygen, the reduction of nickelocene is irreversible, as probed by

solution phase voltammetry. In either case, reduction gr oxidation of this system will modifgrthe
tunneling barrier between the 15 two wires between which the molecules are sandWrRh&Thus, this

system could o, eraje 3 efiher 3 feconfiougbie, ona sindly conligwraRle, melenyjay quijh fror metal-
locene systems, sée, €.d., J.D.L. Holloway €t al, "Electron-transfer reactions of metal- Tocenes:
Influence of metablexislatitn thiatasenvaicuetthe s 3htivityted dyr0al ddgilees Avitle tiespedE ine thical

Society, Vol. 101, pp. 2038- 2044 (April 11, 1979). 20 [0066] The connector ies 1 ises a
material that disﬁ?‘f?fé §9§i§ﬁ?fﬁ%mﬂ%%a%é’k fal ,e'fl’ielglseé%s Fr?eiﬁ%"c ge%‘ﬁ%?f&%@ %a&%éined
either from solutiRnelesipeeRIBGIzE HRP tier@itiryGioRuIBATItelistifs lowa caldhatiaieyjenction.
Examples of such species include metallocenes, rotaxanes, pseudo-rotaxanes, and catenanes, which

rely on intr@molS¥ileh (N St %ﬂ%?iﬁ’@?‘WHlFe&%lﬁ&@%‘%ﬁ%‘?g%éﬁﬁY%ﬁi% itphable

disclosed, howeaygy itnle diNranaatsat gy drogen bonding forces are relatively easily exceeded
under certain conditions, as discussed above. Present Invention [0067] The present invention

introduces sevet®¥Bw typestasnntenihgamebIreaiieen dififerent sorepionst i it grpg dbe Case
10010538 14 5 RER 40> HOELlEHIEN alfetitalisl &k Uelthd REMCRURIBHAD & Bt 1RashOP&-

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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rotatable section (rotor) or a molecule to change the band gap of the molecule; [0069] (2) E-field
induced charge separation or recombination of the molecule via chemical bonding change to change
the band gap; and 5 [0070] (3) E-field induced band gap change via molecular folding or stretching.
[0071] Thus, the molecule is never oxidized nor reduced in the toggling of the switch, in contrast to
prior art approaches. Also, the part of the molecule thafmoves is_quite small, so1&wReAing time is
expected to be quite fast. Also, the molecules are 10 much simpler and thus easier and cheaper to
make than the rotaxanes, catenanes, and related compounds. [0072] The following are examples of
model molecules with a brief gescription of their function: [0073] (1) E-field induced band gap change
via molecular conformation 15 change (rotor/stator type of model) - FIG. 2; [0074] (2a) E-field-induced
band gap change caused b change of extended conjugation via charge separation or
recombination accompaay ncreasing Briti&treasing band localization - FIG. 3a; [0075] (2b)
E-field-induced bair\ld d Rge caused by ¢hange of 20 extended conjugation via charge
separation or recojrr%in jon"ang n-Bond brea!(ing or formation - FIG. 3b; and [0076] (3)
E-field-induced band gap gha iaxmoleculé folding or stretching - FIG. 4. [0077] Each model, with
supporting examp!es, is&i
limiting the inventibn to theSpedific v s, |

Switch On Switch Off

i @ Y =H, OH, SH etc.
@ NS : YZ SN i
NS o¥” N

-0~ "l:,,,* H H Switch Off
Ok —
""“\,C/ H Switch On
Hih s Y S

Bp e 10

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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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): Case 10010538 15 5 Dec 2005 [0078] FIG. 2 is a schematic depiction of this model,
which involves an E- field-induced band gap change vja molecular conformation change (rotor/stator
type of model). As shown in FIG. 2, the molecule 30 J?mprises a rotor portion 32 &tf¢ 40%ator portion

34. The rotor port{on 3 rotate Wi?fe@o?e {iee Fﬁé‘?ﬁ:ﬁri field. In.oqﬁe tate, depicted.on Hﬁg Iﬁ%‘g side of

: : dict
the drawing, théfe 18 an Bxtended conjugation throug tttﬁené%l{l}g mo é%é%r,n rségﬁlhrhdclr? a relatively

smaller band gajoubidhe albdarsiatey i tawaghotatord diathei coted tepictgpandibgraghb siatetof the
drawing, the extended conjugation is changed, resulting in a relatively larger hand gap, [0079] The
following requirSHBRESTHNED SESMBAT: o THGEAETOBE ) TS WG GETNE TLLEY 0B SR8 Pone
rotor and one s@iels prREMeN [BE3dived)rgho deagiaie iofibiecoptiaatieitthekershast thberdddockljzed
HOMOs and/or LUMOs (it-states and/or non-bonding orbitals) tha{ extend over the entire molecule

(rotor(s) arl staBHYES)SWAEEARS BF Ao SARTUGYAy SIS BHAIS Do BUaPRTSASHYE TSF 4 8%tator:
[0082] (c) The gslanacting Yhit Retweer:aislkaid siatat cppdraimsinglesathiRnd Heabastgpr atom

with (1) non-bonding electrons (p or other electrons), or ) )
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).

10 [0092] The molecule depicted in Example 1 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-

15 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.

J—E”O O\I:I—O' 8 E/G

N—H A
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(2) it-electrons, or (3) it-electrons and non-bonding electron(s) to connect the rotor and stator with the
a-bond; [0083] (d) The non-bonding electrons, or it-electrons, or it-electrons and non-bonding
electron(s) of the rotor(s) and stator(s) can be localized or delocalized depending on the conformation
of the molecule while the rotor rotates when activated Ry an E-field; [0084] (e) The conformation(s) of
the molecule can be E-field dependent or bi-stable; [0085] (f) The bi-stable statefsl’ear®¥ achieved
by intra- or intermolecular forces such as hydrogen bonding, Coulomb force, van der Waals force,
metal ion complex or dipole inter-stabilization; and 16 5 Dec 2005 [0086] (g) The band gap of the
molecule will change depending on the degree of ,non-bonding electron, or n-electron, or n-electron
and non-bonding electron de-localization of the midlecule. This will change the conductivity of the
molecule. [0087] Following are two examples of this model (Examples 1 and 2): 5 [0088] The novel
molecules of the present invention are active electrbnic de- vices that can be switched with an external
electric field. The general idea is to design 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/gf amapplied electric field, the vec
10 tor dipole moment of the rotor 32 ijOattempt to align parallel tc @ ection of the external field.

