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APPLI CATI ONS [ 0001] The present appli¢ation is a continuation-in-part
application of Se- 15 rial No. 09/844,862, filed April 27, 2001, which in
turn is a continuation-in-part application of Serial No. 09/823,195, filed
March 29, 2001, which in turn is a continuation-in-part application of
Serial No. 09/759, 438, filed January 12, 2001, which in turnis a
continuation-in-part application of Serial No. 09/738,793, filed Decenber
14, 2000. 20 [0002] The present application is also a continuation-in-part
application of Serial No. 09/846, 135, filed April 30, 2001, which in turn
is a continuation-in-part application of Serial No. 09/823, 195, filed
March 29, 2001, which in turn is a continuation-in-part application of
Serial No. 09/759, 438, filed January 12, 2001, which in turnis a
continuation-in-part application of Serial No. 09/738,793, filed 25
Decenber 14, 2000. [0003] The present application is an inprovenment over
the foregoing applications in that it is directed to classes of nol ecul es
L hat pL ovi de svw'ELcEmmlC-Fl:EmmM?Eummcmca\ndidﬁmcemr\mmes char af:ter: zed
y a change i apt i i es,_| i 0 e nol ecul es.
In the case 0193"%%&3 @M&c‘%@ﬂgggs&ljéé Fﬁbﬁé@ﬁ%ﬁﬁ@@ﬁﬁ %ﬁsﬁﬁ&fg i nk or dye
nmol ecul es into acti vORFPISCATIORRIIN Pe®TORIC SWatCIHNTG be switched with an
external electric field. WO 2004/ 023193 PCT/ US2003/ 020939 2 [0004] The

preseh® application is related to application Serial No. 09/759, 438, filed
January 12, 2001, which is directed to bistable nolecular me- chanical
devices with an appended rotor activated by an electric field for el ec-

'Ejyoni c switching, dJ@ROSSRENGRENGE VOARPIATER AR ICATIONS ass of nol ecul es
is
[0001] The present application is a continuation-in-part application of Se-
15  rial No. 09/844,862, filed April 27, 2001, which in turn is a continuation-in-part
application of Serial No. 09/823,195, filed March 29, 2001, which in turn is a
continuation-in-part application of Serial No. 09/759,438, filed January 12, 2001,
which in turn is a continuation-in-part application of Serial No. 09/738,793, filed
December 14, 2000.
20  [0002] The present application is also a continuation-in-part application of
Serial No. 09/846,135, filed April 30, 2001, which in turn is a continuation-in-part
application of Serial No. 09/823,195, filed March 29, 2001, which in turn is a
continuation-in-part application of Serial No. 09/759,438, filed January 12, 2001,
which in turn is a continuation-in-part application of Serial No. 09/738,793, filed
25  December 14, 2000.
[0003] The present application is an improvement over the foregoing
applications in that it is directed to classes of molecules that provide switching
from one state to a different state, characterized by a change in the optical
properties, including color, of the molecules. In the case of color switching, the
30 present invention turns ink or dye molecules into active opto-electronic devices

that can be switched with an external electric field.



5 closed in that application have been found to be useful in the optical
switching de- vices of the present application. TECHNI CAL FI ELD 10 [ 0005]
The presewD 200wenat93on rel ates generally to optical devi PET/UBLWSHD20939
functional |ength scales are neasured2in nanoneters, and, nore
particularly, to classes of nolecules that provide optical swtching.
Optical devices both of m- croneter and nanoneter scale may be constructed
in accordance with the teach- ings herein. 15 BACKGRCIJND ART [ 0006] The

area of I | ar ectronics is,i n ave been
t wo convrﬂwﬁ% dermt'%‘?ra'ielsSﬂ% %P"??E'chuﬁ er;? ecqprpﬁ%t@h té%? gﬁesg
{)/ulbl l ;ggdognsgggf ESE“{“{%‘@? lhzt:elxgﬂt wrﬁcherecﬁédbltol bistablee motcular . me—SC| ence,
0] uly 99) and C |e Sci ence, Vol .
289, pp. Eﬁaﬁycal1cier/5:e@1\gltm@@®qpezé%y°t°bapf'\ﬁ#%q' g?/. P g egtf@afae'%%ﬂ elge-
specul ati 98 né‘Nl’thﬁrﬁ{]Pg%ttmgV‘blt\(y"n'ibrﬁ&? a?ﬁdllééﬂdnfs' The QEBeNbHt bhofselile8UIs Ng thi s
topic. In t publ1s ecul e call ed a rotaxane or a catenane
was trappelesedinvinahapplisatien havebean fognd fnbie ssefitindhe sbtical swikthing#e+ r om an
ON state applica- tion of a positive bias across the
nol ecul e. R’@ﬁg%&@:aﬁ{gg%épgt{ e{tgg differed in resistivity by about a factor
of 100 and 5, respectively, for the rotaxane and catenane. [0007] The
primary problemw th the rotax it is an irreversible 30
switch. It can only be toggl edaJﬁEEW‘%’hQ?E‘r@ can be used in a progranmabl e
read-only menmory (PROM, but not in a RAMIike (random access menory) de-
vice nor in a reconfjgurable system such as a d(taf ec _éélocgdr ant

I

comuAPcalf®al wo 20be/Rieseny dnysntipyse gopyely g op iSRS k. In

addi ti on, fdmohsﬁ@ﬁ&ﬂﬁesda%r@erﬁemr@aWﬁémcﬂﬂe@m/a% & particuRflyr RACt i on to
occur before the switch can be toggled. This reE res the expen- diture of

ia si gnifi @Mﬁeamﬁmle@ﬂe%ﬂm’cwowdﬁ potieal switsbingwOptipal (FQY"-‘@Q&IQ*“ 8hmit he
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makes t he Imes o cul es e primary problenms with
t he ings herein.
15
BACKGROUND ART
[0006] The area of molecular electronics is in its infancy. To date, there

have been two convincing demonstrations of molecules as electronic switches
20 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 surrounding this topic. In the published work, a
molecule called a rotaxane or a catenane was trapped between two metal elec-
25 trodes and caused to switch from an ON state to an OFF state by the applica-
tion 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.
[0007] The primary problem with the rotaxane was that it is an irreversible
30 switch. It can only be toggled once. Thus, it can be used in a programmable
read-only memory (PROM), but not in a RAM-like (random access memory) de-

vice nor in a reconfigurable system, such as a defect-tolerant communications



catenanes are small ON-to-OFF ratio and a slow switching tinme. [0008]
Currently, there are a wide variety of known chronbgenic materi- als that
can proviwe 2opti2e®B switching in thin filmform These mawrdarszeiz®2@ae t heir
applications have been reviewed recensly by C.B. Geenberg, Thin Solid
Films, 10 Vol. 251, pp. 81-93 (1994); R J. Mrtinmer, Chem cal Society
Reviews, Vol. 26, pp. 147-156 (1997); and S. A Agni hotry, Bulletin of

El ectrochem stry, Vol. 12, pp. 707-712 (1996). These materials are

currently bein for,.sevey al | L ons, .. | I N ve
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[0009] Despite their long history of great promise, there are very few pho-
ton gating devices made from the existing classes of electrochromic materials.
This is because most of them require an oxidation-reduction reaction that in-
20 volves the transport of ions, such as H, Li*, or Na* through some type of liquid
or solid electrolyte. Finding the appropriate electrolyte is a major problem, as is
the slow speed of any device that requires transport of ions. Furthermore, such
reactions are extremely sensitive to background contamination, such as oxygen
or other species, and thus degradation of the chromogenic electrodes is a major
25  limitation.
[0010] In fact, for photonic switching applications such as a crossbar
switch router for a fiber optic communications network, the lack of a suitable
chromogenic material has forced companies to use very different approaches:
(a) transform the optical signal into an electronic signal, perform the switching
30 operation, and then transform back to an optical signai before launching into a
fiber (this is the most frequent solution used today, but it is very inefficient and

the electronics have a hard time keeping up with the data rates of the optical



pensive); and (c) using ink jet technology to push bubbles into a chanber
to 5 create a mrror to deflect an optical beam (this approach again

requi res Wwoeoo4023i99n manufacturing and the switching ti meTics2a13009939 [ 0011]
Thus, what is needed is a nol ecul ar systemthat avoids chem cal oxidation
and/or reduction, permts reasonably rapid switching froma first state to
a second, and can be used in a variety of optical devices. 10 DI SCLOSURE OF
| NVENTI ON [ 0012] In accordance with enbodi ments disclosed herein, a

nmol ecul ar - .1 i s provided for optical sw tching. The nol ecul system
has an el ég’%ltusem gwel"ﬁ’e 5 quglﬂfgwr%raﬁgaﬁaﬁ'agﬁah}jeW‘%BTeT%Fg@m?%W'&g%

nol ecul ar (MEM)Qroedssig ©hanigh spticalnddts aekdtE dhidhas Hradiadvantigeanitended
conjugation via chem cal bonding change to change the band gap i

! ,gap IS
acconpl i sfXHEREVhIGH italerRceR@radeadiladhior dha deMicei Whichnsakesit ¥eNhe*por ti on

(rotor) arpéngw@)-sanetqr g@fe PR jet BEhnbRL§ i sush BESNESThiyh Eﬁa%gﬁ/foo' tor is

attached. 20 [0013] odinments di SCl osed herein are suita enpl oyed
in the> f&keate & mgferdp, deflect an aopticel, begm i(bis appioeeih egairhequisas presi-assenbl ed

easily to Siémjﬁgn%gﬁghyé/%nd%gﬁ%g%ﬂwH&%ﬁgg%\{)ewi ttable nedia, electronic

| enses, electri- ¢ contro "windows and mrrors, optical
crossbar d0ditirhes fohud,iwhaids neptied icamulacudart systam thadavaids chéichl
applicatians, are_discussed el se 25 wher and,are not _gernmane t he
rbsent | RUBRTTDAMSIERTBor rEfDS daApay P BESd e 4 B slle b . e
present i ryvgstbh@randca@ie @yeeidn iavdribsy sfepaédldelicesn of ap- paratus of such
applications. [0014] The bistable nol ecul es evidence high swtching speed.

