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store, later versions are expected to lead to electronic books with paper-like pages and illustrations that

move, newspapers that update themselves, reusable paper displays for cellular phones, disposable TV
screens, and even electronic wallpaper.

25 There are two presently-known competing technologies: E Ink’s electrophoretic displays and
Xerox’s gyricon spheres.

The electrophoretic displays are disclosed, for example, in U.S. Patent 6,017,584, issued Janu-
ary 25, 2000, and entitled “Multi-Color Electrophorectic Displays and Materials for Making the Same”,
and in U.S. Patent 6,067,185, issued May 23, 2000, and entitled “Process for Creating an Encapsulated

30  Electrophoretic Display”.

Generally, an encapsulated electrophoretic display includes one or more species of particles
that either absorb or scatter light. One example is a system in which the capsules contain one or more
species of electrophoretically mobile particles dispersed in a dyed suspending medium. Another exam-
ple is a system in which the capsules contain two separate species of particles suspended in a clear sus-

35 pending fluid, in which one of the species of particles absorbs light (black), while the other species of
particles scatters light (white). Other extensions are possible, including more than two species of parti-
cles, with or without a dye, etc. The particles are commonly solid pigments, dyed particles, or pig-

ment/polymer composites.
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used to deliver encapulsated fluids upon application of external pressure or solvation (e.g., carbonless
paper). The fragile nature of microcapsules makes them poorly suited for electronic paper applications
30  where folding and surface contact is common.

Thus, what is needed is a molecular system that exhibits image contrast and mechanical dura-
bility commensurate with ink on paper, avoids chemical oxidation and/or reduction, permits reasonably
rapid switching from a first state to a second state, is reversible to permit real-time or video rate display
applications, and can be used in a variety of optical display applications, such as e-ink.

35
DISCLOSURE OF INVENTION

In accordance with the present invention, a switchable medium for a visual display comprising an

electric field activated bi-stable or e-field dependent molecular system configured within an electric field
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the electronic media is provided by the media substrate or substrate coating and is not compromised by
the switchable colorant.
A second advantage of the present invention is improved resolution. In this instance, resolution
is only limited by the addressing scheme, since the colorant has molecular dimensions.
30 A third advantage is that the switching may have a longer lifetime since the switching only in-
volves the charge separation and recombination inside molecules.
Finally, each molecule of the present invention will latch to stabilize one or the other of its

color states.

35 BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation (perspective, transparent view) of a two-color (e.g., black

and white) display screen construction for use in accordance with the present invention;
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oxi dation or reduction reaction; such a switch can be the basis of a pro-
granmabl e read-only nmenory (PROM), for exanple. The term "re-configurable”
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20 Definitions

The term “self-assembled” as used herein refers to a system that naturally adopts some geo-
metric 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.

The term “singly configurable” means that a switch can change its state only once via an irre-

25 versible process such as an oxidation or reduction reaction; such a switch can be the basis of a pro-
grammable read-only memory (PROM), for example.

The term “re-configurable” means that a switch can change its state multiple times via a re-
versible process such as an oxidation or reduction; in other words, the switch can be opened and closed
multiple times, such as the memory bits in a random access memory (RAM) or a color pixel in a dis-

30 play.

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

35 Micron-scale dimensions refer to dimensions that range from 1 micrometer to a few microme-
ters in size.

Sub-micron scale dimensions refer to dimensions that range from 1 micrometer down to 0.05

micrometers.
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coati ng con al ns no
14. The electrochromic coating 12 is a molecular colorant coatmg that contains molecules 16 (repre-

sented by greatly magnified lines) that undergo chemical changes as a result of application of an electric
field that, in effect, changes selectively localized regions of this coating from one hue to another. In or-
der to describe the print media 10, the electrochromic molecules themselves are depicted as polarized

25  lines 16 in FIG. la; however, it should be recognized that there are literally “millions” of such mole-
cules per cubic micrometer of colorant.

It will be immediately apparent that the electrochromic molecular colorants of the present in-
vention are substantially and uniquely different than the microcapsule technology currently employed in
electronic inks. Since the molecules of the present invention themselves are changing color in response

30  to an applied electric field, the issues of contrast and image resolution are resolved. In the former case,
backside reflection is eliminated, since molecules, not microspheres, are the agents of color change. In
the latter case, again, molecules, being much smaller than microspheres, result in greatly improved im-
age resolution, switching speed, out-of-band transparency, and durability.

With respect to the molecular technology described in greater detail below, the overwhelming

35 advantage of electrochromic molecular colorants over microcapsule technology (see, Background Art,
supra) for electronic print media is the realization of standardized print contrast and image resolution.
Such use of electrochromic molecular colorants will provide readable content that resembles conven-

tional printing dyes or pigments on paper forms in color mode, color density, and coating layer incorpo-
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It will be noted that the electrochrom1c molecular colorant depicted in FIG. 2a is spatially ad-

dressable at its molecular (Angstrom) scale, allowing far greater image resolution than the tens-of-

30 micrometers scale of microcapsule colorants. A molecular wire adaptable for such use is described in

U.S. Patent 6,128,214, entitled “Molecular Wire Crossbar Memory” by Philip J. Kuekes et al, issued on
October 3, 2000, and assigned to the present assignee, incorporated herein by reference.

Further, the color switching time for the electrochromic molecular colorant pervaded pixel re-

gions of the media 10 is significantly shorter than that for microcapsule colorants, allowing significantly

35 faster imaging speeds, in the main because the electrochromic molecules of the colorant are substan-

tially stationary and change color either through the movement of electrons, the twisting of molecular

elements, or both. In each case, the total mass in movement for any addressed pixel is many orders of

magnitude smaller than that required with microcapsule colorants.
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Alternatively, the colorant may be monostable, obtaining a localized, first color state (e.g.,

51n

transparent) when subjected to a localized electrical field, then configuratively relaxing to a second
30 color state (e.g., black) in the absence of the field.

Preferably, the chromatic reaction of each of the aforementioned colorant types is field re-
versible and bi-stable in the absence of a field so that a field is not required to hold the image and the
image may be written, erased, and overwritten many times.

Although very different in constitution, the coating composition employed herein is analogous

35 to conventional coating formulation technology. The constituents will depend on the rheology and ad-
hesion needs of the printing/coating process and substrate material. Typically, the coating layer 12 will
comprise 1 to 30 wt% of the solid content of the film deposited to form the coating layer on the sub-

strate 14. This amount is usually determined by desired image color density. The coating 12 will also
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35

deposTurpiggnowet RodS, foviler i@plamdénkagorcoth-as a simple sheet of rewritable hard copy
media or a data storage media 10, it may be desirable to create an electrical writing field from a single
coating side, for example, with an electronic pen tip or electrode pair 301 and 303 or 301 and 305, and
to entrain the field across the coating layer 12. In such instances, an appropriately low conductivity and
dielectric constant colorant coating 12 is desirable to prevent field shunting within the coating layer.
The electrical properties of the substrate 14 are less important with such fringe fields (represented by
dashed arrow 307) type writing instruments.