However, the molecule 30 is deéTgne‘El'such that there are inter- angfm /G
/ p

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 rest 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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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 orientatiof! the molecule 30 will re- M&MGR WAt

orientation until it is switched out. However, gfny omponent of the molecyle design. is that there is a
steric repulsion lfﬁ'éffl\ﬁ?ﬁ Wé@@nﬁﬁze&ﬁ{)sr%zﬁr %COa%Egt?ﬁ 8 h%r%%ﬂfr;&lgo r%%?é”t‘él% t(%%arté)énﬁ alf
cycle. Instead, tlagerofation $ Paked) bliyiecsibsic (sigkactionatdWkygraupsed) hehaiarcaband
stators 34 at an angle of ap- proximately 90 degrees from the initial orientation. Furthermore, this 90

degree orien- tatiih % Eashinse e rtusarsrianst Retsroatoms: Mrddhinrioedgmeyas Phds or

dipole interactioggeAnd indsalnbeas, b piRraBIeyemaliefcibatanisliaddieidis FUTIEB 2, eft. For switch
molecules, this abiligi to latch the rotor 32 between two states sei:)a- rated by approximately 90

degrees fram tHO&lors is ciidhganderwaiad Fremmnls 22he-flms aspsesomiysugh thehihs&othe

molecule is Com{ﬁﬁﬁlxyﬁgmil?%mm 1o PISRT-RRNEING6IRSIPRR Ahy oG ANmsOhir@lectrons
and non-bonding electrons of the molecule, through its highest occupied molecular 30 orbital (HOMO)

and lowest uno&ewbiRlg mendaysrsoibiky fihomolecnesdisrde sptidostatesar lonidsostals snygkicinos over
the entire mo'eq}ﬂaelﬁ%eEQ&%%QBP@M‘&H‘%YJEM%& e dCis Mmelacilns o igecase

where the rotor 32 is rotated by 90 degrees with respect to the stators 34, the conjugation of the
molecule 30 is barkbngaioc trpproOIetsel biNte rotor is small enough to move within the lattice

10  of the molecules. With the proper orientation of electrodes, this structure can be used
to create a gated junction (transistor); i.e., one where a voltage applied to one elec-
trode can control the current that flows between two other electrodes that are bridged
by the molecules.

[0096] Although linking moieties are not shown in Example 2, such linking

15 moieties, for example, -S-, depicted in Example 1, would be used to connect the

molecule between a pair of electrodes, as depicted in Example 1.

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

Conjugation via Charge Separation or Recombination Accompanied by Increasing or

20  Decreasing Band Localization:

[0097] FIG. 3a is a schematic depiction of this model, which involves an E-
field-induced band gap change caused by the change of extended conjugation via
charge separation or recombination accompanied by increasing or decreasing band lo-
calization. As shown in FIG. 3a, the molecule 130 comprises two portions 132 and

25  134. The molecule 130 evidences a larger band gap state, with less wt-delocalization.
Application of an electric field causes charge separation in the molecule 130, resulting
in a smaller band gap state, with better n-delocalization. Recombination of the charges
returns the molecule 130 to its original state.

[0098] The following requirements must be met in this model:
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are no longer delocalized over the entire molecule. This is the low conductivity or 5 switch OFF state
of the molecule 30. Thus, the molecule 30 is reversibly switchable between the ON and OFF states.
[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 %is is parallel to the orientatesf a%&%f the

molecule. Thes |gns allow different geometries of molecular films and electrodes to be used,
depending on tlfgggi%'sired results. Iﬁ%&%ﬂ@fﬂ er{}gﬁigﬁY%I&t{Baci?ﬁ@lF PILETRSHRRE S to
which the mO'%%@&H@&?@MW&PE& A exelikaggehediectinnmef thaswitohiaa dialtipo-

e

perpendicular to the electrodes, as shown by the double-headed arrow. 15 Case 10010538 18 F4
Switch On SwittHioHigwfteld omgiRgdro P9 Exahfhlens Dec 2005 The molecule shown above

(Example 1) hagyggggydesigned with the inging! |EPsR2BEIRGRICHARINABMOHRRIFINE Rbn-

current-flow axis of thé entire molecule
5  bonding electrons, or m-electrons, or 7-electrons and non-bonding electrons that can

be mobilized over the entire molecule or a part of the molecule;
[0100] (c) The molecule can be symmetrical or asymmetrical;
[0101] (d) The inducible dipole(s) of the molecule can be oriented in at
least one direction;
10 [0102] (e) The charges will be separated either partially or completely
during E-field induced polarization;
[0103] (f) The states of charge separation or recombination can be E-
field dependent or bi-stable, stabilized through inter- or intra-molecular forces such as
covalent 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 nt-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 w-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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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 Case 10010538 19 5 Dec 2005
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 #iagram to rotate to the posieh 2¥Ewn 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, 5 so this is the CgFF or low conductivity state of the
molecule, whereas the rotor is co- planar with the rest of th&_molecule on the upper diagram, so this is
e shown in the lower left diagram de-

’, () Y
is non-conductive (or compara- tively lgyv -,*- uctive) i ofsconjugated state. In the conjugated
state, the mole- cule is conductive. [0093] For the moleculgﬁﬂjagggample 1, a single monolayer
molecular film is grown, for example usin% Lan Ir-Blodgett techniques or self-assembled monolay-

15 ers, such that the orientation axis of?ﬂd_e'fr?'l%l cylesis peypendicular to the plane of the electrodes

used to switch the molecules. Electrodes may be deposit e manner described by Collier et al,
supra, or methods described in the above-references pat applications and issued patent.

o
LSO

w
10
E-Field Direction ] E-Field Dirsction
(o]
o
e O~
of O
15 v
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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Case 10010538 200 E G D iiA iiDH5 Example 2 E-J 05 Dec 2005 [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. Fot example, application of anhlMedvdSfield 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 T8"G'8¢raM a@b&Ve, and vice versa. In this case,

the rotor as pictured in the lower diagram N N
e Yatatey

cHf

5 ] ]

Colorless State

M+ ( M= H. Lewis Acid)