Such 1Rol ecul es are essential |l y stabl e against switching due to thernal

fluctuations. 30 These nol gidiassBRE oS MfMENTRINOPLi cal switches, in which
t he nol ecul es change col or when changing state. This property can be used

for a wide variety of dis WO 2004/023193 PCT/ US2003/ 020939 5 play devices
O anm o wFREEP, Lo A28 R0\ g R orkitord e RIAROR 59 7
oxi di zed nen is prvided fonoptical switghinggTlod molecular system has an electric field
15 induced band gap change that occurs via a molecular conférmation change or an
isomerization. Changing of extended conjugation via chemical bonding change to
change the band gap is accomplished by providing the molecular system with one
rotating portion (rotor) and two stationary portions (stators), between which the ro-
tor is attached.
20 [0013) The embodiments disclosed herein are suitably employed in the
fabrication of, for example, optical switches that can be assembled easily to
make displays, electronic books, rewrittable media, electronic lenses, electri-
cally-controlled tinting for windows and mirrors, optical crossbar switches for fi-
ber optic communications, and more. Such applications are discussed else-
25 where, and are not germane to the present invention, except to the extent that
the optical switch of the present invent'gon is employed in the construction of ap-
paratus of such applications.
[0014) The bistable molecules evidence high switching speed. Such
molecules are essentially stable against swifching due to thermal fluctuations.
30 These molecules are useful for optical switches, in which the molecules change

color when changing state. This property can be used for a wide variety of dis-



the switch. Also, the part of the nolecule that noves is quite small, so
the 5 switching tinme should be very fast. Al so, the nolecul es are much

si npl er awo 20bwie3®asi er and cheaper to make than the rotrararses3/oc@denanes,
and rel ated conpounds. BRI EF DESCRI P§I ON OF THE DRAWNGS 10 [0016] FIG 1
is a schematic representation (perspective, transparent view) of a two
color (e.g., black and white) display screen construction for use in accor-
dance vvith the present invention; [0017] FIG 1 ais a detail for a

Fo o1 s PESCHnR ot opd o CatbiRRIY ehEbERc ROnHRPRENE oo Moy of o

ful | - col ool sptransfenh Gem camsparetiitbeolored. use in accordance with the

present invention; [001 FIG 3.is a schematic representation of a scan
addr essi nd®sbodi - 'h% neglecule g neb Pyidizg élﬂré?d'é‘%dg@n h@ﬁﬂge‘mc? i on for

use in ace @Wlﬁﬁ’ Nsbhtﬂeh%artpbﬁﬁ@‘hdléb(ﬂ’é‘fthél%o%@ id QURE]sRIGsothes @

schenmati ¢ nodel deplcf -field-induced band gap change vi a nol ecul ar
conf or frat |smcblnartme §fﬂQﬂl rb/esV%WofﬁS't ¥ii%0, dhe malesules 262 prIch
CARRYL NG Wil L8 %ms@g BefaRL th@f 3nd Q%gnezheca&&{a% sSghd v@apendl ed” as
used herein rerers to stem natura adopt's sone geonetric
pattern beompeends. the identity of the conmpo- 30 nents of the system the
system achi eves at least a local mnimumin its energy. by adopting this
configuration. WD 2004/ 023193 PCT/ US2003/ 020939 6 [0022] The term "singly
confi gurabl e" neans t hBRIEBF DESCRIPTAONDRTHE DRAWINGE e only once via an
irreversi ble process such as an oxidation or reduction re- action; such a
swi tch®can be the basis of a programmable read-only memory (PROM), for
_e?arrpl e. J0d18P23] ThERrs. 1185 schRfrfiRtirgpresditsiionparpetiad, tanspdrertvié@n change
its

of a two color (e.g., black and white) display screen construction for use in accor-

dance with the present invention;

[0017] FIG. 1a is a detail for a colorant layer element of the display screen

15 depicted in FIG. 1;
[0018] FIG. 2 is a schematic representation (perspective, transparent view)

of a full-color display screen construction for use in accordance with the present

invention;

[0019] FIG. 3 is a schematic representation of a scan addressing embodi-
20 ment of a two-color display screen construction for use in accordance with the

present invention; and

[0020] FIG. 4 is a schematic model depicting an E-field-induced band gap

change via molecular conformation change (rotor/stator type of model).

25 BEST MODES FOR CARRYING OUT THE INVENTION

Definitions

[0021] The term “self-assembled” as used herein refers to a system that

naturally adopts some geometric pattern because of the identity of the compo-
30 nents of the system; the system achieves at least a local minimum in its energy .

by adopting this configuration.



state multiple tinmes via a reversible process such as an oxidation or
reduction; in other words, the switch can be opened and closed multiple
times, suwbae/©2B®3 nmenory bits in a random access menoPET(URAM3/00093A col or
pi xel in a display. [0024] The term %bi-stable” as applied to a nol ecul e
means a nol ecule 10 having two relatively | ow energy states separated by an
energy (or activation) barrier. The nolecule may be either irreversibly
switched fromone state to the other (singly configurable) or reversibly

swi t ched one ate tao th ther (re- fj o). 0 :

M cron- scﬁ\roggiji mnﬁ%@rmefgpg ?oﬁ@m:é)rg%irg%%ﬁ]st ﬁ%f E?Sg\;r'\%)é c,[aﬁwocgn%?be itg

m cr onet estate oAlyfdhive i aw irdversibleproc@ss sydhE6dn Sxitlativre ooredsichidreradi mensi ons
refers to dinensions tha{éran%g from, 1, m croneter, down to|0.05

mi cr oret eRSHON; Gk a RWKEhERR Ve the bagis of AsProgeammpbiesread-ANBRNYNs t hat
range froprOwM), frRRAMpRIS to 50 nanoneters (0.05 microneters). 20 [0028]
M cron-scal e and subm cron-scale wires refers to rod or ribbon- shaped
conduct or §033] seni cbiiiernbreecantigurablet Haeans Halnkiswilshnedn whangr itgi -

mensi ons Q{até)nﬂfftéﬁlgti#%gmi&%%%%ﬁﬁe ?@ée&gts%cﬁ%taﬁaﬂdfzﬁ&g& fdRidtién;f ew tens

of nanoneters roneter, andpl engths of several mcronmeters and
| onger. [rO6tRe} wokRYde $witdhheancloeropenerhand clasedioudiipjertimes, sudhggsethe occupi ed

25 nol ecular_orhital ", ile "LUMD | ' ronym f or

"l owest  URSRY RIS ﬁﬁ?f\é@%“r SPC%%%'F‘FW?Y E%@%ﬁ“ﬁ@ﬁﬂ% g£§'§2‘ponsi bl e for

el ec- trope4fonducTheferim“bistatstell &s applied heaanelegylednédes ennolebeleween t he

HOMO and LUMO and ot her energeti cal I% near P%’Ogrol ecul ar (erbi talf 1.S

r espoh&i bhavingtwo igiatively Jow gnergy Skl sEPateshby 85 R5era (Ypetafowi t ch, in

the cont eyhrflr. THE MYIERAN ndy e Bith&Mirel 8y SwitcHadi@asondstaleto the

el ectro-magneti c Propertles of the nolecules, both within and outside that
y

det ect abl ethsy (singlyrmenfisurable) oereyersiblyfyitshed from enestale tq therolbsrdee-wo

2004/ 0231%§nqu;éb{§?003/ 020939 7 (IR) to deep ultraviolet WV). Optical
swi tching ITncfudes’changes in properties such as absorption, reflection,

refracti o028 f f r acMiawon-seald dimehaioes gefers ¢o idirgersgionse thad trangerdighetli ¢

radi a_H') oM micrometer to a few micrometers in size.

[0026] Sub-micron scale dimensions refers to dimensions that range from

1 micrometer down to 0.05 micrometers. ‘

[0027] Nanometer scale dimensions refers to dimensions that range from
0.1 nanometers to 50 nanometers (0.05 micrometers).