For applications in which it is desirable to create the writing field (dashed arrow 401) through
the media 10 thickness, such as depicted in FIG. 4, with electrodes 403, 405 on opposing sides of the
media, the substrate 14 preferably has a high dielectric constant, or high electrical conductivity if the
adjacent electrode is common to all pixels. These properties minimize the voltage drop (loss) across the

substrate 14 to minimize media switching voltage requirements. For example, employable substrates 14
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substrat es 1the protective surface layer is preferably composed to maintain the mtegrlty of the electrlc ﬁeld im-

posed on the media 10° and to minimize additional voltage drop across the media.

Present Invention
30 In accordance with the present invention, a molecule system is provided that comprises an
electric (E) field induced change of substantial conjugation via chemical bonding change. The change of
substantial conjugation may be accomplished in one of the following ways:
(1) charge separation or recombination accompanied by increasing or decreasing mo-
lecular electronic state localization; or
35 (2) change of an extent of the conjugation of the molecular electronic states via charge

separation or recombination and n-bond breaking or making,.
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titania-filled plastics, certain high dielectric constant resin-

i npr egnatwo ipap®ps, and netals. For certain inplenentati oRET/ES0Y26073 ar ge
di splay boards, it is desirable to coat bstrates having an el ectrode or
array of electrodes included on the substrate surface to be coated.
Representative sub- 5 strat es include netal-clad fiberboards, printed
circuit boar BEiecldieduadd Bapg Gapyliass Cased fyabecabe heBxieraéadon lgauzeda ChagSSepa-

gr ap_hl te i mp] aﬁ&pé}tl?e(r!onqﬂﬁggﬁlrﬁccgl nlgcll rfc1%§si orx]%%ére SITL cahzafa oft t oiecu?ar
Turning now to I(; S, I %‘Wﬂg{—giﬁe—mﬁ—a—%j&nﬂy‘
i nclude a su&sSHd 4 1 #6 substrate 501 coated with a

preferred bac kgr OEI[Bd6e£296ﬂeﬁlﬁtlcbl@y&§wt5fﬂ§ motN & HEth MhvbIA& an @@i@ﬂﬂgﬁd%é@@ang%liﬁ)éhar{g@m| ns
fixed and. i ndegegd&ggha ric witi ngeéfl el ds dashed arr ow

10 505). Thi s surtace %%ftf ?ﬁn?e%%l}‘]%tfolnylac?f‘aégétsg’a’iaﬂ@06 RYFBLH %98‘!"3’1‘3 48 the
medi a 10' whiasreasig ordstreasing lralizatiol ofitirdecton@tsiatginltiyeriecdl? Asshewiit Bllveeh, the t he
transparent st 63e3ahrisib GRors ORLLAGS, ﬂﬁ%fegﬁelééo 39&@1%; Dierer oYY {[)'et' onal
pi gment or colorant incorporated in a polynmer binder. th substrate
14, the coatilhes rdeslizng. ceipipsdsn dBCEsiCrfidéﬁauéﬂaehafgemﬂraw irpthe rgolecsiad@si ti on

chosen to fTBieElﬂtﬁg B o il Batn@ga{ Ista)e, @ith befid B-dEbBEAafidnCR dcbrifhtictbe e @@%@%&9 the
itional vol tage drop across the ne

medi a 1(%] mze a

Al t er nat CK/el @em&e%ﬁé%w? BrIP Bignent or col orant may be incor por at ed i nto
the substrate 14 Tttesfellofzvmgrestnfehlemuﬁﬁsaﬁalemﬁ&ﬁsimeland i ncor por at ed subst rat e
coloration fabrication s_ar

nedia 10' may further E% Ut ﬁecue mUStfqaevfczta|m\?ges{s1‘§limgléecoq'5§§}ef r%dgf’abe eﬁSﬂéé’ﬂl&

t he protectiialbysu pﬁtanﬁeEJﬁal;iemthEOM thesangd &i2lpb Yo anldadsxmntoerfteldandglr@rfmhﬁnmgot he
col orant coafjBg,12 from abrasion, photo- 2 0 oxidative color fade,

chem cal decorrp05| tion, or other environnentally-inposed factors that may
alter tHe integrity of (b) e lepe @heasearent. ofReeymplecatei ot e ndnebopingt eestring.corsmir f ace
llayer 507 Caaecggns,%l%fegﬁtfgﬁganh Hor@oonm%rd{?ﬂg%% be%%hzéa%vé? t&%h%gﬁglk&le%pg‘tl ng,
a transparent material deposition, or a |lam nate. exam ple pol yret hyl
net hacryl at ePHRERHBP et hane type pol yneric coati ngs are known to contain
ultra- violet radi atl oR) atasmebuengn BlighinhétN@Bar adyRimBirifd;;l m  vapor deposited,

gl ass and pol ynmer | am i l.vs .may 25 al so be | oyed. Met hods of Iayer
application are al so V\gﬁhe %qg?‘%"?%ﬂggaer‘@ecﬁg C%%?R“ef‘%‘g‘%ﬁﬁaﬁof‘% BYR  the
prot ectidfde surface | ayer Theshqmeehdbalsbyataioitipo sedhlly or completiaining Beld tdegd i ty
of the el ectyjgfibgl d im posed on the nedia 10° and to mnin ze additional
vol tage drop across the nedia. Present Invention 30 In accordance with the
present invention, a nd BEEPE YyPRTRRAIRY S yacerelinativneen boFrfelil degndgpf or bi-
electric (E) sta‘bieeétdﬂizadme@ 1ﬁ)t|élaﬂlgﬁtr£1flol&l,ﬂblsfoﬁ&t Judl as GOV ehtORhd Dnavib hgdsyah cal

bondi ng cha tion cconpl i shed
in one of t ng) (?H(lﬁ figferences 19 elec%pn a(fit}ltleéﬂ cgfge ?Agt ?@l ﬁmglfcurﬁ %%’Efﬂ]b ?iffis g—E?tall
acconparided doylpknforr@asu, nn}mrs adetbaseb@mnlqc lmeractlons etc.;