—M+1 lM+
10

M
|
N.
320 TAAt Ol
cHf cre
High Intensity Color State
Eg (HOMO /LUMO ) = 2.04eV

15
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 mt-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 m-bond breaking or formation. As shown in
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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 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 us%g as the rotor and stators. YH%8 ifers N, H,
and 0 retain their J- E// 'N-H Cas 0538 21 5 Dec 2005 usygl meaning. -1 he letter , E, G,
and J can be a?lﬁ}%f %réétptﬁlf)nv(\)nﬁ%l? ﬁtf'}gg](’)gl%n g§® 83" I‘&’,O 6“ (gl,sliggtc. ﬁ%gfdgg} (IJ%%%% fee'r%g’é%[urated
or unsaturated)¢vidbydroaarhalieviith i pashiend pplibat@bofeamentiviceieht tarsatdneskingaflition to

the foregoing, the lefters G and J can be of the following heteroajoms: hydrogen, F, Cl, Br, I, etc.
5 [0095] For tha TG Lo HE BRI i AUILRE AR N DL HHE: REFb b R parale
to the plane of tEQi@i@QHQ@ﬁﬁec-'{E'it%é‘)@%dﬁ&@é’ﬁv@@ﬁ%@%@&%r%ﬂ&iH@%@@Xeﬁ%&h@ﬁrﬂ_ﬁ%

molecules form solid-state or liquid crystals in which the large stator groups are locked into position
by intermofeculgtale@isctifhdoHeREEmBGH#ihg to a support structure, but the rotor is small enough to

move within theyijige 10 of g.malaculas, \Withd i, BpShRs Al AR GlSlRERUES dhis tputure can

be used to create a gated junction {transistor); i.e., one where a voltage applied to one elec- trode can
control the curréeit Meddldi® between two other electrodes that are bridged by the molecules.

[0113] One example of an E-field induced band gap change cause by extended
conjugation via charge separation (6-bond breaking and m-bond formation) is shown

10  below (Example 5):
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[0096] Although linking moieties are not shown in Example 2, such linking 15 moieties, for example,
-S-, depicted in Example 1, would be used to connect the molecule between a pair of electrodes, as
depicted in Example 1. Model (2a): E-Field Induced Band Gap Change Caused by the Change of
Extended Conjugation via Charge Separation or Recgmbination Accompanied by Increasing or 20
Decreasing Band Localization: [0097] FIG. 3a is a scH€matic depiction of this motl&ICaAHR involves
an E- field-induced band gap change caused by the change of extended conjugation via charge
separation or recombination accompanied by increasing or decreasing band lo- calization. As shown
in FIG. 3a, the molecule 130 comprises two portions 132 and 25 134. The molecule 130 evidences a
larger band gap state, with less n-delocalization. Application of an electric fjgld causes charge
separation in the molecule 130, resulting in a smaller band gap stati&h ba#teg- delocallzatlon

Recombination of the charges returns the molecule 130 to its origin
requirements must be mét in this m . Case 10€ 556 22 { 5 [0g
have a modest dielectric consk?l | 3 Aoy an 'gxternd

(5 The mplecule must

E field, with Er in the
range of 2 to 10 and poL larizatio

segment of the molecule must haveyfor
non-bonding electrons that can

@)

+
: B |
v+ '
= !
; s
i §
b+ E
! !
: E
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Example 5
[0114] In Example 5, the letters A and B can be any of the following: hydro-

S  gen, heteroatoms (e.g., N, O, S, P, F, Cl, Br, |, 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, O, S,
P, B, F, Cl, Br, I, etc.), or functional groups with at least one of the above-mentioned

10  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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[0101] (d) The inducible dipole(s) of the molecule can be oriented in at least one direction; 10 [0102]
(e) The charges will be separated either partially or completely during E-field induced polarization;
[0103] (f) The states of charge separation or recombination can be E- field dependent or bi-stable,
stabilized through inter- or intra-molecular forces such as covalent bond formation, hydrogen bonding,
charge attraction, coulomb forces, metal 15 complex2dr Lewis acid (base) compfeRee#00f0104] (q)
The process of Ilﬁe separl,ﬂilgn or recombir(lgtion of the molecule ca 1inv lve or nogirtwolvg a- and
n-bond breakagfg ormatiort; n@mt(ﬂ? W@ ﬁ{?&ﬂ‘é?g@aée"pg?é i6h SF1E- 8P mbimation process

ac- tivated by afhlz-fielghdie b ewpyoiietiraleceimysl mbregrdapmnsinig on the de- 20 gree of the

non-bonding electron, or it-electron, or tt-electron and non-honding elec tron de-localization jn the

molecule. Both (834641 and el®eehsr srpapiR ShrhE-Hsifetidueedifaned Srbn GRAPER CEEFRIDY [0106]
One example op AaudasUeld BatlifRe 9@9&9%@*&?9@&1@%9&&%@%&%9&@@?&%@%@&%&{&

recombination involving bond breaking or bond formation is 25 shown below (Example 3): Case

10010538 23 5tivadosivavs belewrERpmpleah 15
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E-Field Direction lift Irtersity Color Stale 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-withdrav%éwg groups. 25 [0108] An ex&¢piddt an E-field
induced band gap change involving the for- mation of a molecule-metal complex or a molecule-Lewis
acid complex is ;sﬁown be- low (Example 4): Case 10010538 24 5 MW 15 High Ianénsity Color State Eg
(HOMO /LUMO)i = 2.04eV Example 4 5 Dec 2005 [0109] Wh%ﬂa' M+ xpTegents m:etals, including
transition metals, or their halogen com- 2 0 plexes or H+ or of Wi
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Example 6
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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
it-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 fdfmation. As shown in Eg (REM3EMO ) =

3.468V CHS Ny (N =/ S,CHi3L CHI ML M) 3 M Oploress Stare ML NGl G CH3
gen, heteroatoms (e.g., N, O, S, P, B, F, CI, Br, [, etc.), or functional groups with at
least one of the above-mentioned heteroatoms, hydrocarbons (either saturated or un-
saturated), or hydrocarbons with at least one of the above-mentioned heteroatoms. The
5 letters W, X, Y, and Z can be any of the following: hydrogen, heteroatoms (e.g., N, O,

S, P, F, Cl, Br, |, 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.