20  [0028] Micron-scale and submicron-scale wires refers to rod or ribbon-
shaped conductors or semiconductors with widths or diameters having the di-
mensions of 0.05 to 10 micrometers, heights that can range from a few tens of
nanometers to a micrometer, and lengths of several micrometers and longer.
[0029] “HOMO” is the common chemical acronym for “highest occupied

25  molecular orbital”, while “LUMO” is the common chemical acronym for “lowest
unoccupied molecular orbital”. HOMOs and LUMOs are responsible for elec-
tronic conduction in molecules and the energy difference between the HOMO
and LUMO and other energetically nearby molecular orbitals is responsible for
the color of the molecule.

30 [0030] An optical switch, in the 6ontext of the present invention, involves
changes in the electro-magnetic properties of the molecules, both within and

outside that detectable by the human eye, e.g., ranging from the far infra-red



[0031] The term "transparency” is defined within the visible spectrumto 5
mean that optically, |ight passing through the colorant is not inpeded or
altered wocept028193t he region in which the col orant speecrals2go3abeay bs. For
exanple, if the nolecular colorant dées not absorb in the visible

spectrum then the colorant will appear to have water clear transparency.
[0032] The term "ommi-anbient illumnation viewability" is defined herein
10 as the viewability under any anbient illumnation condition to which the

eye is nsi ve. che 0033] .Opti,cal , switches are. described
ot eat efFdDa9oR KBl IVh PRIeET shitghin Pkaes shatins b Progegiseoasroe
filed on éGéﬂ%Oébs{d?&owG@ﬁeMBn1]refra%ngﬁnerﬂr§cuoﬁxaﬁalcﬁﬁﬁ%eeatferrm@ éhat
applicatiop is d%&?cted herein in FIG 1, wherein a dis- play screen 100 is

shown thaﬁgcﬂé’(‘m affcdadigtion.east one col orant |ayer 101. The col orant
llayer 101[@BFpri sesTthe @érﬁ?"tréﬁfﬂ@?beécr}&?" %gd«?ﬁnfe‘at WitGiR! thd vidi ﬂe%#e&ﬁ% re-

confi gurabl e, dye or pignent the present 1 nvention gescrl bed
in 20 Yr emean thet aplicaly) light aassl@mpu@amwcmleraat iseniottimpaded or mieredul ar

col orant™” o bet ween
an i mage SaFa iy e oo R ineRGEH Shociapt BbSoyBd LG B HHE! et
colors (engnlecmmmrdn’gdmnjot abBOM3A thévefstrle spectium,ehery tHeocdidrent Willa, t he
col orant ss- able pixel array formed of bi-stable

' dd
nol ecul es B ?%rf881 égﬁ%grhﬂ?aréraé@pg@n& set 25 of nolecules correlates to

one pi xel {poBhp col OTIﬁ’é"terhﬁStﬁnﬁmJaQﬂbléﬁt mu.tnmamohabr@Nabumyaise@bfm@daqé?@mkground
substrate 103 having the display' s intended back- ground_col or

(e.
whit e} TRE tE%tYiﬁVY%H' By Hodenayy @m%ntg@mmahoreﬁanﬁn@ t Whigihthedryes @ct ric
pi gnent ('?eébonsﬁle ania) in a polynmer binder that provides good white color
and opacity while also mnimzing the voltage drop across the layer. The 30
stratified conbination of colorant |ayer 101 and substrate 103 thus is

fully ang"ﬁ(ﬁ%ﬁ?ﬂﬁ%e% | ayer of ink on paper. In a blank node, or erased

state, ea is swwtched to its transparent orientation; the
"l ayer of [003B] is iOptical bWﬁchmmOcﬂb@oﬁﬂéd%gB@Tértd@?ﬂﬂalde}ﬁ&ﬁmwg 8.9he

the cbf or ARPHGRYR ST Wbk, SR o LAHEL PD-1RFaldoa St "'
ori ent at i eRample taken from that application is depicted herein in FIG. 1, wherein a dis-
play screen 100 is shown that incorporates at least one colorant layer 101. The
colorant layer 101 comprises a pixel array using electrical field switchable, re-
configurable, dye or pigment molecules of the present invention, described in
20  greater detail below and generically referred to as a “molecular éoiorant”. Each
dye or pigment molecule is field switchable either between an image color (e.g.,
black) and transparent or between two different colors (e.g., red and green).
[0034] Referring briefly to FIG. 1a, the colorant layer 101 is an address-
able pixel array formed of bi-stable molecules arrayed such that a selected set
25 of molecules correlates to one pixel. The colorant layer 101 is a thin layer
coated on a background substrate 103 having the display’s intended back-
ground color (e.g., white). The substrate 103 may comprise, for example, a high
dielectric pigment (e.g., titania) in a polymer binder that provides good white
color and opacity while also minimizing the voltage drop across the layer. The
30 stratified combination of colorant layer 101 and substrate 103 thus is fully
analogous to a layer of ink on paper. In a blank mode, or erased state, each
molecule is switched to its transparent orientation; the “layer of ink” is invisible.



transparent viewthrough | ayer 105, such as of a clear plastic or glass, is
pro- vided superjacent to the col orant-background sandw ch to provide
appropri awe 260426t9ct i on. The vi ewthrough | ayer 105 hagca/useenssp@sent

el ectrode array 107 for pixel colum8or row activation nmounted thereto and
positi oned superjacently to the colorant layer 101. The background
substrate 103 has a conplenentary electrode array 109 for pixel row or
colum activation nmounted thereto (it will be recognized by those skilled
in the art that a specific inplenmentation of the strati 10 fication of the
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limited only by the field writing electrodes and circuitry. Like ink, the colorant
layer 101 may develop adequate density in a sub-micron to micron thin layer,
potentially fowering the field voltage required to switch the colorant between
20  logic states and thus allowing the use of inexpensive drive circuitry.
[0036] Suitable reconfigurable bi-stable molecules for use in such dis-
plays are disclosed below and claimed herein. In the main, these molecules
have optical properties (e.g., color) that are determined by the extent of their
orbital electron conjugation. The optical properties, including color or transpar-
25  ency, of the molecule change with field polarity applied across the molecule and
remains chromatically stable in the absence of an applied electric field. By dis-
rupting the continuity of conjugation across a molecule, the molecule may be
changed from one optical state to another, e.g., colored to transparent. Electric
dipoles may be designed into the colorant that can physically cause this disrup-
30  tion by rotating or otherwise distorting certain segments of the dye or pigment
molecule relative to other segments, when an external electric field is applied or

changed.
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position electrode arrays, e.g., 107, 109. The fixed-position electrode arrays

20 107, 109 consist of conventional crossbar electrodes 111, 113 that sandwich the
colorant layer 101 to form an overlapping grid (matrix) of pixels, each pixel being
addressed at the point of electrode overlap. The crossbar electrodes 111, 113
comprise parallel, spaced electrode lines arranged in electrode rows and col-
umns, where the row and column electrodes are separated on opposing sides of

25 the colorant layer 101. Preferably, a first set of transparent crossbar electrodes
107 (201, 203 in FIG. 2 described in detail hereinafter) is formed by thin film
deposition of indium tin oxide (ITO) on a transparent substrate (e.g., glass).
These row addressable pixel crossbar electrodes 107 are formed in the ITO
layer using conventional thin film patterning and etching techniques. The color-

30 ant layer 101 and background substrate 103 are sequentially coated over or
mounted to the transparent electrode layer, using conventional thin film tech-
niques (e.g., vapor deposition) or thick film techniques (e.g., silkscreen, spin
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white coating using conventional techniques [0039] This display 100, 200
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applications) television monitors and computer displays. Furthermore, the color-
ant layer may comprise a mosaic of colored pixels using an array of bi-stable
20  color molecules of various colors for lower resolution color displays.
[0040] Since each colorant molecule in colorant layer 101 is transparent
outside of the colorant absorption band, then multiple colorant layers may be
superimposed and separately addressed to produce higher resolution color dis-
plays than currently available. FIG. 2 is a schematic illustration of this second
25 embodiment. A high resolution, full color, matrix addressable, display screen
200 comprises alternating layers of transparent electrodes - row electrodes 201,
203 and column electrodes 202 and 204 - and a plurality of colorant layers 205,
207, 209, each having a different color molecule array. Since each pixel in each
colorant layer may be colored or transparent, the color of a given pixel may be
30 made from any one or a combination of the color layers (e.g., cyan, magenta,
yellow, black) at the full address resolution of the display. When all colorant lay-