(g) The process of charge separation or recombination of the molecule may or may

not involve - and n-bond breakage or formation; and
(h) During the charge separation or re-combination process activated by an E-field,
the band (HOMO-LUMO) gap of the molecule will change depending on the degree of the non-bonding
30 electron, or m-electron, or m-electron and non-bonding electron de-localization in the molecule. Both
optical and electrical properties of the molecules will change accordingly.
One example of an E-field induced band gap change (color change) via charge separation or

recombination involving bond breaking or bond making is shown below (Examplel):



| ecul ar el ectronic state localization; or 35 (2) change of an extent of the
conjugation of the nolecular electronic states via charge separation or
reconbi nawDaa/oave2 7c- bond breaki ng or maki ng. WO 03/ 016992CPARO2IB023 26075
10 E-Field I nduced Band Gap Change Causeqlby t he Change of Extended

Conj ugation via Charge Sepa- ration or Reconbi nati on Acconpani ed by

I ncreasi ng or Decreasing Localization of the Mol ecular Electronic States
(or Electronic States in the Mdlecule FIG 6a schqgatically depicts this
model , which involves an E-field-induced band gap g§hange 5 caused by the
gr reconbi nation

Qf the electronic
lecll e 630 conpri ses
~a | arger band gap
1-electric field

acconpani ed by increasing or decreasing |localizatig
states in the nolecule. As shown in FIG 6a,
two portions 632 and 634. The nvol ecul e
state, wth |ess rc-del deali npn. /A
causes charge separation i 530, ng in a snaller band
gap state, with better rtlidel oesti zati on. JReconbi nati on of the charges
returns 10 the nolecule 630 to'its original state."WThe foll owing

requi renents nmust be net in this nodel: (a) The ndlpéelbtetetust have a nodest
dielectric constant ¢ and can be ea1i|y%pglar-,ized by an external E-field,

r

with E, in the range of B-Fies Qisctignd |pol ar F789 BFC9nel ds rangi ng from 0. 01
to 10 Vinm 15 (b) At |east ope.segnent df<the | e must have

non- bondi ng el ectrons, or it- electrons, or it-e n§yand non-bondi ng
el ectrons that can be nobilized over the entire {nol le or a part of the
nol ecul e; (c) The nol ecul e can be symret ri trical; (d) The

i nduci bl e di pol e(s) of the nol ah at | east one
direction; 20 (e) The ch3nges gartially or
conpletely during E-fieIdJV dux pol ari z3a Lon91(f he states of charge
separation or reconbinati oh can~Be E-fiel d"dependent! or bi- stable,
stabilized through inter- or i nt¥'a- mol ecul ar forces Such as coval ent bond
formation, hydrogen bonding, differences in electron affinities of
different fragnents of tﬂ.eﬁQ%P&%Le’ Coul onb forces, netal 25 conplex
formation, or Lewis acid ?basef conpl ex| i RFisldierioAs, etc. ; (g) The process
of charge separation or réconbrrati gn of the—welecule may or nmay not

i nvol ve 6- and n-bond breakage or formation; and (h) ring the charge
separation or re-conbination process activated by an |[E-field, the band
(HOMO- LUMD) gap of the nolecule will change i t he degree of the

non- bondi ng o N
s ot S N:<;>=<
N Gy
J4/ J2
J4

Optical State il

Example 1

5  where:

The letters J;, J,, J3, J4 and Js represent tuning groups built into the molecule. The function of
these tuning groups (e.g., OH, NHR, COOH, CN, nitro, etc.) is to provide an appropriate functional ef-
fect (e.g., both inductive effect and resonance effects) and/or steric effects. The functional effect is to
tune the band gap (AEgomorLumo) of the molecule to get the desired electronic as well as optical prop-

10 erties of the molecule. The steric effect is to tune the molecule conformation through steric hindrance,
inter- or intra-molecular interaction forces (e.g., hydrogen bonding, Coulomb interaction, van der Waals
forces) to provide bi- or multiple-stability of molecular orientation. They may be any one of the fol-

lowing: hydrogen, hetero atom (e.g., N, O, S, P, B, F, Cl, Br and I), functional group with at least one



30 electron, or it-electron, or it-electron and non-bondi ng el ectron

de-localization in the nolecule. Both optical and el ectrical properti

t he nol ecwbag/ondobt change accordi ngly. One exanpl e of an EBCTiEbz2dongiuced

band gap change (col or change) via char glgz separation or reconbination
i

i nvol ving bond breaki ng or bond maki ng

shown bel ow (Exanmple 1): WO

03/016992 PCT/US02/26075 11 0 OO NJ /NGL J3 Ja J2 J1l1 WOptical
| E-Field [bfeawed-naibioted Feteb diof, he@dtda®on ¢ither saturd@d@a unshtubled) v NbGtdS! hydro- J4 J2
r Jiw E—FicerglllDirection E-Field Direction + + E 0 OO N~ J5\ + -
N-J G1J492"31 w Optical State Il Exanple 1

10

15

The letter G, is a bridging group. The function of the bridging group is to connect two or more
conjugated rings to achieve a desired chromophore. The bridging group may be any one of the follow-
ing: hetero atoms (e.g., N, O, S, P, etc.) or functional group with at least one of above-mentioned hetero
atoms (e.g., NH, etc.), hydrocarbon or substituted hydrocarbon.

The letter W is an electron-withdrawing group. The function of this group is to tune the reac-
tivity of the maleic anhydride group of this molecule, which enables the molecule to undergo a smooth
charge separation or recombination (bond breaking or formation, etc.) under the influence of an applied
external E-field. The electron-withdrawing group may be any one of the following: carboxylic acid or
its derivatives (e.g., ester or amide etc.), nitro, nitrile, ketone, aldehyde, sulfone, sulfuric acid or its de-
rivatives, hetero atoms (e.g., F, Cl, Br, N, O, S, etc.) or functional group with at least one of the hetero
atoms (e.g., F, Cl, Br, N, O, S, etc.).

An example of an E-field induced band gap change involving the formation of a molecule-

metal complex or a molecule-Lewis acid complex is shown below (Example 2):

es of

State

N J3



5 where: The letters JI, J2, J3, J4 and J5 represent tuning groups built
into the nol ecule. The function of these tuning groups (e.g., OH NHR
COOH, CN,wpoimBiog992etc.) is to provide an appropriate funct iPamalSOBE6075 ect
(e.g., both inductive effect and resonanc 3 effects) and/or steric effects.
The functional effect is to tune the band gap (AEHOMY - LuMO) of the

nol ecul e to get the desired electronic as well as optical prop 10 erties of
the nmol ecule. The steric effect is to tune the nolecul e conformation

t hrough steric hindrance, inter [ syl ar interaction forces

(e.qg., hydroge'l’ﬁ\bon' g\ Coullor on d r Waals forces) to

provide bi- or nN /@@ 2 i Qg H-a ation. They may be any
one of thefol‘&/low 0 bteroaom e.g., N O, S P, B, F, d,
fun