10 [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-

15 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

20  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,v 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-

25  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 7-
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

30 through C-C bond rotation. A key component of the molecule design is that there is a
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5 Dec 2005 FIG. 3b, the molecule 130’ comprises two portions 132' and 134'. The molecule 130’
evidences a smaller band gap state. Application of an electric field causes breaking of the it-bond in
the molecule 130, resulting in a larger band gap state. Reversal of the E-field re-connects the it-bond
between the two portions 132" and 134" and returns the_ 5 molecule 130’ to its original state. [0112]
The requirements that must be met in this model are the same as listed for Model Pe&2§8213] One

Crammle o o S L AR S S S R D

10010538 26 Wo¥idd P4zt of ‘iHdImolddile Gthi3 @ gitiNeekangptsbetor) from rotating through a com-

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 1i.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



H 5 Dec 2005 B B [01141 In Example 5, the letters A and B can be any of the following: hydro- 5 gen,
heteroatoms (e.g., N, 0, S, P, F, Cl, Br, I, 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, 0, S, P, B,gl'l, Cl, Br, I, etc.), or functioAd?&i8dps with at
least one of thed?[‘bxgl’t‘?'%‘;‘?{&%o'&%&’t 9 %?tesr%raeto%%vrPXQrﬁﬁﬁ&?%‘érﬁ‘%'fé‘cﬁlma%aﬁ%{(ﬁ?%&%Mﬂéﬁ%%@ted)’. or
hydrocarbons wi A At Teast 6he of the above-nrentioned heteroatoms. The finker oleties, connecting
the molecule tplie eeticadedeidesyiTerenncdlesitien folidatitte btdimewdcristals acwubiclléce, such
linker moieties Yvould be Eresent. Casg ?%10%38 27t5 D%c 2(%024{0}15; qutulg %Wsog} la)oég{:ular
structure has a SFSIRPS r%ﬁoélgf) SV o 1|lg RePton UC‘IDVIe'[‘):/? an the fowermosltrmolecular
structure. [0116johdnibes exapipie sthacirefibld ihduowd banthiyapaingamaseiiiy thedakige of
extended n-bond conjugation via charge recombination and bond forma- 5 tion is shown below
(Example 8): CA5ths rplegigsog

Model (3): E-Field Induced Band Gap Change via Molecular Folding or Stretching

[0123] FIG. 4 is a schematic depiction of this model, which involves an E-
field-induced band gap change caused by the change of extended conjugation via mo-
10  lecular folding or stretching. As shown in FIG. 4, the molecule 230 comprises three
portions 232, 234, and 236. The molecule 230 evidences a smaller band gap state due
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 T-electrons, 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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H Example 6 CH3 W W H B +i 5 Dec 2005 Case 10010538 29 5 Dec 2005 [0117] In Example 6, the
letters A and B can be any of the following: hydro- gen, heteroatoms (e.g., N, 0, S, P, B, F, Cl, Br, I,
etc.), or functional groups with at least one of the above-mentioned heteroatoms, hydrocarbons
(either saturated or un- saturated), or hydrocarbons with at least one of the above-mentioned

heteroatoms. The 5 letters W, X, Y, and Z can be any

0, S,P,F, Cl, tc.), or functional groups with at least one of
hydrocarbons (i%(ﬁsaturated or w@a r%tt@ ?to?r}?yﬁtraé%épﬁ%%lm
cheaihsthn ket maigtiesthavabaean@aviasbidigoaenianas. 10

above-mentionggk

the following: hydrogen, hB&ré4tbms (e.g., N,
abovgrpention&d hegg{oatoms,

A feEPORLEIRE S

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

conductivity, thahrirolesms mald b siellslosalizad antbthrst Alsans L Rt & LhBfd8-are
generated duringthed6iAMRIMArABAIENBIMPLASE: Jiher '@sidlidng charges will be separated and move

in the direction of
5 [0131]

(g) The band gap of the molecules will change depending on

the degree of non-bonding electron, or 1t-electron, or m-electron and non-bonding elec-

tron delocalization while the molecule is folded or stretched by an applied external E-

field, and this type of change will also affect the conductivity of the molecule as well;

and

10 [0132]

(h) This characteristic can be applied these types of molecules

for optical or electrical switches, gates, storage or display applications.

[0133]

An example of an E-field induced band gap change via molecular fold-

ing or stretching is shown below (Example 7):

15

Breaking conjugation

due to molecule folding o
|

~

o] Stretching Out

>
<
Molecule Folding Re H NH,
25
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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the applied external field through charge migration via an extended conjugation sys 15 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 bon(#g, Coulomb, or dipole-di ntfctions as

well as 20 steric repulsi or by a peymanent externagl E-field to stabilize bot arges jn this
particular orientrgﬁg%(.)ﬁﬁggg?taerl%argoe |t‘ellt;3lylsr ?‘é%qru red {%1 Unlateh t tgémoélggﬁ?éufra(??n&gsogrﬁﬁgﬁogﬁréntation.
Once switched ok avirarbicldan ofienibitieribe: meiekohe il tteo atains. i thatovdentittion the it is

switched out. [0 When a reverse E-field.is.applied (Example 6), both charges tend tq re- 25 align
themselves to e % E‘ff%ﬁ BPfHBeri\VgP%I&?&‘??a%ﬁe%gﬁeﬁg?go%ﬁ\%of %L}%et%?ﬁhetﬁtgeﬁtﬁ%%erspaéﬁ of the
molecule will migi@ia (Ekheesentendneledttbee alrrliltkéirirasy tisetaile posiiesehiramathelside of the

molecule through non-banding electron, or it- electron, or it-electron and non-bonding electron
delocalization. BRBGICE e nega- tive charged lower part of the molecule will tend to move closer to

the external E-figigs3p througitte-tdlefitld FatiRe 16fkaxnaciROpANhE ahibe malacelp dasian igethat
there is a Case 10010538 30 5 Dec 2005 steric and static repulsion between the C02- and the Y

groups that will jsievEfanged reRBieatendnihe aolecmeleamienediisvbecmalseteser it Hethhrdting
through a com-glatg 180degrae,hall fyried Q%??Qr%&‘&@m@ igaalieh Ry dhifisieriniaiargtion of

bulky groups on the lower part and the upper part at an angle of approximately 90 de
through the entire molecule.

10 [0136] The technology disclosed and claimed herein for forming crossed wires
(micro-meter or nanometer) may be used to perform a variety of functions and to form a
variety of useful devices and circuits for implementing computing on a microscale and
even on a nanoscale. For example, applications include molecular wire crossbar
interconnects (MWCI) for signal routing and communications, molecular wire crossbar

15 memory (U.S. Patent 6,128,214), molecular wire crossbar logic (MWCL) employing
programmable 'logic arrays, a demultiplexer for a molecular wire crossbar network,
molecular wire transistors, and pixel arrays for displays.