ers 205, 207, 209 for a pixel are made transparent, then the pixel shows the



yell ow, black) at the full address -resolution of the display. Wen all
colorant lay- ers 205, 207, 209 for a pixel are nade transparent, then the
pi xel show® 206u029¥932004/ 023193 PCT/ US2003/ 020939 11 baekgrusaend/ogedst r at e
103 (e.g., white). Such a display offdrs the benefit of three or nore
times resolution over present matrix LCD devices having the sane pixel
density but that rely on single |ayer nosaic color. Details of the fabri-
cation of the di spl ay are set forth in t he above-nenti oned co- pendi ng
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el ectrode array prlnt head to provide a scanning el ectrode_djspla
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limited in resolution by the number of address lines and spaces that may be pat-
terned over the relatively large two-dimensional surface of a display, each line
connecting pixel row or column to the outer edge of the display area. In this third
20 embodiment, the bi-stable molecular colorant layer 101 and background sub-
strate 103 layer construction is combined with a scanning electrode array
printhead to provide a scanning electrode display apparatus 300 having the
same readability benefits as the first two embodiments described above, with
the addition of commercial publishing resolution. Scanning electrode arrays and
25 drive electronics are common to electrostatic printers and their constructions
and interfaces are well-known. Basically, remembering that the bi-stable mo-
lecular switch does not require a holding field, the scanning electrode array dis-
play apparatus 300 changes a displayed image by printing a pixel row at a time.
The scanning electrode array display apparatus 300 thus provides far greater
30 resolution by virtue of the ability to alternate odd and even electrode address
lines along opposing sides of the array, to include multiple address layers with

pass-through array connections and to stagger multiple arrays that proportion-



The scanning el ectrode array display apparatus 300 thus provides far
greater 30 resolution by virtue of the ability to alternate odd and even

el ect r odewedde4e31931 i nes al ong opposi ng si des of the array/uscasioneBude
mul ti ple address layers with pass-thRough array connections and to stagger
mul tiple arrays that proportion WO 2004/023193 PCT/ US2003/ 020939 12 ately
superi npose during a scan. The colorant |ayer 101 nay again be pat- terned
with a color nosaic to produce an exceptionally high resolution scanning
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dependi ng on the col or ching axis of the colorant nolecules.
per pendi cmrw of eleetrﬁigﬁ ﬁbcwa@me@aew cgmtaet wghathed?ﬁ%ar%llnécsuhsfrat?e (e.qg.
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el ectrode arra constructed to emt i nge par al | el
fringe fi dieffl geogsisdk petnhenecethpiwipe adiangnt elosirades @n@dorlo@r@aa@ud@avéau and par
25 al l_LgI rgsélnﬁ Array. A perpendicular fringe field nmay be produced by

pl aci g sym Tt cal | y spaced parallel comon el ectrodes about the

el ectrode [ﬁﬁ)nﬂz]ty( S) . InTbperation, each electrode is sized, positioned, and electrically

addressed to provide an appropriate electric field, represented by the arrow la-
beled “E”, across the colorant layer 101 at a given pixel location along a pixel
column. The field E may be oriented perpendicular to the plane of the colorant
20 layer 101 or parallel to it, depending on the color switching axis of the colorant
molecules. A perpendicular field may be produced by placing a common elec-
trode (e.g., an ITO layer) on the opposing coating side to the electrode array.
The electrode array may also be constructed to emit fringe fields; a parallel
fringe field may be produced by placing a common electrode adjacent and par-
25 allel to the array. A perpendicular fringe field may be produced by placing sym-
metrically spaced parallel common electrodes about the electrode array(s). The
voltage is adjusted so that the dominant field line formed directly beneath the ar-
ray 304 is sufficiently strong to switch the addressed colorant molecule(s) and
divided return lines are not. Additional information regarding alternate embodi-
30 ments and scanning mechanisms are discussed in the above-mentioned co-

pending application.
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PCT/ US2003/ 020939 13 Present Enbodi nents [0045] In accordance with the
enbodi ments di scl osed herein, nolecules evidencing switching of a rotor
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180 degree half cycle. Instead, the rotation is halted by the steric
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plete 180 degree half cycle. Instead, the rotation is halted by the steric interac-
tion of bulky groups on the rotor and stators at an angle of approximately 90 de-

20 grees from the initial orientation. Furthermore, this 90 degree orientation is
stabilized by a different set of inter- and/or intramolecular hydrogen bonds or
dipole interactions, and is thus latched into place even after the applied field is
turned off. For switch molecules, this ability to latch the rotor between two states
separated by approximately 90 degrees from the stators is crucial.

25 . [0046] In the ideal case, for the orientation where the rotor and stators
are all co-planar, the molecule is completely conjugated. Thus, the p,n-electrons
of the molecule, through its highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO), are delocalized over the entire
molecule (optical state I). In the case where the rotor is rotated by 90 degrees

30 with respect to the stators, the conjugation of the molecule is broken and the
HOMO and LUMO are no longer delocalized over the entire molecule (optical
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del ocal i zed over the entire nolecule (optical W 2004/ 023193

PCT/ US2003/ 02093 14, st at

ovi t chabl S tbhethus 52, RBsle) s 4rVei3jony SBHERYEE Hebuadn B g chytel

requi r emegtasesyust be net in this stator-rotor-stator m)del 5 [0048] (a)
The nol ecul e_must have one rotor and two s% tor g{ S; (b) In
one st at el®47t he nof B fellowing, EireMsnisIMys %I"B%ta'P E@oe r-g Tor LUMOs
(n- st at espyydf.or non-bonding orbitals) that extend over a large portion of
the entire nolecule (rotor and stators), whereas in the other 10 state,
the orbit8048kre | ocal i Zed Téa meleculptravstdiayesens ster apd GBopEtaten sagre

connect i ng, I.HPét bet ween rotor and each stator can be a single 6-bond or at
| east one &t ofh wi t h (1) non-bonding electrons (p or other electrons), or
(2) ii-el gppgppns, or ( 3)(b) in ehesthteosithanwlecuie Hbar stpuél ke delocalines!) ; 15

0051 d b ' | ect 7 t 7C- t

and mon: beII ek rOMES, Festaieh andltargronahercbid pies 4Pt sate B 8T ea or
de-1 ocal i zqdrgdepsitigh ™ 188 ehbR ﬁaeréfceren@bﬂoeranafstétiaes)nwheféasein tWBidtgert he rot or
ro- tates when activated by an E-field; [O (e) The conformation(s) of

t he b ec gtade,daa opeitals aieelp@alt;@d OBGhﬁbéﬂP’Fﬁéﬁ'ﬂd éta ¥B: stabl e; [ 0053] (f) The

-stabl e @ts@t)e(s) can (%) g@QIC%ﬁEQ?tP‘\.é T B@rw h llo{%{e{nd HESHt R cahor ces

such as h en bondi ng, ul o van or ce, netal I on
conpl ex obeda pivigle icHbaTd ot abldastz ane (alnmamm KQOS@H béndingd lededirand (pagr of t he
mol ecul e \é\llchlelr e(igc?tp es)dglp ?gdn-e%]ectrons or (3) n-electrons and non-bonding elec-

tron(s);

15  [0051] (d) The non-bonding electrons, or n-electrons, or n-elec-
trons and non-bonding electron(s) of the rotor and stators can be localized or
de-localized depending on the conformation of the molecule, while the rotor ro-
tates when activated by an E-field;

[0052] (e) The conformation(s) of the molecule can be E-field de-

20  pendent or bi-stable;

[0053] () The bi-stable state(s) can be achieved by intra- or inter-
molecular forces such as hydrogen bonding, Coulomb force, van der Waals
force, metal ion complex or dipole inter-stabilization; and

[0054] (9) The band gap of the molecule will change depending on

25 the degree of non-bonding electron, or rn-electron, or n-electron and non-
bonding electron de-localization of the molecule. This will control the optical
properties (e.g., color and/or index of refraction, etc.) of the molecule.

[0055] Following are two examples of this model (Examples 1 and 2):
[0056] The novel bi-modal molecules disclosed herein are active optical

30 de\)ices that can be switched with an external electric field. Preferably, the col-

orant molecules are bi-stable. The general idea is to design into the molecules a

rotatable middle segment (rotor) 432 that has .a large dipole moment (see Ex-



25 the degree of non-bonding electron, or ii-electron, or ic-electron and
non- bondi ng el ectron de-localization of the nolecule. This wll control

t he opti cab 20mrpesties (e.g., color and/or index of refPcaatSeans/02e@se.) of
the nol ecul e. [0055] Followi ng are twd exanples of this nodel (Exanples 1
and 2): [0056] The novel bi-nodal nol ecul es disclosed herein are active
optical 30 devices that can be switched with an external electric field.
Preferably, the col orant nolecules are bi-stable. The general idea is to
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rotor 432pxfalibi @t the tkection  itled) extedtaieR). Hovdvee, thermsletale 430 ishee-ext er nal
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and/ or 5i nsigBRednsusk dhair thees aess inteyy @Rd/gs "F\tﬁime% ToEresi aHchAs MYPE-e- di pol e
i nteract | ?ﬁ aﬁdlwgldr disolS i€ leté'rgbﬂoﬂsoe{ésweﬂ Q@tstérk?rlébuls‘dn%ethfah@tabﬂt or 432

in partic origntations with respect to the stators : a large
el ectric fizeethé rotorrdsguinrpadticuarcerientatione wilt r@SpQQIZOttbe atﬂt@rsdﬁ4ﬂbm its

nce ovi ¢ SIRGR GbLRE sl hihea W LR Rlort A2 B Rth Hopn B fnipd® [ 20> 7]