Br and 1), i onal 'group with at Ieast one tIOaV%@QZ PCT/ US02/ 26075
12 of above-nentioned*hetero atons, hydr Lh\?gr S%tztéeg} ed or
unsaturated) or substituted hydro- car bl’ldgl ng
group. The function of the bridging gr @\ﬁ" ﬁeBﬁ-HuE{%-r

conjugated rings to achieve a d S|r§d chronnphore The bri dgi ng group may

be any one of the foll ow— M#ng] he er Mat ons (e.g., N, O, S, P, etc.) or
functional group with at | east one ef above-nentioned hetero atons (e.g.,
NH, etc.), hydrocarbon or substituted hydrocarbon. The letter Wis an

el ectron-w t hdrawi ng group. The functl on 0M+tQMs 19! P&Ris! Acitlp tune the reac-
tivity of the maleic anhydride gro | ecul e, which enables the

3] Mii op reconbi nati on (bond
breaki ng or fouggatio . /1| ug f an applied 10 external
E-field. The ele ] ] y—dme of the follow ng:
carboxylic acid or \t erivatives ( Tester”or amde etc.), nitro,
nitrile, ketond4 al de e, squonersquurlc acid or its de- rivatives,
hetero atons (e.g., F,vC, Br, N, 0, S, etc.) or functional group with at
| east one of the hetero atoms (e.g., F, d, Br, N, 0, S, etc.). An exanple
of an E-field induced band gap change involving the formation of a
nol ecul e- 15 netal conpl ex-or M4 | ecuMe- Lewi s acid conplex is shown bel ow
(Exanple 2): WD 03/016992 PCT/ US02/ 26075 13 J5~ NNa N/ GL J3 4 J2 J1
Optical State | Eg (HOMO /LUMOD ) = 3. 466\“ (When R1=R2=R4=R5=H; R3= CH3)

Js 4
\ J
N 3
4
J1 Optical State Il
Eg ( HOMO /LUMO ) = 2.04eV
(When R1=R2=R4=R5=H; R3= CH3)
Example 2
where:
5 The letters J;, J,, J3, J, and Js represent tuning groups built into the molecule. The function of

these tuning groups (e.g., OH, NHR, COOH, CN, nitro, etc.) is to provide an appropriate functional ef-
fect (e.g. both inductive and resonance effects) and/or steric effects. The functional effect is to tune the
band gap (AEnomonumo) of the molecule to get the desired electronic as well as optical properties of the
molecule. The steric effect is to tune the molecular conformation through steric hindrance, inter- or in-
10 tra-molecular interaction forces (e.g., hydrogen bonding, Coulomb interaction, van der Waals forces) to
provide bi- or multiple-stability of the molecular orientation. They may be any one of the following:

hydrogen, hetero atom (e.g., N, O, S, P, B, F, Cl, Br, and I), functional group with at least one of the



- M M M (M= H Lewis Acid) CN~J5NNJ3 J4J2 - M+ M+ M | N J5\+
NJ/NGLs J4J2 J~ Optical State Il Eg (HOMO /LUMOD ) = 2.04eV (Wen
R1=R2=R4=RD0BI0143%32= CH3) Exanple 2 where: 5 The |etters PCI/BA226035 J4 and
J5 represent tuning groups built into thg nolecule. The function of these
tuning groups (e.g., OH, NHR COOH, CN, nitro, etc.) is to provide an
appropriate functional ef- fect (e.g. both inductive and resonance effects)
and/ or st er iaboveinfemvhal, hetthveatdinytgtiiocutah (eifid @gdratbdsortubsatutaree) drRebstittrehidy dgpegp-

(i ExoMO cuMg,, of the nolecule to get the desired electronic as well as
optical properties of the nolecule. The steric effect is to tune the

mol ecul ar conf or et €88 G BredtdginesrapThe fingigt efftedridgingteequp isdg copgettgo or more

tra-mol ec uI &anhgafe@fn@gﬁ kd &Hle\fe(ardgs‘ﬁ@d &@nephorehmrbeg@[g S ehanga anmlo@a@ follow-

i nteracti n der rces e- st |I|ty of
the ol edul 472 BRTERTERT i Crivdy Sk BE B BRE Y e PP RI Ryt ogen
het er o at omafogs g, NH|, etf)) orSybstRuteByydiecartch., Br, and 1), functional group with
at | east one of tﬁerewgea%g;@%%adﬁgunyml%ga@sozrsthelrlﬁlogaoc\sgp@@ma @nadubet er o
atoms, hydrocarbon (either saturated or unsaturated) or substituted
hydrocar- bdypeoff@isiagdiler G is a bridging group. The function of the
bridging group is to connect two or more conjugated rings to achieve a
desi red.chrqmph

i ng: ggr e, ¢ v TCtT Of '

| east one ofratabonlleecmtanmeﬂn-hetdar@kmmmmge g., NH, et c.) or substl tuted
hydrocarbon. Mk 58! r&ﬁﬁ@%c?m%?% g%p%mnl &} ‘&11%950@9 w[’ncl?ﬂ%l\;eh QPE-%E-%Jd&’ed Qi‘ndtgta-bel r

hal ogen conpl exes or
change caused by the change of extended conjugation via charge separation or recombination and n-

bond breaking or formation, As shown in FIG. 6b, the molecule 630’ comprises two portions 632° and
15 634°. The molecule 630’ evidences a smaller band gap state. Application of an electric field causes
breaking of the -bond in the molecule 630°, resulting in a larger band gap state. Reversal of the E-field
re-connects the m-bond between the two portions 632’ and 634’ and returns the molecule 630° to its
original state.
The requirements that must be met in this model are the same as listed for the previous model.
20 One example of an E-field induced band gap change cause by extended conjugation via charge

separation (o-bond breaking and n-bond formation) is shown below (Example 3):



type of Lewis acid(s). 10 E-Field Induced Band Gap Change Caused by the
Change of Extended Conjugation via Charge Sepa- ration or Reconbi nati on and
7c- Bond Bwveakiongg9nr Making: FIG 6b is a schenmatic depi ct ipem/usb2/2dors nodel ,
whi ch involves an E-field-induced band gap change caused by the change of
ext ended conjugation via charge separation or reconbination and n- bond
breaking or formation. As shown in FIG 6b, the nolecule 630" conprises two
portions 632" and 15 634'. The nol ecul e 630" evidences a smaller band gap
state. Application of an‘electrlc field causes breh ng ofi the 7c-bond in
t he nol ecul e 630 resultlng inja Iarger band gap Versal of the
E-field re- connects t he i c- bow nQt he )u 8 32' and 634' and
returns the mol ecul e 630%ontg 5 The reqU|Tenents t hat

nust be met in this nodél ar 1S ,’ed for the previous node

20 One exanple of an E-if i elrgh. Jndqg gap change cause by extended

conj ugation via charge- sepaf ation 3 breaki ng and Tlﬂbond formation)
i's shown bel ow (Exanple 3): WO 03/01699 / US02/ 26075 15 + J2 CH3 J~ Q
| Cone: + G Cony N H (02 J3 R2 4 W JZ , We CH3 J1 Q N Cone Cony + N