[0137] As illustrated in FIG. 5, the switch 10 of the present invention can be
replicated in a two-dimensional array to form a plurality, or array, 60 of switches to form

20  acrossbar switch. FIG. 5 depicts a 6x6 array 60, but the invention is not so limited to the
particular number of elements, or switches, in the array. Access to a single point, e.g.,
2b, is done by impressing voltage on wires 2 and b to cause a change in the state of the
molecular species 18 at the junction thereof, as described above. Thus, access to eé,ch
junction is readily available for configuring only those pre-selected junctions in

25  accordance with the teachings herein. Details of the operation of the crossbar switch

array 60 are further discussed in above-referenced U.S. Patent 6,128,214.
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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 thé'electrons, which causes tARRAN-LUMO gap
to in- crease and the conductivity to decrease, [ ] I tor is the ability to switch the
rotor (lower part of molecule) between two SREsS ximately 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 riglgls of the molecule, become

completely con[83378d. ThusThselisiA-endichable ralseuiss ischesed hSTRiR A FrpeRied R bndidse
molecular orbitgl (HQMEARIAINESIHNL cfidpissidrlassdar 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 ®f 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
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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 31 5 Dec 2005 dium-tin oxide,
and the films are grown such that the molecular axis is parallel to the plane of the electrodes. The
molecules form solid-state or liquid crystals in which_the large stator groups are 1d&kd298 position by
intermolecular interactions or direct bonding to a port structure, but the rotor is small enough to
move within the lattice of the molecules. Model (3): E-Field Induced Band Gap Change via Molecular
Folding or Stretching [0123] FIG. 4 is a schematjc depiction of this model, which involves an E-
field-induced band gap change caused by the M extended conjugation via mo 10 lecular
folding or stretahingCAsmsbdvn in FIG. 4, the molecule 230 comprises three portions 232, 234, and
236. The molecule 230 evidences a smaller band gap state due 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 foiditgtrabSaldthetoatitdanobrtidar 234(clesoftipgsingad angcban dygégstate due to
the non 15 extengded conj jon-n th i cule. rs he Exfield un he mole- cule
230 and retuerﬁr%% t gesn%)leécu gillt((i))rﬁg érigﬁg{({ga%ﬂgt%%h%ﬂ%@ﬁd%ﬁ%@ﬁ%%&%eycé%(%glépglrtion 234 of
the molecule@30dutionttbasarmiestiaeofo d2 4)cTiwl dotiowingateqisresnents must be met in this Model:

[0125] (a) The molecule must have at least two segments;
(1) molecular conformation change or an isomerization;

(2) change of extended conjugation via chemical bonding change to
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.

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
smaller band gap, and wherein in said second state, said extended conjugation is

changed, resulting in a relatively larger band gap.

4. The molecular switch of Claim 3 wherein said molecular system comprises:



20 [0126] (b) All segments (portions) must have non-bonding electrons, or n-electrons, or n-electrons
and non-bonding electrons involved in the HOMOs, LUMOSs, 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 seg| ants of the molecule have some functional
groups that will help to stabilize both states of folding[g d stretching through intra2 BEGR&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;
Case 10010538 32 5 Dec 200 T\ 0130] (f) In at least one state (presumably in a fully stretched state),
the non-bonding electrops, of Iectron’é‘ 'bPHt Bt trons and non-bonding electrons of the molecule
will be well-delocalized @. th @se electrons of the molecule will be lo- calized or only partially
delocalized in other states); 5101319 (g) The band gap of the molecules will change depending on
the degree of non- bondlng ele fqt~electr’on or n-electron and non-bonding elec- tron
delocalization whilg the md1'eg folded or stretched by an applied external E- field, and this type of
change will also affbct the %ﬂfr\du tIVIW of thesmolecule as well; and 10 [0132] (h) This characteristic
can be applied these types of molegul ‘)' r o\QtlcaI or electrical switches, gates, storage or display
applications. ;

Switch On Switch Off

Switch Off

N!‘ —

Y = H, OH, SH etc.
NS : Y7 SN
Switch On

Q ©©

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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[0133] An example of an E-field induced band gap change via molecular fold- ing or stretching is
shown below (Example 7): 15 Breaking conjugation due to molecule folding 200 1 N,O Stretching
Outl0R-O ".,,HIIRI-'i"N N"'0-----H' 'H R2 25 H Molecule Folding R2 H Example 7 [0134] where
R1 and R2 may be any of the following: hydrogen, heteroatoms (e.g., N, 300, S, P, F, Cl, Br, |, etc.),
or functional groups with at least one of the above NHZ Case 10010538 33 5 Dec 2005

NO'

faﬁy O

H
: O

N-H A

@ 4O

\
E—J

8

wherein the letters A, D, E, G, 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
10
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5 Dec 2005 mentioned heteroatoms, hydrocarbons (either saturated or unsaturated), or hydrocar-
bons with at least one of the above-mentioned heteroatoms. As above, neither the pair of electrodes
nor the linker moieties for connecting the molecule to the electrodes are shown. However, such
electrodes and linker moieties would be present in an elec- 5 tronic device. [0135] The molecule on the
left hand side has a larger band gap due to the nop-extended conjugation in the e&fe@ecule, while
the molecule on the right hand side has a smaller %md gap and a higher conductivity due to an
extended conjugation through the entire molecule. 10 [0136] The technology disclosed and claimed
herein for forming crossed wires (micro-meter or. nano etf%g m e used% perfor variety of
functions and to forén e;f %’aﬁ’é’&?" s%%ﬁcrge‘?fc%%lgﬁ e*(T&f‘d f?ﬁlaﬂyﬁﬁ‘fgmg Fh?é E]c%cﬁrguﬁad%n a
microscale afigh evanrnia natinsgealefFartaxznpienjagaicatidascivehicls maldtigathatig: crwssbar
interconnect %ﬂggg}% or signal routing and communications, molecular wire crossbar 15 memory
(U.S. Patentgg, , Ag’)?[}ﬁgf’é%ular wire crossbar logic (MWCL) employing programmable logic
arrays, a demultiplexer for a molecular wire crossbar network, molecular wire transistors, and pixel
arrays for displays.éOlﬁ% As illustrated in FIG. 5, the switch 10 f%?e resent invention can be
repiicated in & two-dimEAS BTy VA5 1 & TR 5 g 0 S LG REHb S A58  crossbar
switch. FIG. gaplegisiga Gomrray GOclhuigihe fnseatidsnlismngtgatibvmites thihe paficut@nhnoimber of

elements, or switcgles in the arr%iébacgess to asin Igégoint e.%ﬁng%ciasl.done by impressing voltage
e

. re mafion acc 1ncreasin reasin 1zatipn A .
on wires 2 ahd B10 Catige?s ((:)frwnepnge fhthe St maleca st species itg)at the junction thereof, as
described above. Thus, access to each

8. The molecular switch of Claim 7 wherein said molecular system comprises
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, thereby resulting in a relatively larger band gap state,
with less m-delocalization, and recombination of charge in changing from said second
state to said first state, thereby resulting in a relatively smaller band gap state, with

greater n-delocalization.