Once swit ar orren 'on ecu remai n
i n that Ob'nartbﬂcbri and vothtd witlt réspesiiptticdnsthtdrs 484d| ffer ent orientation, or
recon- i}ured Ho
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fromrot a?érﬁﬁntlhrtﬁlét%herﬂamtﬂtiﬁs 3Rchsdtea mﬂér%nﬁﬁﬂélﬂatldmﬁﬁréébn-t he
rotation is halted by the steric in 15 teraction of bulk K@t groups on the

rotor 432 'QWGdstL‘B?D’\@V§r sz keyrcompanest ot fheamalecyle) degign; ig 4 & 8f
typicall ys#é‘?iE"?‘?ﬁtﬂséﬁ &‘W\%d]rZF)cé fh%m/v'ﬂll}?rei/éﬂttthé'rotel‘ h@f‘?r%?‘d Rﬁ'atmﬁ%roubhe

UI‘pOSES (0] tration, hi's ang e 1s shown as in the pr esent

appl i cat | ercomretet 168y drgree hBH|C¥C|§V\hn§tﬂﬂﬁn§"eoﬁOit@Wai§ |h@He¢hﬁy theestetiain-| i zed by

adiffere _or dipole
i nter ggt [ i&;énr%&?oﬂq @i?dsl& ﬂuogjrp%ﬁffaﬂ{eghteoaﬂ?%aap a%[gﬁ)g%/g%‘ila%? “‘Q‘gg%&i ed field
I s turnednifichnt &wgle lif tydicdilyebetweércN0° and aG’GP émm 1tI1B mlt&iblohelhtytid)m Fatch the

rotor 432 between two states separated b)Cv LI’I caII % {ficant
ot ati on HRPHTPAEES PhlstEation, s aidie IS shotwn as 60" in the present applféation.

Furthermore, this switching orientation may be stabilized by a different set of in-
ter- and/or intra-molecular hydrogen bonds or dipole interactions, and is thus
20 latched in place even after the applied field is turned off. For bi-stable switch
molecules, this ability to latch the rotor 432 between two states separated by an
electrically significant rotation from the stators is crucial.
[0058] The foregoing strategy may be generalized to design colorant mole-
cules to provide several switching steps so as to allow multiple states (more than
25  two) to produce a multi-state (e.g., multi-color) system. Such molecules permit the
optical properties of the colorant layer to be tuned continuously with a decreasing
or increasing electric field, or changed abruptly from one state to another by ap-
plying a pulsed field.
[0059] Further, the colorant molecules may be designed to include the
30 case of no, or low, activation barrier for fast but volatile switching. In this latter
situation, bi-stability is not required, and the molecule is switched into one state by

the electric field and relaxes back into its original state upon removal of the field



[ 0058] The foregoing strategy may be generalized to design col orant nol e-
cules to provide several switching steps so as to allow nultiple states
(more thawo 2861/@29098 t o produce a nulti-state (e.g., nmul PCTASREB3)02M8%t em
Such nol ecul es permit the optical properties of the colorant |ayer to be
tuned continuously with a decreasing or increasing electric field, or
changed abruptly fromone state to another by ap- plying a pulsed field.
[ 0059] Further, the colorant nol ecul es nmay be designed to include the 30

case of NifbddigNn Bfibdty Hes8TolAl bt fle bitholdd Yoiditht HBIRLEL i Wdiehl ng.. 1 1
this latter sitdation, br-s api yIs no? required, and the nolecule is
swi t ched émsingbria contrast, wth Hidstabld edonant nfalexutbsatite calbmntmolentle ieato its

T6. (" by - nRepleRed 15 e uPa el e e ol ORI RBAR S AR, oL e

are "sel f pregéged Bthe dofivatiomt b&rfér inwhdticdse-rateikiscagicatiansf ambgmsites, t he
colorant nolecule re- mains latched in its state upon renoval of the field

(non- vl afi§ld fo switehthe melpcule Rack iortsqupiaus#tatehe activati on barrier in that

case fequldgeg appl i\RRbh Bk At ng?{bo%%oﬂfs 484Tdr€afl chdiavidr! BB rhéigcue! ecul e

back to i revious state. [0060] Wen the rotor 432 and stators 434 are
al | co- pl Bneeferréddo nad &moreeconjsgated’erhats, tthe awn-pending @igaligasedr .m-Thus, the
non- bondi ng el ectrons, or it- electrans, or it-electrons and non-bondi ng
el ect r onseBFIeRR W%‘Sﬁﬁ“&r_}s 274 BoyRONdIng ehqcérﬁggto?&%w?eec&l%q\rgggw 5 or bi t al
(HOMD) - anfligh@¥esécupilr fidk brBbRAUHTMBY dhdbiohvakt Uhbbddpiecrimeletalaacal i zed
over a Iarggt Portlon of the nmolecule 430. This is referred to as a

a

"r ed- i f pekital (LyIMPharawlelasalized oyeradaiaecaortion &f the molecyler430. Thissls  where
the rotor § $o QL. Ak f ' ' Yo hERt &hVh o 1700
W th resp(raef:* (tedéﬁ(t) r?g %t %?I oﬁm%dgéf?F?%eH%ﬁﬁu%a?i gﬁﬁﬁl%ﬂe nol ec%IQ%SEiSO S
broken amtietehtheHOID 467 is tdtddedroat bd canjugaitbnokye appraxirhatelyptittochd°of t he

ol ot % wlf S ERELI Tl Sl AR TEBMBRG o b TR £
i's rever shhll \n& WOMDAHELURO brepoalized slidrfsenatiet portions alf tisé afoteculd,0061] |t
When Ehe FEFBR! 10 Ao Pt AN et s TNy 5 EoRPATUISH S dIpe TRBRYENG
mol ecul e 450, @Pdptichy sERNINITHES th@hfolebaE 43teis’ Riversidip dwikhaslbaed at an
angle of 90 wth respect
tween two different optical states.
[0061] It will be appreciated by those skilled in the art that in the ideal case,
when the rotor 432 and stators 434 are completely coplanar, then the molecule is
20 fully conjugated, and when the rotor 432 is rotated at an angle of 90° with respect
to the stators 434, then the molecule is non-conjugated. However, due to thermal
fluctuations, these ideal states are not fully realized, and the molecule is thus re-
ferred to as being “more-conjugated” in the former case and “less-conjugated” in
the latter case. Further, the terms “red-shifted” and “blue-shifted” are not meant
25 to convey any relationship to hue, but rather the direction in the electromagnetic
energy spectrum of the energy shift of the gap between the HOMO and LUMO
states.
[0062] 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
30 perpendicular to the net current-carrying axis of the molecules, whereas in Ex-
ample 2, the rotation axis is parallel to the orientation axis of the molecule.

These designs allow different geometries of molecular films and electrodes to



to the stators 434, then the nolecule is non-conjugated. However, due to
thermal fluctuations, these ideal states are not fully realized, and the
nol ecul e wo 2wie3ry- ferred to as being "nore-conj ugat e@CTIUS20d3026909 ner
case and "l ess-conjugated” in the |latter case. Further, the terns
"red-shifted" and "blue-shifted" are not neant 25 to convey any
relationship to hue, but rather the direction in the el ectromagnetic
energy spectrum of the energy shift of the gap between the HOMO and LUMO
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desi gned §teudieresesrel presdMedeopeach enbmpld. Exdmeplestiacand @atareggengricg axi s of
t he nol ecul es, whereas in anple .2 the rofation axis s parallel to the
orientati @H%&Ef% fu W@S%EEBWF@.O d'%ﬁ'@g‘é 0&89{%993 z?ﬁ D ?‘i!i'i"fq @\eem‘)'e(jeorret ries
of 1ol ecub@s fdrdExaPles 1BUENITILSott@o WOl AABIRE0RB E93tRGE, US2003/ 020939 17
be used, depending on the desired results. Both generic _and real nolecular

st ructur eM063le pr eskuniag firglrto Examplex hniisedenists agirelemibodimantef the di-generi ¢
mol ecul ar r t Qi i Rhabh GBS MAE 12Vhdishi ng the
nol e- culsé%g){egﬁé}éﬁggﬁp%%g@gﬁwgl %&#gféﬁﬁﬁ%&ﬂ%ﬁ#eal %rr%%iaulgr structures. 5
[ 0063] Tudepicty o gersrictnoExalap ineplémentaition deyphe séatar-fatersstatonbwgiehent of t he
bi - stabl e nol ecul ar mchhani cal] device of the present invention. Exanple 1
a bel ow {eptigt®oBu eni=c nol pcul ar i npl ene annamngErm_:t;
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10 Example 1a

[0064] where:



Red Shifted Blu Shifted -Con.rinsulating group, ConZ _-" (E) GG? 1 (BT
, G3a -- Con, Cinsulating groupT-ConZ -- Blu Shifted State (Optical
State |1)woCoi&aspBe 1 a [0064] where: WO 2004/ 023193 PCT/USSEGB03§90920939

18 [0065] The letter A represents an Wcceptor group; it is an

el ectron-withdrawing group. It may be one of follow ng: hydrogen,
carboxylic acid or its derivatives, sulfuric acid or its derivatives,
phosphoric acid or its derivatives, nitro, nitrile, hetero atonms (e.g., N,

0, S P, Br of .functi . ar it h at . .