Example 3

where:
5 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 substituted hydrocarbon.
The letters Con, and Con, are optional connecting groups between one molecule and another

molecule or between a molecule and a solid substrate (e.g., metal electrode, inorganic or organic sub-



CH3 QN G Con, N + Rl~...... VHO- J 3 R J40J2 +J1 CH3 Cone QNG
[/ Conl N + RWO R2 J4 J3 0 Exanple 3 where: 5 The letter Qis used
here to d@eiogade2 a connecting unit between two phenyl ri mgI/Ush22@3h be

any one of following: S, 0, NH NR hydrqgarbon, or substituted

hydr ocarbon. The letters Con, and Cone are optional connecting groups

bet ween one nol ecul e and another nol ecule or between a nolecule and a

sol i d subst r &tate, ¢®). ghey muebadny eheat the ddieying: rhmr@m{tlﬁough a Bydgae lﬂm@ubteWBtoms

03/ 016992 PCZII/ UﬁO@/ s25Q7c§ or éﬂﬁctﬁﬁaf Q‘&lﬁ)s w% acf s't 0 IQ?%DOMXenQoneﬂ]%roo rloems €. g . ]\ﬁ? 0

f ol | ow ng: hdrogenqg hr oug hydr ogen tero atons
S, P, etc.) OfPUee Hﬁéﬁ“hﬁﬁﬁﬁiﬁ?wrtsﬁuré?ﬁdmbﬁ itugs Bydescarbdypv e - rrentloned

hetero atons (€. gThe lNHrs R &ﬁc{ZRQ) rgpr&yld KRciaE BOnS bliRinkdes m&@etulér’ﬁ{e%jlct@fn of these .
unsat ur ated roc esen
spaci ng géreo?fﬁjggeﬁ ?s hliow t he i rlélcuf unensl‘?lnépsfcaflrr?gdf‘igé?\as%’f” ﬂFH’é&%ﬁz %56%
units is to gﬂﬂ@wlab pmldals prtasipral spees f@-tiei loveen gartorf sk nekalld Gheglinrag bd ay abd et he

ol ecul es t ofp&fke: Eﬁ’rog@?ﬁ%ﬁfcm%k teﬁhepgagﬁldte@oﬂglsdfugété}lt) ln%l:\\% 1tut§cpl%1(&1%ﬁafrl§>§15 the | ower
part of the nol ecy e. h be any one of OW n rogen,

hydr ocar bons (ei tﬁléerletéeést rJatJéﬂ‘ddf reﬁrﬁ%e%tttﬂ?%tgéﬂ‘}’s P.H*“ gl W?ImUEdeﬁfEF}CW'a?fbons
The letters thise g gdGsdng, GH NHRPCESENTN, mm o)) O PropPige @wblbrbpriafamcﬁohﬁ ef-

ol ecul 40 Th%ct (é"? %Bth Qnﬁuc:?(/e an% rr]eesosngnc% léltl%lec{.I )g;} orf syepxc féeﬁtﬁ hé nglCtlonal el_#t%ct isto fune the

nitro, etc. unc
band gap (AEHOMO,LUMO) of the molecule to get the desired electronic as well as optical properties of the

molecule. The steric effect is to tune the molecular conformation through steric hindrance, inter- or in-
tra-molecular interaction forces (e.g., hydrogen bonding, Coulomb interaction, van der Waals forces) to
provide bi- or multiple-stability of molecular orientation. They may also be used as spacing group to
15  provide an appropriate 3-dimensional scaffolding to allow the molecules to pack together while pro-
viding rotational space for the lower part of the molecule. They may Be any one of the following: hy-
drogen, hetero atom (e.g., N, O, S, P, B, F, Cl, Br, and I), functional group with at least one of above-
mentioned hetero atom, hydrocarbon (either saturated or unsaturated) or substituted hydrocarbon.
The letter G, is a bridging group. The function of the bridging group is to connect twc; or more
20 conjugated rings to achieve a desired chromophore. The bridging group may be any one of the follow-
ing: hetero atoms (e.g., N, O, S, P, etc.) or functional groups with at least one of above-mentioned het-
ero atoms (e.g., NH or NHNH, etc.), hydrocarbon (either saturated or unsaturated) or substituted hydro-
carbon.
The letter W is an electron-withdrawing group. The function of this group is to tune the reac-
25 tivity of the lactone group of this molecule, which enables the molecule to undergo a smooth charge
separation or recombination (bond breaking or formation, etc.) under the influence of an applied exter-
nal E-field. The electron-withdrawing group may be any one of the following: carboxylic acid or its de-
rivatives (e.g., ester or amide etc.), nitro, nitrile, ketone, aldehyde, sulfone, sulfuric acid or its deriva-
tives, hetero atoms (e.g., F, Cl, etc.) or functional group with at least one of hetero atoms (e.g., F, Cl,
30 Br, N, O and S, etc.), hydrocarbon (either saturated or unsaturated) or substituted hydrocarbon.
The uppermost molecular structure has a smaller band gap state than the lowermost molecular
structure.
Another example of an E-field induced band gap change caused by breakage of extended 7-

bond conjugation via charge recombination and o-bond formation is shown below (Example 4):



10 fect (e.g. both inductive and resonance effects) and/or steric effects.
The functional effect is to tune the band gap (zExoMJ LUMO) of the nol ecul e
to get thwodemieoezrl el ectronic as well as optical properti @€TAfS02/b@@75
nol ecul e. The steric effect is to tune t nol ecul ar conformation through
steric hindrance, inter- or in- tra-nolecular interaction forces (e.g.,
hydr ogen bondi ng, Coul onb interaction, van der Waals forces) to provide
bi- or multiple-stability of nolecular orientation. They nmay also be used
as spacing group to 15 provi de an appropriate 3-di mepsi onal-;scaffolding to
al l ow the nol ecul es to pack toggther while pro- &Hdi ati onal space for
the |l ower part of the nbl ecul They «@y che_any ronelg [ he™ ol | owi ng: hy-
drogen, hetero atom (e.igcenN ~*Bf, &nd 1); functional
group with at | east ond+of abQye~, At ethdhet ero at om  hydrocar bon
(either saturated or unsatu@@ted)ﬁor sub§tituted hydrocarbon. The letter G
is a bridging group. The fugetig &0z
or nore 20 conjugated irings to achieve gesi red chronophete. The bridging
group may be any one of ‘the follow ing™Hetwro atons (e.g., N, 0, S, P
etc.) or functional groups with at |east, one of above-nentioned het- ero
atons (e.g., NH or NHNH, etc.), hydrocarpon (either saturated or
unsaturated) or substituted hydro- carbon. The letger Wis an
el ectron-w t hdrawi ng gtpup. The function of thiéﬁgre-w is to tune the reac-
2 5tivity of the Iact@ne groupsof this nnleculﬁ, -oenabl es the
mol ecul e to undergo a snoot S A ~econbi nati on (bond
breaki ng or formation, | €0 ce of an appliied exter- nal
E-field. The el ectron- it hdr g
carboxylic acid or its§defﬁr7vathves (exg.\ugster or anideietc.), nitro,
nitrile, ketone, aldehyde,RSul fone, sulfluric acid or its deriva- tives,
hetero atons (e.g., F,1d, etc.) or fq& tional group with at |east one of
hetero atons (e.g., F,'d, 30 Br, N, O'and S, etc.), hydrocarbon (either
saturated or unsaturated) or substitute% hydr ocar bon. The upper nost