9. The molecular switch of Claim 8 wherein said molecular system comprises:

(o]
(0]
|
/
2@@5 % OJe
W

Colorless State
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(0]
o )
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E-Field Direction ‘ ‘ E-Field Direction



junction is readily available for configuring only those pre-selected junctions in 25 accordance with the
teachings herein. Details of the operation of the crossbar switch array 60 are further discussed in
above-referenced U.S. Patent 6,128,214. Case 10010538 34 5 Dec 2005 INDUSTRIAL
APPLICABILITY [0137] The field-switchable molecules disclosed herein are expected to find use in
micro-scale and nano-scale electronic devices. 5 Gase 10010538 35 CLAIMS WR&P$§ €f8imed Is: 5
Dec 2005 1. An electric field activated molecular switch comprising a molecular system that has an
electric field induced band gap change resulting from a change in conjugation that occurs via one of

the following mechanis ojecular mat change isomerization; (2) change of
extended conjugatlza @%ﬁb&ﬁ%@?ﬁ%‘ﬁﬁ?ﬁg‘%ﬁ t&’ h@ﬁ%ﬂﬁ@%@% T ReE ?)Ip@%’s?#ﬁllsgéular folding
or stretching. 2. The molecular switch of Claim 1 whereln said electric field induced band gap change

occurs via molecular conformation change or an isomerization. 3. The molecular switch of Claim 2
wherein said molecular system comprises

Eg ( HOMO /LUMO ) = 3.46eV

Colorless State

_WHW

M+ (M= H. Lewis Acid)
( N

CH3
- I l M

oy O
CH3
High Intensity Color State
Eg (HOMO /LUMO ) = 2.04eV

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

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

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
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 changed and separated
positive and negative charges are created within said molecular system, resulting in a

relatively smaller band gap state.



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 smaller band gap, and wherein in said
second state, said extended conjugation is changed, resulting in a relatively larger band gap. 4. The
molecular switch of Claim 3 wherein said molecular s§Stem comprises: 36 Fro SwiteeedABwitch Off
Switch Off Switch On 5 Dec 2005 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: Case 10010538 37 Il 5 Dec 2005 wherein the letters A, D, E, G, and J indicate sites where

different chemical units_ can be utilized to adjust.geometrical structure and.optical properties of said
molecular sys 5 tem ai%i ﬁ%?/énﬁgeﬁgi% %ﬁ?ﬁn"ﬁ%&%ﬁo ‘ﬂi/r\/es}?,&?lg,nﬁ? ?lgﬁ%y eariraecérol pendently
se- lected from the group consisting of heteroatoms, hydrocarbons (either s\?\;urated or un-

+ CH
| 0 N 0
|+ i
v
E+ X
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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 I. 10 Case 10010538 38 5 Dec 2005 6. The molecular switch of Claim 1 wherein said
electric field induced band gap occurs via a change OZI extended conjugation via chemical bonding
change to change the band gap. 7. The molecular swilgh of Claim 6 wherein said et field
induced band gap change occurs via a change of extended conjugation via charge separation or
recombination accompanied by increasing or decreasing band localization. 8. The molecular switch of
Claim 7 wherein said molecular system comprises two portions, wherein a (,Wange from a fjrst state to
a second state occurs with an applied electric field, said change involy 8
changing from said first state to said second state, thereby resultlng |r|1
state, with less ic- delocallfatlon and omblna on Of clb ~ i
said first state, thereby resultlng\l , greater ic-delocalization.
9. The molecular switch pf Claim & /:‘ sa' n d ) omeres E-Feld Direction | }
E-Field Direction High Intensny Cﬂo S

l + "'

|
)
)
)
|
)
. O
|
|
'
'
}

O@
7o
;

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:
10
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5 Dec 2005 10. The molecular switch of Claim 8 wherein said molecular system comprises: Eg
(HOMO /LUMO) = 3.46eV CH3\ N CH3 N N CH3 Colorless State M+ CH3\+ N CH/ M+ ( M= H,
Lewis Acid) NI S MCH3NN S CH3

42 5 Dec 2005

- W +

U AN

i |

i H §

- ol Q- +!

: Y 5

i !
+|

o B |

| i

i i

E +!

X |

| i

! +i

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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High Intensity Color State Eg (HOMO /LUMO) = 2.04eV where M+ represents metals, including
transition metals, or their halogen complexes or H+ or other type of Lewis acid(s). 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 ic-bond breaking or formation. 12. The
molecular switch of Claim 11 wherein said molecular system comprises two portR$cwhBPein 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 exte ded ugatlon oughout sald olec stem, resulting in a relatively lgrger band
gap state, arﬁ |ﬁa§‘éﬁ?f c%nb‘%fga@ @%tr?&'ggg ‘Fg]ﬂ@sat%ﬁ s%hish ec‘j’%eh(%gaparated

positive and me@aamhaigl&smwla&teﬂdvnﬁh&@ 12pidsainlcleutardsysiethnwigshltuig moedidiatively

smaller band g state. 40 5 Eec 2005 13. The molecular switch of Claim 12 wherein said molecular
system comfr}glsst 2P gt%cé s"éssﬂfbaf 38 5 Dec 2005

15. The molecular switch of Claim 1 wherein said electric field induced band

gap change occurs via molecular folding or stretching.

16. The molecular switch of Claim 15 wherein said molecular system comprises
three portions, a first portion and a third portion, each bonded to a second, central
portion, wherein a change from a first state to a second state occurs with an applied
electric 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 system, resulting in a relatively smaller band gap state, and wherein in said

second state, said extended conjugation is changed, resulting in a relatively larger band

gap.

17. The molecular switch of Claim 16 wherein said molecular system

comprises:

Breaking conjugation
due to molecule folding o
[

Stretching Out

q—_
Molecule Folding

?
H

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.

18. The molecular switch of Claim 1 comprising a crossed-wire device

comprising a pair of crossed wires that form a junction where one wire crosses another



HW CH3 B B 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: 10 Cas 119628838 42 5 Dec
2005 W W CH3 B + ~\N"N H +i W CHS3 +i

at an angle other than zero degrees and at least one connector species connecting said
pair of crossed wires in said junction, said junction having a functional dimension in
nanometers, wherein said at least one connector species comprises said molecular

system.