above- rrenﬁogﬁeﬁh%é%ge{ d& 5‘?%%%‘56%9@’* &Sﬁws@ﬁf‘) &ﬁﬂ?ﬁse%’@.ae;?%c"ﬁﬁﬁ}ng@ééggﬁ (either
sat ur at edg@upuhsmbyrat eng of foluirsy: ihyldtagdznhycd(rjbuxgﬁd)enid JrOGo6¢rivetiees.etter D
represents Do / Codt t -donat i Lt b

of 1ol | ovsHienaciH dice darvatives,PnoseRore Arst of s esiai e piis, - O
sat ur at edpeferd' Bforhs! (@ €M), O, B, 5 FOIEN | By &rfulyiirRg arduprwie af leastdrenad  gr oup
with at 10 | east one of hetero atom ( The donor

) e.g.. B S, N 0 S P, I|).
s di f§ er abevesmentioned hetare alemsdedr @Wg 19t Nthcated haydrpearpen (githr vel y
the: ol ecti arapo gL oRlet PR F s BEHRRSES (oresent connecting uni o
bet ween of966Tke leiter & mpicsents & Bonaoytiet é.imanmmmoanaﬁm goalre ltand t he
SO SRy ey B o, S A BB g, o0 ©
hydr ogen batuedted wluhsatarated), beserstitte o mpdrocarkan, orGundfion@l griSupRyitheatc. ) or
Funct]onal, 9f ouRS ¢t 3! Abm%eld s 8! N, % 25°B% 1) Thd donor is differentiated
from the acceptor by that fact that it is relatively less electronegative, or more
electropositive, than the acceptor group on the molecule.
[0067] The letters Con4 and Con; represent connecting units between one mole-
cule and another molecule or between a molecule and the solid substrate e.g.,

15 metal electrode, inorganic substrate, or organic substrate). They may be one of
the following: hydrogen (utilizing a hydrogen bond), multivalent hetero atoms
(i.e., C, N, O, S, P, etc.) or functional groups containing the hetero atoms (e.g.,
NH, PH, etc.), hydrocarbons (saturated or unsaturated), or substituted hydro-
carbons.

20  [0068] The letters G4, G2, G3, and G4 are bridging groups. The function of these
bridging groups is to connect the stator and rotor or to connect two or more
conjugated rings to achieve a desired electronic property. They may be any one
of the following: hetero atoms (e.g., N, O, S, P, etc.) or functional groups with at
least one of above-mentioned hetero atoms (e.g., NH or NHNH, etc.), hydrocar-

25 bons (either saturated or unsaturated) or substituted hydrocarbons. The con-
nector may alternately comprise a single atom bridge such as an ether bridge
with an oxygen atom, or a direct sigma bond between the rotor and stator.

[0069] The letter Q is used here to designate a connecting unit between two
phenyl rings. It can be any one of following: S, O, NH, NR, hydrocarbon, or sub-

30 stituted hydrocarbon.

[0070] The word “blue” is contracted to “blu” for simplicity in this and in the re-

maining diagrams.



NH, PH, etc.), hydrocarbons (saturated or unsaturated), or substituted
hydr o- carbons. 20 [0068] The letters GlL, &, G3, and (4 are bridging
groups. TWe 2bun28iodn of these bridging groups is to comagais2edi®eBat or and
rotor or to connect two or nore conjl¥gated rings to achieve a desired

el ectronic property. They nmay be any one of the follow ng: hetero atons
(e.g., N, 0, S, P, etc.) or functional groups with at |east one of
above-nentioned hetero atoms (e.g., NH or NHNH etc.), hydrocar 25 bons

(either s ted of saturat d) o t con-
nect or 6}02 er natlé'l %1?35 33{ St{hﬁé%égﬁ gﬁ#‘%ﬁqe%gbge%’% 8'%5?0& her
bridge \[Agglggm Tsﬁncvlganstaét@gnﬂ@rdlaecgnoﬂeﬁtthss@gambgmdldmetpmmndmmmt or and
stator. e letter used _here tq desi te a connecti uni

et ween t U5 VaTHERIoteEies. Puch rFaIO0RRIoB e SPGB Ghekg T SR N

hydr ocar bgjy: f6H ostieBr s@@crﬁﬁg e ﬁﬁlqhgdﬁ&éﬁésbﬁﬁy t{eoémhaﬂéaeamrtme mlee” i s

contracted to "blu" inplicity in this and in the re- naining diagrans.
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nol ecul ar |ex | e oﬁ er,St at @rj-rot or- st at of hed absje: H R
R R S TR N @00 92¢ Bl u Shifted | 02C I'1CH R4d Shifted
. "k zZNHs+ YiNYiN;)/Y @

NTY
“0,C Blu Shifted - °2C /.WIL
CH,NH;" " RedShited N NCHNHg
Q Y Q )
O - O N s
R %, g s Ry %y )
Red Shifted State (Optical State 1) Transition State
Re%mm
/\/\/\/\/N O ‘Rz
"HSNHzc, A
"coz‘
YorN
Q 2)
R{ .T?z E: s”
10 Blu Shifted State (Optical State 11)
Example 1b
[0073] The molecule shown above (Example 1b) has been designed with

15 the internal rotor 432 perpendicular to the orientation or current-flow axis of the
entire molecule 430. In this case, the external field is applied along the orienta-
tion axis of the molecule 430 as pictured - the electrodes (vertical thick lines) are

oriented perpendicular to the plane of the paper and perpendicular to the orien-



(2) fa) R R ,Rz\ H Rz HRed Shifted State (Optical State |I) Transition
State Red Shifted Blu Shifted HRI / nR2 ~S N Y | +H3NHzC f | 1'C02 Y
-N/ \ RwRB2004083188 Rz H 10 Blu Shifted State (Opti cal peratseodsiorossxanpl e

| b [0073] The nol ecul e shown above (B0anpl e 1b) has been designed with 15
the internal rotor 432 perpendicular to the orientation or current-flow
axis of the entire nolecule 430. In this case, the external field is
applied along the orienta- tion axis of the nolecule 430 as pictured - the
el ectrode verti thick Lines) ale.. arient I I e pl ane
of the. paBiPhany BEnsarbBEuP 4%, heBiGtsh i ERoBEIRELS GeR rohPidn™® P

PCT/ US2008&/ figitt93 She didgtaans ol cadse thé rotoe 48R 1aaqittaretidn thé\oppercleftidiar of an
electric fielg orifngoe fromleft to rj hlt in the diagrans will cause the
Cotor 43295 30 Eotaladp e PeRIQTLERPWR &y the; lqwep dlagarh, R4 M%8 Y&1senl posi 1 on
shown on e chei\ahe #btap430hs PREUNEHGE theloser didhrailié fofesRandmeith fleor 432 as
pictured in the | ower diagramis not coplanar with the rest of the

mol ecud e, resd afiihe melegwe, BP d@iésiﬁith?éauejghif@m orficat stasy of fze MmRleeulpe,
on the. LeresCe I S e A e Rl I o or  Che
mol ecul e. upper lefitdiagraot, sosthisws the redshifigdeoptical htatel phtheamotesples tdet he
oo ot lradtsw B 8E ' Ber A aah eplBBTHe 1hLinsH SRREBE oiftichl anar
between the upper left diagram (co-planar, conjugated) and the lower diagram
10 (central portion rotated, non-conjugated).
[0074] The molecule depicted in Example 1b is chromatically transparent
or blue-shifted in the non-conjugated state. In the conjugated state, the mole-
cule is colored or is red-shifted.
[0075] For molecules of the type shown in Example 1, a single monolayer
15 molecular film is grown, for example using Langmuir-Blodgett techniques or self-
assembled monolayers, such that the orientation axis of the molecules is per-
pendicular to the plane of the electrodes used to switch the molecules. Elec-
trodes may be deposited in the manner described by Collier et al, supra, or
methods described in the above-referenced patent applications and issued pat-
20 ent. Alternate thicker film deposition techniques include vapor phase deposition,
contact or ink-jet printing, or silk screening.
[0076] Turning now to Example 2, this depicts a second embodiment of the
bi-stable molecular mechanical device of the present invention. Example 2a be-
low depicts a second generic molecular example for stator-rotor-stator configu-

25  ration of the present invention.