f

|€Pgi ng group is to connect two

nol ecul ar structure has a snaller band gap state than the | owernost

nol ecul ar structure. Another exanple off an E-field i nduced band gap change
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where:

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 substituted hydrocarbon.
The letters Con, and Con; are optional connecting groups between one molecule and another
5 molecule or between a molecule and a solid substrate (e.g., metal electrode, inorganic or organic sub-
strate, etc.). They may be any one of the following: hydrogen, hetero atoms (ie, N, O, S, P, etc) or
functional group with at least one of above-mentioned hetero atoms (e.g., NH, etc.), hydrocarbon (ei-
ther saturated or unsaturated) or substituted hydrocarbon.
The letters R, and R, represent spacing groups built into the molecule. The function of these
10 spacer units is to provide an appropriate 3-dimensional scaffolding to allow the molecules to pack to-
gether while providing rotational space for the lower part of the molecule. They may be any one of the
following: hydrogen, hydrocarbon (either saturated or unsaturated) or substituted hydrocarbon.
The letters Jy, I, J; and J, represent tuning groups built into the molecule. The function of
these tuning groups (e.g., OH, NHR, COOH, CN, nitro, etc.) is to provide an appropriate functional ef-
15 fect (e.g., both inductive and resonance effects) and/or steric effects. The functional effect is to tune the
band gap (AEgomorumo) of the molecule to get the desired electronic as well as optical properties of the
molecule. The steric effect is to tune the molecule conformation through steric hindrance, inter- or intra-
molecular interaction forces (e.g. hydrogen bonding, Coulomb interaction, van der Waals forces) to
provide bi- or multiple-stability of molecular orientation. They may also be used as spacing groups to
20 provide an appropriate 3-dimensional scaffolding to allow the molecules to pack together while pro-
viding rotational space for the lower part of the molecule. They may be any one of the following: hy-
drogen, hetero atom (e.g., N, O, S, P, B, F, C, Br, and I), functional groups with at least one of above-
mentioned hetero atom, hydrocarbon (either saturated or unsaturated) or substituted hydrocarbon.
The letter G, is a bridging group. The function of this bridging group is to connect two or
25 more conjugated rings to achieve a desired chromophore. The bridging group may be any one of the
following: hetero atoms (e.g., N, O, S, P, etc.) or functional group with at least one of above-mentioned
hetero atoms (e.g., NH or NHNH, etc.), hydrocarbon (either saturated or unsaturated) or substituted hy-
drocarbon.
The letter W is an electron-withdrawing group. The function of this group is to tune the reac-
30 tivity of the lactone group of this molecule, which enables the molecule to undergo a smooth charge
separation or recombination (bond breaking or formation, etc.) under the influence of an applied exter-
nal E-field. The electron-withdrawing group may be any one of the following: carboxylic acid or its de-
rivatives (e.g., ester or amide, etc.), nitro, nitrile, ketone, aldehyde, sulfone, sulfuric acid or its deriva-
tives, hetero atoms (e.g., F, Cl etc.) or functional group with at least one of hetero atoms (e.g., F, Cl, Br,
35 N,0,S, etc.), hydrocarbon (either saturated or unsaturated) or substituted hydrocarbon.
Again, the uppermost molecular structure has a smaller band gap state than the lowermost

molecular structure.
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increase. A blue-shifted color or transparent state will result during this process.

30 For colored ink and dye molecules, the limitation of the positive charge migration just between
one side of a molecule and the center position is crucial. Another important factor is the ability to
switch the lower part of molecule between two states separated by an optically significant angle (nomi-
nally 10 to 170 degrees) from the upper part of the molecule. When the intra-molecular charges separa-
tion reaches a maximum distance, then the uppermost part of the molecule becomes completely conju-

35 gated. Thus, the n-electrons or n-electrons and non-bonding electrons of the molecule are delocalized
over the upper most regions. The effect is identical to that for a quantum mechanical particle in a box:
when the box is the size of the entire molecule, i.e., when the p- and n-electrons are delocalized, then the

gap between the HOMO and LUMO is relatively small. In this case, the HOMO-LUMO gap of the
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5
where:
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 substituted hydrocarbon.
10 The letters Con, and Con, are optional connecting groups between one molecule and another

molecule or between a molecule and a solid substrate (e.g., metal electrode, inorganic or organic sub-



J5CH3/ J11l ~1 -Con2 S ConJ2 O RI\ J R2 J4 W3 The nol ecule is charge

; 0 neutral in the absence of an external E-field Exanple 5 5 WO

03/ 016992wB@3H0L892/ 26075 22 J5 CH3 J1 | | -Cone Q N+ ComCTIUSh2/36075

R Under an external E-field, ,Rlii~~~ -02C J3 the nolecule is

polarized R J 2 4 due to charge separation W After the E-field is

renoved J5 CH3 J, | _ -Cone Con, | | J2 WO Charge reconbination J R2

J4 > 0 J5 QHBte, edd.). They Gane dny MNAGE th folldwing: hydergen (thrahigh HhyWokdndaiid),thlaieroesoiner nal

E-field, (ie., N, O, S, P, etc.) or functional groups with at least one of above-mentioned hetero atoms (e.g., NH,
etc.), hydrocarbons (either saturated or unsaturated) or substituted hydrocarbons.

The letters R; and R, represent spacing groups built into the molecule. The function of these

5 spacer units is to provide an appropriate 3-dimensional scaffolding to allow the molecules to pack to-
gether while providing rotational space for the lower part of the molecule. They may be any one of the
following: hydrogen, hydrocarbons (either saturated or unsaturated) or substituted hydrocarbons.