19. The molecular switch of Claim 18 wherein said crossed-wire device is
selected from the group consisting of memories, logic devices, multiplexers,
demultiplexers, configurable interconnects for integrated circuits, field-programmable

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

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

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

21. A method of electrically switching between two different states in an
electric field activated molecular switch comprising a crossed-wire device comprising
at least one 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, wherein the junction has a functional dimension
in nanometers and wherein the connector species comprises a molecular system that
has an electric field induced band gap change that occurs via one of the following

mechanisms:

(1) molecular conformation change or an isomerization;

(2) change of extended conjugation via chemical bonding change to
change the band gap; or

(3) molecular folding or stretching,
said method comprising applying a voltage to a pair of wires to cause a change in the

state of said molecular system at said junction thereof.

22. The method of Claim 21 wherein said electric field induced band gap

change occurs via molecular conformation change or an isomerization.



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 Case 10010538 43 5 Dec
2005 bhons (either saturated or unsaturated), and hydrocarbons with at least one said heteroatom and
the vertical dashed lines represent electrodes with which said molecular system is electrically
associated. 15. The molecular switch of Claim 1 wherein said electric field inducet!Beh#§ap change
occurs via molecular folding or stretching. 16. The niolecular switch of Claim 15 wherein said
molecular system comprises three portions, a first portion and a third portion, each bonded to a
second, central portijon, wherein ? e from a first state to a second state occurs with an applied
cleotrc ot said oPAngOiTOETNG A HIRG & UTERHIAE ABUEE BP A SLith SEOREr D SR wherein i
said first staimcthererpaxianded adejisgationodorqugtiont waideimoled uassystes fresuliifigsin a
relatively smaller band gap, state, and wherein in said se nc(i;]state,.said tended conjugation is
changed, reSUiing X SekRAl, MDA EIR £ FRE SR SHIERSF CHSntES herein said
molecular systelcdaroijigesobtletaihouestdd molecular system, resulting ifNdiiilativeRodeliniged

band gap, and wherein in said second state, said extended conjugation is changed,

resulting in a relatively larger band gap.

24. The method of Claim 23 wherein said molecular system comprises:

@ Y = H, OH, SH etc.
i

Switch On Switch Off

@ Y = H, OH, SH etc.
\S © Y7 SN i

0O « HH Switch Off
O ; \z P -
SN _
Switch On

where the vertical dashed lines represent electrodes to which said molecule is

electrically attached.



wherein Rl and R2 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. 18. The molecular switch of Claim 1 comprising a
crossed-wire device comprising a pair of crossed wires that form a junction where one wire crosses
another 44 5 Dec 2005 at an angle other than zerg éhegrees and at least one conAdetsr¥ecies
connecting said pair of crossed wires in said juncﬂ , said junction having a functional dimension in
nanometers, whereps saiet atdetast ONElgioNDEIaEISReciREBoRIlisesS saif coalpawtar system. 19. The
molecular switch of Claim 18 wherein said crossed-wire device is selected from the group consisting
of memories, logic devices, multiplexers, demultiplexers, configurable interconnects for integrated
circuits, field-programmable gate arrays (FGPAS), cross-bar switehes, and communication devices.
20. The molecular switch of Claim 1 wheryein said molecular s «~. }is sandwiched between a pair of
electrodes and connected thereto by-linking moieties.N210A method of electrically switching between

two different states ip-an,_electric field aetivated rnolécular swi PEISing ossed-wire device

comprising at Ieast{e?é“}&vmf crossed wires unctipnWhereone/Wirg \crosses another at
an angle other than 2&¥o deg?%e-s 3 @ he pair of crossed
wires in the junction, whereirgthe | unctional diménsion in nanometers and wherein the

connector species comprises a mg ar systemythat has aftelectric field induced band gap change
that occurs via one of the following

wherein the letters A, D, E, G, and J indicate sites where different chemical units can
be utilized to adjust geometrical structure and optical properties of said molecular
system and have generic designations as follows: A, D, E, G, and J are independently
selected from the group consisting of heteroatoms, hydrocarbons (either saturated or
unsaturated), 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 consisting of hydrogen, F, Cl, Br, and 1.

26. The method of Claim 21 wherein said electric field induced band gap
occurs via a change of extended conjugation via chemical bonding change to change the

band gap.

27. The method of Claim 26 wherein said electric field induced band gap
change occurs via a change of extended conjugation via charge separation or

recombination accompanied by increasing or decreasing band localization.



mechanisms: (1) molecular conformation change or an isomerization; (2) change of extended
conjugation via chemical bonding change to change the band gap; or (3) molecular folding or
stretching, said method comprising applying a voltage to a pair of wires to cause a change in the state
of said molecular system at said junction thereof. 22. The method of Claim 21 wherein said electric
field induced band gap change occurs via moleculgr conformation change or an fsBi§fetf¥&tion. 44a 5
Dec 2005 23. The method of Claim 22 wherein saitl tholecular 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 %ﬁd, Wfl?Pr in in said % t state, there is _extended conjugation throughout said
molecular system, ?égsm i 8 A acfﬁ/ ! ?Ise‘?ﬁ’ﬁﬁq% ifé ,Igwﬁﬂbf?ér@iﬁtﬁﬁls%?%lggé%gnw&ate, said
extended copjugdatiQrinibeetiangelthnge Sudiing ifirat retadively kewgadband gaprLdithhenmgthied of Claim
23 wherein said mote lar ,%g/sﬁem comage(ises\:xﬁ Switch O? Switch Off. Swtitch Off dSlyvittcht (t)n where the
vertical dasHed e l?ﬁpfé‘é SPRIBEIPOGLE RS FICES SSRFTRSIBAN Saneing from said first state

to said second state, thereby resulting in a relatively larger band gap state, with less 7t-

delocalization, and recombination of charge in changing from said second state to said

first state, thereby resulting in a relatively smaller band gap state, with greater 7-

delocalization.