10 (central portion rotated, non-conjugated). [0074] The nol ecul e depicted
in Exanple 1 b is chromatically transparent or blue-shifted in the

non- conj uyated/e@smse. I n the conjugated state, the nol ePCauiseodd®2@ad ored or
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Example 2a

5 [0077] where:
[0078] The letter A represents an Acceptor group; it is an electron-withdrawing
group. It may be one of following: hydrogen, carboxylic acid or its derivatives,
sulfuric acid or its derivatives, phosphoric acid or its derivatives, nitro, nitrile,
hetero atoms (e.g., N, O, S, P, F, Cl, Br), or functional group with at least one of



2 Red Shifted State (Optical State 1) Red Shifted Blu Shifted R2 R3 Rl R
R3, RL2Cone / \ G6) RBRL J, (Ef G\ / R R3Re GF) J, Rl (B
Con, / \ wO2004R2319R1 021 RI R2 3 Blu Shifted State (OptrcralS2@3ar@341)
Exanple 2a 5 [0077] where: [0078] The22letter A represents an Acceptor
group; it is an electron-withdrawing group. It may be one of follow ng:
hydr ogen, carboxylic acid or its derivatives, sulfuric acid or its
derivatives, phosphoric acid or its derivatives, nitro, nitrile, hetero

atons (e. N . F f ' ] t

of Vo p00aPBS ety Bestsptbwsoe- S $H0 N k) OhIdBedEn Rinerasl 00
O—|b tSHt {\Ildguﬁéted)or uh%aiumedé)lca)m;rmu@etimt?ﬂmcsa&aébam.ed or ;Jnsat lar) ated) or
supstitute ocar n. e letter . . ot
s an el e BB b6 el BeBreRRR £ DoTEGIAE: e 20 P GRS kB don
am ne, OHmagHhe BhB Y follMARE dbsger, @inkiRer OHS SHtdihétt Bddicatbbmateithat ed) , or

substi tut ed "hydrocar bon or  functi onal ghryoup with at | east one of hetero
at om ( 2. g satugatedjor upsatnrated), or sphstitutgd hygrasarkan er fupgtiongl pegupgwith at

least one of hetero atom (e.g., B, Si, I, N, O, S, P). The donor is differentiated
from the acceptor by that fact that it is relatively less electronegative, or more
electropositive, than the acceptor group on the molecule.
[0080] The letters Con4 and Con, represent connecting units between one mole-
10 cule and another molecule or between a molecule and the solid substrate e.g.,
metal electrode, inorganic substrate, or organic substrate). They may be one of
the following: hydrogen (utilizing a hydrogen bond), multivalent hetero atoms
(i.e., C, N, O, S, P, etc.) or functional groups containing the hetero atoms (e.g.,
NH, PH, etc.), hydrocarbons (saturated or unsaturated), or substituted hydro-
15 carbons.
[0081] The letters R4, Rz and R3 represent spacing groups built into the mole-
cule. The function of these spacer units is to provide an appropriate 3-
dimensional scaffolding to allow the molecules to pack together while providing
rotational space for each rotor. They may be any one of the following: hydrogen,
20  hydrocarbon (either saturated or unsaturated) or substituted hydrocarbon.
[0082] The letters G1, G2, G3, G4, Gs, Gs, G7, and Gg are bridging groups. The
' function of these bridging groups is to connect the stator and rotor or to connect
two or more conjugated rings to achieve a desired electronic property. They
may be any one of the following: hetero atoms (e.g., C, N, O, §, P, etc.) or func-
25 tional group with at least one of above-mentioned hetero atoms (e.g., NH or
NHNH, etc.), hydrocarbons (either saturated or unsaturated) or substituted hy-
drocarbons. The connector may alternately comprise a single atom bridge such
as an ether bridge with an oxygen atom, or a direct sigma bond between the ro-
tor and stator.
30 [0083] The letters J1+ and J represent tuning groups built into the molecule. The
function of these tuning groups (e.g., OH, NHR, COOH, CN, nitro, efc.) is to pro-

vide an appropriate functional effect (e.g. both inductive effect and resonance ef-



fromthe acceptor by that fact that it is relatively |l ess electronegative,
or nore electropositive, than the acceptor group on the nol ecule. [0080]
The | ett ewe 200m23@ad Cone represent connecting units betroFdars2a®20m$ e- 10
cul e and anot her nol ecul e or between 2 nol ecul e and the solid substrate
e.g., mnmetal electrode, inorganic substrate, or organic substrate). They
may be one of the follow ng: hydrogen (utilizing a hydrogen bond),

mul tival ent hetero atons (i.e., C, N, 0, S, P, etc.) or functional groups

contai nin e hetero. at e. NH PH. .etc. rocarbaon sat ur at ed
or unsat u?e«i{tgcﬁn,d?%ﬁt%r%%'?‘?ﬁ%tﬁ@gfwatl‘%'?' % déésrfﬁjotr‘l'b? tF%g@% Q?RZAE%‘? ers RI,
R2 and R3,[6RrdtafhhokRak! tbGed feudssiret ididctronic propesttie®bethe Ghdleculd el unct i on
of these spacer units is to provide an appropriate 3-_dinensional

scaf f ol di Btpriceiiart isdp tune the raelecelar confpredtiondheaugh stelin Mindignes: intefy

rotati ona C r ; f igMi Ng:

hydr ogen, or E@%ﬁ@gl&%@gﬁ@ona%tg%n?fﬁgc}e-gg(g%gu ;ﬁ‘ga{r rggérérﬁaﬁ%lggfﬁgtgg yg?n%?é_dgg%vst ituted
hydr ocar boan ded@¥als Toarees)earnt torprodde hior BBltipiesstalgiity atanolepulanadents: ar e

bri dgi _Th [ by daj ' h
otator andoRt ey bpa 5 485 cofibr e SRR bLASLAR, EL A Roing (£9, JONITEC "
desired el By, ClBopadtly fuldtepal greypdwithry laaseoné of Abovesimeationegl: het er o

atons (e.qg., C N, S, P_etc.) or func, 25 tional group w.th | east one
of above- ﬂl@tﬁfﬁ)@#@ﬂs’ﬁbﬁd&%”&?%&'%r @?t}"ﬁ%ﬁj SF Ungiifated Qr %bsﬂ%a@b& bons

(ei ther satodadtbge@d. or unsaturated) or substituted hy- drocarbons. The
connector nay alternately conprise a single atom bridge such as an ether
bri dgéOwi 10084h oxyg%*ﬁrapérﬁb below igia imal nYlepularRBRINR Chthe SRFE-TP9r- t or and
stator. 3 : . J2 represent tuning groups built into
t he nol ec%fa[é.gp%ﬁigga-%ﬁﬁhﬁ%ﬁ{ogfat]aﬁggg tuning groups (e.g., OH NHR, COOH,

CN, nitro, etc.) is to pro- vide an appropriate functional effect (e.qg.
bot h i nductive effect and resonance ef WD 2004/ 023193 PCT/ US2003/ 020939 23
fects) and/or steric effects. The functional effect is to tune the band gap
(AEHOMO /LuMOD of the nolecule to get the desired electronic properties of
the nol ecule. The steric effect is to tune the nol ecul ar conformation

t hrough steric hindrance, inter- or intra-nolecular interaction forces
(e.g. hydrogen bondi ng, Coul onb interaction,



5 van der Waals forces) or to provide bi- or nultiple-stability of

nol ecul ar orienta- tions. They may be any one of the follow ng: hydrogen,
het ero atwoeog«2g193 N, O, S, P, B, F, d, Br, and |), framaiSeeniakosgy oups
with at | east one of above-nentioned 24hetero atons, hydrocarbons (either
saturated or unsaturated) or substituted hy- drocarbons. 10 [0084] Exanple
2b below is a real nolecular exanple of the stator-rotor- stator
configuration nentioned above: WD 2004/ 023193 PCT/ US2003/ 020939 24 C21-15
C2H5 0OH HN(E) OON* G- G&H,,, H(F _~ &5 { () NN(F C
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Example 2b
5 [0085] The molecule shown above (Example 2b) has been designed with

the internal rotor parallel to the orientation axis of the entire molecule. In this

case, the external field is applied perpendicular to the molecular axis - the elec-



E NNEf NHHOO 2 5 Blu Shifted State (Optical State I1l) Exanple 2b 5
[ 00851 The nol ecul e shown above (Exanple 2b) has been designed with the

i nt ernal wot2e4/2arval | el to the orientation axis of the ecTiuseoasmk@sul e. | n
this case, the external field is applS ed perpendicular to the nol ecul ar
axis - the elec WO 2004/023193 PCT/ US2003/ 020939 25 trodes are oriented
parallel to the long axis of the nolecule and can be either perpendicular
or parallel to the plane of the above m)del structures. For exam ple,

applicatigpn, ,of an electric to the nol 1SSY ve wher e
the ' el Honenal afemibhrnraliidn s fang Frt B She BRGNS 23 B BRI 1o
upvard W bergendrRuke drfpﬁréua@dti@pl@h@bﬂﬂ@dabcwetmaaelobtawtmstreorra@at-e to
approxi matel'y 90 de- 6)grees and appear edge on, as shown in t wer

nol ecul ar Pl aeplmtlaﬁ an elegidc U‘?‘ééo therupper mple¢yle shawn abpyew Sfeo €as
pi ctured igggt f {}ﬁel d QY@ Fﬂbéfg{l B MY nfflecuPhr@BRE Md %oimiﬂﬁr@&har@fwﬂlhe

nol ecul e, so ue- shlfted optical state of t nol ecul e, or
opti cab scause the rwneaeascmr@ inothet diagr@npuoamtevvptapnrmmatejy 98fde-he 10

nol ecul e t.h state of
the nol egpefes gn&gggé?rg% St at a§cﬁhtowln e 'Q?’SE?‘g"r'né g_p%{t 8?8%? g@{ée and J
i ndi cate smu ®ice wdrsd. dndhr&foasenmecrbmn’asaictunebltis tloa lowsr disgraimze dot co-adj ust

t he geonetrical uct he nol ecul nd ot.her chem Qups nay
al so be u® aé&"tﬁﬁé 8&%@0 ecpllgy 5o Jis etge g 3‘?@ %O'OﬁFamﬁFa?%ﬂg{hﬁ retain
thei r usuaholé®RAdi @gothaeS{a@éulemmeEeathe%tmd cbplzar hethaihg reét dhibe

fol | ow ng: hydrogen het er oat ons ar bon

hyd
(ei t héP sMabpate@othe wrRar fiagiag) Soog“% !?oglei fef- %@‘E;ﬁ‘gld’fpgﬁ%lr%ﬁlﬁy {\ﬁ?‘ﬁh at
| east one nﬁmeém@ cﬁr%\near@mé wnﬁ@h@eﬁagrawttﬁaﬁette[rg@@ drrJ indRafesiReul es of