The letters Jy, J,, J3, J4 and Js represent tuning groups built into the molecule. The function of
these tuning groups (e.g., H, CH;, OH, NHR, COOH, CN, nitro, etc.) is to provide an appropriate func-

10 tional effect (e.g. both inductive and resonance effects) and/or steric effects. The functional effect is to
tune the band gap (AEuomo mumo) of the molecule to get the desired electronic as well as optical prop-
erties of the molecule. The steric effect is to tune the molecular conformation through steric hindrance,
inter- or intra-molecular interaction forces (e.g., hydrogen bonding, Coulomb interaction, van der Waals
forces) to provide bi- or multiple-stability of molecular orientation. They may also be used as spacing

15 group to provide an appropriate 3-dimensional scaffolding to allow the molecules to pack together
while providing rotational space for the lower part of the molecule. They may be any one of the fol-
lowing: hydrogen, hetero atom (e.g., N, O, S, P, B, F, Cl, Br, and I, functional group with at least one
of above-mentioned hetero atom, hydrocarbon (either saturated or unsaturated) or substituted hydrocar-
bon.

20 The letter G, is a bridging group. The function of the bridging group is to connect two or more
conjugated rings to achieve a desired chromophore. The bridging group may be any one of the follow-
ing: hetero atoms (e.g., N, O, S, P, etc.) or functional groups with at least one of above-mentioned het-
ero atoms (e.g., NH or NHNH, etc.), hydrocarbon (either saturated or unsaturated) or substituted hydro-
carbon.

25 The letter W is an electron-withdrawing group. The function of this group is to tune the reactivity
of the lactone group of this molecule, which enables the molecule to undergo a smooth charge separation
or recombination (bond breaking or formation, etc.) under the influence of an applied external E-field. The
electron-withdrawing group may be any one of the following: carboxylic acid or its derivatives (e.g., ester
or amide etc.), nitro, nitrile, ketone, aldehyde, sulfone, sulfuric acid or its derivatives, hetero atoms (e.g., F,

30 Cl, etc.) or functional group with at least one of hetero atoms (e.g., F, Cl, Br, N, O and S, etc.), hydrocar-
bon (either saturated or unsaturated) or substituted hydrocarbon.

As with Examples 3 and 4, the general idea is to use modified Crystal-violet-lactone type of
molecules in which the C-O bond of the lactone is sufficiently labile enough and can undergo a bond
breaking and forming (see Examples 5 and 6 above) under the influence of an applied electric field.

35 A positive and a negative charge are generated during the C-O bond breaking process when an
external E-field is applied to the molecule. The resulting charges will be separated and move in oppo-
site directions parallel to the applied external field (both the upper part of the molecule and a lower part

of the molecule). The positively charged upper part of the molecule is completely conjugated, and a



R~ii11t, \ J3 the nol ecul e becones R2 J4 Wcharge-neutral after charge O
reconbi nation Exanple 6 5 where: The letter Qis used here to designate a
connect i ngouwaiotedbet ween two phenyl rings. It can be any eoca/ush2/pi@l$ ow ng:
S, 0, NH NR, hydrocarbon, or substituted, hydrocarbon. 10 The letters Con,
and Cone are optional connecting groups between one nol ecul e and anot her
nol ecul e or between a nolecule and a solid substrate (e.g., netal

el ectrode, i b gadihit) osulie (sgabiaopls 6 TMOoBB/IGEHE S LbeRiETtdiB0 2/ 1260 the e@3ngy r at e,
etc.). They gmyqhe A0y one of the foll ow ng hydr ogen (through a hydrogen
bond), hetero at ong N, 0, S P, eeg or functional groups with at
| east one of abov%%hﬁ?‘@ﬁé‘d”: fi?@tlie’ie@mﬁ@@’%n )gfhe popifiye chasgecon fhe uppeeipAMPONS

(ei t her sat unhated war migfa&a& HE dnREPartQF ths WaBulel (WL LA mBYAE 9&%@%& theTshﬁ cketters
oups built into the nol ecul

Rl and rese un |on of
Fhean . B2 poBUrE AT ek e piteo iR aE et SIS AL Eos o s R B oo o

scaf f ol di ng tabzatidnl Oiewishehemedageithaegd togerpart kf theoroleged Wil rendviainlogs qhs@vd tlé intgr-
rotational sm&%ﬁa g];ougfh@c bOMNEEtatBR ahd Eoér)]& Otdg ﬁma%%aecharg ym@a%opﬁesﬁwdugne of

the follown rogen rocar s (elther satura unsat urated) or
substituted § rf%eaﬂf B‘E?ﬁ’él E— ngl Q?Ltk@frbsattf&%wn Poring s prgcassmara@ﬂsralr RV

tuni ng grou prétob E&lf&)rﬁled dﬂm@tritaﬂﬂ?m&”&h@;ﬁbbih&l Th-“aﬂenﬁédlrt&tjdgﬁﬁbn off uppd- 1&9@@ oftﬁﬂh(ﬂ@ulgl’ oups
H, de an r i ate

e. ,
Fonds 10 oo e et or S s o Pl Pl Bl B R BpER LR, o
steric effectsHONRd-UMMhgp tcomadaseef lﬁlwblﬂﬂcbcotooortcrarm@renheteMh@bugapmg%Ebi@e@
I LUMO) of the nol Wﬁéﬁ' tfe cké}g&%ﬁaratn&?reélﬁé'aﬁrﬁﬁim%%ﬁ{aﬁc@ Hhcfér tﬂémﬁ‘@ehée o@é(te%ﬁm/ %ﬁ'

prop- erties of the nolecule. The steric ef tune t he nol ecul ar
conf or mat i onPlich Fﬁﬁ'ﬁﬁh%%Pé?r nwstr??rﬁerr%@éecule P??Pléfis cowe‘fqlwtowagaf?ﬂi %aﬁfea? is identi-