29. The method of Claim 28 wherein said molecular system comprises:
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electrically attached. 44b 5 Dec 2005 25. The method of Claim 23 wherein said molecular system
comprises: wherein the letters A, D, E, G, and J indicate sites where different chemical units can be
utilized to adjust geometrical structure and optical properties of said molecular system and have
generic designations as follows: A, D, E, G, and J are independently selected from the group
consisting of heteroatoms, hydrocarbons (either s% gjc{ated or unsaturated), and tfy Bdns with at
least one said heteroatom, and where in addition {0'the foregoing, the letters G and J are
independently selegtedTfhemmébiedgsOUmzansisitngai kyidrogatubr 6B andpridd: The method of
Claim 21 wherein said electric field induced band gap occurs via a change of extended conjugation
via chemical bonding change to change the band gap:27"Phe'fMethisy of Claim 26 wherein said
electric field induced band gap chan&e occurs w%@g ofextended conjugation via charge
separation or recombination accompanije @ incre easmg band localization. 44c 5 Dec
2005 28. The method of Claim 27 wiefein'sdid molecular system éomprlses two portions, wherein a
change from a first state to a second state occurs with an appledselectric field, said change involving
charge separation in changing from said first state]to sqjd second state, thereby resulting in a
relatively larger band gap state, with less it- delocalization, and recombination of charge in changing
from said second state to said M+ (M= H. Lewis Acid)

s OO
~ o O=0,

High Intensity Color State

Eg (HOMO /LUMO ) = 2.04eV

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

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

31. The method of Claim 26 wherein said electric field induced band gap
occurs via a change of extended conjugation via charge separation or recombination and

n-bond breaking or formation.

32. The method of Claim 31 wherein said molecular system comprises 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]] changed and separated
positive and negative charges are created within said molecular system, resulting in a

relatively smaller band gap state.



first state, thereby resulting in a relatively smaller band gap state, with greater it- delocalization. 29.
The method of Claim 28 wherein said molecular system comprises: EHeld Direction EFeld Direction W
Hgh Intend y Cdor Stcte 44d 5 Dec 2005 30. The method of Claim 28 wherein said molecular system

comprises: Eg (HOMO /LUMO ) =3.46eVCHINS CH/CH3 3-M+N CHS CH/i M+ Colorless

State M+ (M= H, Lewis Acid) Ao 5 Dec 2005

33. The method of Claim 32 wherein said molecular system comprises:




CH3-M+11 M+ 3 M I N CH3\+ NN CH/ CH3 High Intensity Color State Eg (HOMO /LUMO ) =
2.04eV where M+ represents metals, including transition metals, or their halogen complexes or H+ or
other type of Lewis acid(s). 31. The method of Claim 26 wherein said electric field induced band gap
occurs via a change of extended conjugation via charge separation or recombination and ic-bond
breaking or formation. 32. The method of Claim 31 %erein said molecular syster E6fmiftikes two
portions, wherein a change from a first state to a s&tond 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 conJFgation throughout said molecular system, resulting
in a relatively larger band gap state, and wherein in said second state, said extended conjugation is
[[destroyed]] changed and separated positive and negative charges‘are created within said molecular

e e

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,
hydrocarbons (either saturated or unsaturated), and hydrocarbons with at least one said
heteroatom and the vertical dashed lines represent electrodes with which said molecular

system is electrically associated.

34. The method of Claim 32 wherein said molecular system comprises:



44e 5 Dec 2005 33. The method of Claim 32 wherein said molecular system comprises: 44f 5 Dec
2005 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, hydrocarbons (either saturated or
unsaturated), and hydrocarbons with at least one said heteroatom and the vertical dashed lines
represent electrodes with which said molecular system is electrically associated.32¢qR@0method of
Claim 32 wherein said molecular system comprise%l.g449 5 Dec 2005 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, hydrocarbons (either saturated or Wisaturated)!:and hydrocarbons with at

least one said heteroatom and the vertical dashed lines rapres ctrodes with which said
molecular system is electrically associated. 5 Dec 2005 44h 35. Theim&thad of Claim 21 wherein
said electric field induc d gap ehange-oceuss’ g or stretching. 36. The method
of Claim 35 wherein/said molecularfsysterm co stthree| +
; . N Y # H
H)\ 1|'1 CO, .
o+

-

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,
hydrocarbons (either saturated or unsaturated), and hydrocarbons with at least one said
heteroatom and the vertical dashed lines represent electrodes with which said molecular

system is electrically associated.



portions, a first portion and a third portion, each bonded to a second, central portion, wherein a
change from a first state to a second state occurs with an applied electric 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 system, resulting in a relatively smaller band gap state, and
wherein in said second state, said extended conjugation is changed, resulting in 2Psfat¥@y larger
band gap. 37. The method of Claim 36 wherein sald'molecular system comprises: wherein Rl and R2
are independently salectad frasthtide @ augi@opsistingcdh Rytragensidhatgdoatonsd fumetianal groups
with at least gne said heteroato ,gédro rbons (either saturated or unsaturated), and hydrocarbons
with at least 8%%?8%&@?8&?8:‘:%? r_ﬁqﬁ@}%% SPBRIm 21 comprising a crossed-wire device

comprising a pair of crossed wires that form a junction where one wire crosses another at an angle
other than zero degyees and at least connector species connecting said pair of crgssed wires in
cat junction, said Jot b HEURG s AIBIAP BT PR SHRT S0 M st one
connector spetiegmcanfrisessiaitl anolechiat myai@medth bobésrl 200bs38on) e ¢nethpdobgilaim 38
wherein said g{ossed-mﬂre de¥ice is Iectteg ftrom the %{0%’ consistirég ﬁ’f mem(frigs, Iogric devices,
multiplexers,W Sﬁ‘?ﬁin% Xe Eglﬁlfi%u}ra%léefnete?c%r?ﬁ%%? tola t%cgf}gfe élr@ﬁlit%??iéff -6reocgr1§mmable
gate arrays feldPAs) cinsgdarveliicpes feldthgampiantbaipatdeavioe wf4did becondtipoetiohClaim 1
}’ivnhk?rrg r;ﬂf)?;‘i@%ﬁ“f%@%ﬁ‘ﬁ@t'Et%%f“%lvlve'r%h%d RN & R IR Ofes AR ComnES Y thereto by
system, resulting in a relatively smaller band gap state, and wherein in said second state,

said extended conjugation is changed, resulting in a relatively larger band gap.

37. The method of Claim 36 wherein said molecular system comprises:
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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.

38. The method of Claim 21 comprising a crossed-wire device comprising 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 said pair of
crossed wires in said junction, said junction having a functional dimension in
nanometers, wherein said at least one connector species comprises said molecular

system.
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39. The method of Claim 38 wherein said crossed-wire device is selected from
the group consisting of memories, logic devices, multiplexers, demultiplexers,
configurable interconnects for integrated circuits, field-programmable gate arrays

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

40. The method of Claim 1 wherein said molecular system is sandwiched

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