Example 2, the fil are grown such nol ecular axis is parallel to

the pl ane whtere ﬁéfeeermhem unifyican haytilizaebioadjest the geometrical Sta#Céur@m tiple
monol ayer g il fHteclite 47! SHYl B5erhRaNBroRbd st AL6 be"uddd™y theGb¥st and

stators. The letters C, N, H, and O retain their usual meaning. The letters E, G,
15 and J can be any of the following: hydrogen, heteroatoms (e.g., N, O, S, P,
etc.), hydrocarbon (either saturated or unsaturated), or substituted hydrocarbon
with at least one of the above-mentioned heteroatoms.
[0086] For the molecules of Example 2, the films are grown such that the
molecular axis is parallel to the plane of the electrodes. This may involve films
20  that are multiple monolayers thick. The molecules form solid-state or liquid crys;
tals in which the large stator groups are locked into position by intermolecular
interactions or direct bonding to a support structure, but the rotor is small
enough to move within the lattice of the molecules. This type of structure can be
used to build an E-field controlled display or used for other applications as men-
25 tioned earlier herein.
[0087] Examples 1 and 2 show fwo different orientations for switching the
molecules. However, the examples given are not to be considered limiting the
invention to the specific molecular systems illustrated, but rather merely
exemplary of the switching mechanism disclosed and claimed herein.
30  [0088] The technology disclosed and claimed herein for forming optical
switches (micrometer or nanometer) may be used to assemble displays,

electronic books, rewriteable media, electrically tunable optical lenses, electrically



tals in which the large stator groups are |ocked into position by

internol ecular interactions or direct bonding to a support structure, but
t he rot orwD=oemaBi93 enough to nove within the lattice ofpCrhes2omsloeead es.
This type of structure can be wused t® build an E-field controlled display
or used for other applications as nen- 25 tioned earlier herein. [0087]
Exanples | and 2 show two different orientations for switching the

nol ecul es. However, the exanples given are not to be considered limting

the invention to.the specific nol | ar stens ilLl te rat her
merely e>‘(‘8ﬂﬁ5‘ir’]§9yt”8'|“9t %@WM"W%h?f}S’gﬁ‘ﬁ%fﬁaﬂﬁ%%ﬁt' d’f%séhalég@&%cﬁ @F 519#&](9 her ei n.
30 [0088] sifnalst fesrh rmleogfymays hcoming chathnelsatbrong dfanamyoditgoing awhahngsopt i cal
switches (m.crometer or nanoneter) may be used to assenbl e displ ays,

el ectroni @BFXE: rewiteable nedia, electrically tunable optical |enses,
electrically WO 2004/ 023193 PCT/ US2003/ 020939 26 controlled tinting of

w ndows and mrrors, optical crossbar switches for routing signals from
one of Smany incom ng channelMDUSTRIL HPPHEABIEIYG0i ng channel s, and nore.
5 I NDUSTRI AL APPLI CABI LI TY [0089] The field-sw tchable nol ecul es di scl osed
herein are expected to find wuse in optical devices constructed from

m cr o- scalf@8ahd evemhhafield-sdtzhable cwigatesdisclasediedreinase axpentédeto/finaf  vi sual
di splays. 10 WO 2?0%/823193 PCT(/U?Z%O{S/ 020939 27 CLAINS Wiat |s, O ained
Is: 5 1. Micele@PPFY PPUFT LAPUNTRG TP DU OSRREC RN 16e" J58°-58'F 200)
conpri si ngomponohte &islvadll s Varaty 68Aguatdizblagered within an electric field
generated by a pair of electrodes (107, 109, or 201, 203, and 202, 204),
sai d A8l ecul ar system (430) having one rotor portion (432) connected
between two stator portions (434), wherein said rotor portion (432)
rotates with respect to said stator portions (434) 10 between at |east two
different states upon application of said electric field,



t hereby inducing a band gap change in said nol ecular system (430), wherein
in a first state, there is extended conjugation over at |east nost of said
nol ecul arwoyer@m9B430), resulting in a rel atively snal lper/usaond/ogepy and
wherein in a second state, said exte¥ded conjugation is destroyed,
resulting in a relatively larger band 15 gap. 2. The optical switch (101,
205, 207, 209) of daiml wherein said nolecular system (430) has an
orientation.axis and wherein said r@f_gm ortion (432) is oriented

per pendi cular to said orientation ith said external electric 20
field applied parallel to said orientation axis. 3. The optical switch
(101, 205, 207, 209) of Caim1l wherein said nolecular system (430) has an
ori ent at VWiatds Claimed lsherein said rotor portion (432) is oriented parallel
to said orientation axis, with said external electric field 25 applied
perpendicular to said orientation axis. 4. The optical switch (101, 205,

207, 209) of @l Anreldctvibdieki activaied optwaeswlt@rﬁ éﬁo'ﬁmsl Qeﬁozog)%dhhprﬁdiriﬁol e,
whi ch provi des a non-vol atile conmponent. he optical swtch (101

205, 2072 melgpulgr systaMi4B0)sertigured yyitin %ﬁ&,qynl%f*elglmn@rﬁt@d@a)a paig of

Fast, burCuRdpRIt1oP 100 S0 pats, Hinsh Shas ey st o5l e
opti cal bwmghom&(}mtorzpk’ﬂ:tloﬁ@Szyﬂﬁhneétew bétmekbnwves eitatos@iodloanMl ar
swi.t chabl e st at es, at optical

t 4
o oper t | BSkpNEidiroter edion (S L i) FERCb S paHewy PartEne:(154)
cont ',l(')‘UOBéiWeéW a5 |BBS! 't\ﬁ@tdhﬁére‘hf s@ai@%cﬁﬁﬁ' rll@étld) ‘er§&§ﬂ r@e@ﬂri%cﬁélbc field

to forma volatile swtch or the color and ex of raction |s
changed Hm@rapy induging aéaam@lmap:dnartge mfsaldcmhcvlaglelapaystem (4@01)1. wheteimimi t h at

G ai m 1 HEPE PR re R blEhuediooErBh. Ry ob et dnbe-otinataeptotiar 27
t r anspar epdtefit @30)arduling ah arrefhtivelyairialle? - bahdegaih taneldbh&din itha 688dnd 205,

207, 209) of aim1l wherein said nolecular system (430) changes between
one col opl&de s3aid exigngledraniigatien iseesiroyes, seslieng in a relatively larger band

15 gap.

2. The optical switch (101, 205, 207, 209) of Claim 1 wherein said
molecular system (430) has an orientation axis and wherein said rotor portion
(432) is oriented perpendicular to said orientation axis, with said external electric

20 field applied parallel to said orientation axis.

3. The optical switch (101, 205, 207, 209) of Claim 1 wherein said
molecular system (430) has an orientation axis and wherein said rotor portion
(432) is oriented parallel to said orientation axis, with said external electric field

25 applied perpendicular to said orientation axis.

4. The optical switch (101, 205, 207, 209) of Claim 1 wherein said
molecular system (430) is bi-stable, which provides a non-volatile component.

30 5. The optical switch (101, 205, 207, 209) of Claim 1 wherein said
molecular system (430) has essentially a low activation barrier between different

states to provide a fast, but volatile, switch. |



9. The optical switch (101, 205, 207, 209) of Cdaim1l wherein said
nol ecul ar system (430) changes between one index of refraction and anot her
i ndex of wefwewi23ma. 20 10. The nol ecul ar system (430) @CTAS20031020939

28

6. The optical switch (101, 205, 207, 209) of Claim 1 wherein said
molecular system (430) has more than two switchable states, such that optical
properties of said molecular system (430) can be tuned by either continuously by

5 application of a decreasing or increasing electric field to form a volatile switch or
the color and/or index of refraction is changed abruptly by the application of

voltage pulses to a switch with at least one activation barrier.

7. The optical swiich (101, 205, 207, 209) of Claim 1 wherein said
10  molecular system (430) changes between a transparent state and a colored

state.

8. The optical switch (101, 205, 207, 209) of Claim 1 wherein said
molecular system (430) changes between one colored state and another colored
15 state.

9. The optical switch (101, 205, 207, 209) of Claim 1 wherein said
molecular system (430) changes between one index of refraction and another
index of refraction.

20
10. The molecular system (430) of Claim 1.