{/\zt Ier action 0GRS fof @q@gmmgdédfaﬁl@ﬂiﬁarWleﬂ@x whUheBR isl e]g&aernfmta Qe sipdéanthder
al s rces to pI’OVI e DI 0 nol ecul a
ori ent at]1 on. ‘%‘ﬁé’%?’ S 18 eS" HaP- &E%gé{%fgo &“ngli"% ‘@%ﬁ&ibthf 6apg?Ft8v€l“&‘E HEMo

appropri at e awddiUivenis tetuiadly ssaafif bis dise) gmetm)l\ecb Lomotgheofielnetulleis dés@gnqiac ideld
t th whj J idi . i
oget her Th!éllf/ S’ersrlge;;l%%lgddg ﬁlg m%ﬁ{é %g.;ﬁpﬁb@%ﬁ\%? % &Arforttﬂedh pNR( str%ﬁr%ca%e Lhe by

mol ecul e. na ' ) rogen, hetero at
(e.g., N, O, substitpng Brio cheppical Bpoups ghdz|J) Jo ﬁswﬂéf\’\{)@ﬁsarhe g‘rffswm ajnatic Hngs |oB#8t one

of above- menfhieRRITHGRELd ﬁmeL}M@I g@cﬂm éwas 6:81 ¢ D&Jior 3t lyslaetmemnh respect
unsatur%rpd) or substituted etter is a brid
e

group. f Qrisolnoigre BtHH’éraB‘?l %‘6 ”‘r?gwg‘fP 6‘5‘8“6!“5 %{fﬁngctﬂﬁ Pi‘%’&‘i“letl\%’m(ﬁsr TRt 1
conj ugat ed rihagsy HOMadNIMY eapds Hes exoegh. This.ohopdianie is skiehalie balghen gvogobLsmr may

be any one Oﬂorﬁ&%c&g’lj {)19%%-“5 NG hetero atoms (e.g., N O, S P, etc.) or
functional groups east one of above-nentioned het-

Examples 5 and 6 show two different states of a representative switchable molecule under the

influence of an externally applied E-field. For this particular type of molecule, a sufficiently thick mo-

25 lecular film is grown, for example using Langmuir-Blodgett techniques, vapor phase deposition, or
electrochemical deposition, such that the orientation axis of the molecules is perpendicular to the plane

of the elecirodes used to switch the molecules. Another deposition technique is to suspend the molecule

as a monomet/oligomer or solvent-based solution that is thick film coated (e.g., reverse roll) or spin-

coated onto the substrate and subsequently polymerized (e.g., by UV radiation) or dried while the

30 coating is subjected to an electric field that orients the molecule. A top electrode may be a transparent
conductor, such as indium-tin oxide, and the films are grown such that the molecular axis is parallel to

the plane of the electrodes.

INDUSTRIAL APPLICABILITY

35 The field-switchable molecules disclosed herein are expected to find use in electronic ink

applications as well as a variety of visual displays, sensors, and detectors.



ero atons (e.g., NH or NHNH, etc.), hydrocarbon (either saturated or
unsaturated) or substituted hydro- carbon. 25 The letter Wis an

el ect r on-wiotoddr@9t ng group. The function of this group isPCa/uSOnesorhe
reactivity of the lactone group of this pnlecule, whi ch enabl es t he

nol ecul e to undergo a snooth charge separation or reconbination (bond
breaking or formation, etc.) under the influence of an applied external
E-field. The electron-w thdrawi ng grogpAivty be any one of the foll ow ng:
carboxylic acid or its derivatives (e.g., ester or amde etc.), nitro,
nitrile, ketone, aldehyde, sulfone, sulfuric acid or its derivatives,

het ero atonsﬂ¥%;%iﬂﬂ$u§30 G, etc.) or functional group with at |east one
of hetero atons (e.g., F, d, Br, N, 0 and S, etc.), hydrocar- bon (either
Zﬁ;uzat te%eogr;eggf g{ %r tc%q%le rg rdlurSnL%(l)orsatv}sua"[l Eh?pgaé ayn%q?ngg[aagl eloctrlc fAl% a‘c’%‘vate rrgﬁleézlrﬁ% S{)e 0 f
mol ecul es i ntemhanéﬁqudh’ethl@ﬁ@l%n(ﬁeléﬁentrﬁed bya@alopfelept@d@ﬁﬁrﬁm@leem F}ytelh abpingen

enough and cahuidhgle ﬁﬁ&ecﬁba&?@@ chagge%kbdaﬂs Al RiyM & g‘re(ze?s@cﬁe M@Pﬂ SRt A d 6
above) under the infl yenc d electric field positive and

a negative c%ea?rﬁ‘é"‘a‘r’gé“oﬁélhg? Qf’lé“dled BI‘CF al]t fpading Esngoig dh%%eé]aeldai‘fbgaﬁr"@&ré@é“ fshen
an ext er nal firbsfaieghete it Sibspiil togjdgation thrbl%hdﬁr)tlherﬁd]écelar sylsked, le@Bidd hlali’dgm@ehﬁh@&s wil |
te))e(t Z?ﬁg‘lr %t egtf gtp G ?:%%eﬁerﬂl iQ Qgegclgnd%fatte qheds bsf ﬁt al %ﬁ% (%rlsa cliestloHed reT Etm m a raat%vgy

t he rmleculel)irger ﬁegﬁ05|t|vely charged upper part of t he nDIecuIe IS
conpletely conjugated and a WO 03/016992 PCT/ USQ2/ 26075 24 col or
(red-shift) result ﬁx qE dﬁ ThIS colored state will be maintained
as long as the ex%i? %Wﬂ?b Byt &g | a%%??%HCNWﬁEﬁ“Pﬁ@m@fP@EWQP“E“PPeId is
renmoved ( Exaptileé boghargt keparpios brirbos@bicdiar geondimidd be indip@Rg opdttasiag mblb@lar é@l ecul e
w il mgrate part of the nolecule (tri-aryl nethane position)
fron1th355|dekgﬁ%pﬁaﬁﬁggnnlecule t hrough the non-bondi ng el ectron, or
n-electron, or it-electron and non-bondi ng el ectron delo callzatlon

Li kewi se, the negatrhdR il @l oPYBIm dRALLn &fd oML FRRG WG| | tend to move
closer to the inter- nal E-field through CC bond rotation, and a C O bond
formati on and charge reconbi nation resulted due to the force of interna
E-field and Coul onb attraction. During this process, a tetrahedral carbon
(an insu- lator) is forned at the tri-aryl nethane position. The extended
conj ugation of upper-portion of the nolecule 10 is broken. This has the

ef fect of shrinking the size of the volune occupied by the el ectrons, which
causes the HOMO LUMO gap to increase. A blue-shifted color or transparent
state will result during this process. Wen the charge separation reaches
a maxi num di stance under the influence of externally ap plied E-field, the
upper nost part of the nol ecul e becones conpletely conjugated. The effect
is identi- cal to that for a quantum nechanical particle in a box: when the

box is equal in size to the size of the 15 entire nolecule, i.e., when the
p- and zc-electrons are fully delocalized, then the gap between the HOMO
and LUMO is relatively small. In this case, the HOMO LUMO gap of the

nol ecule is designed to yield



the desired color of the ink or dye. The HOMO LUMO gap for the all-parallel
structure can be tuned by substituting various chem cal groups (J1, J2,
J3, J4, Jwoandiép2into the different aromatic rings of thecTmshyewr®. The

i ncreased HOMO- LUMO gap will correspond EQ a color that is blue-shifted
with respect 20 to the color of the all-parallel structure. Wth sufficient
shifting, the nol ecul e becones transparent, if the new HOMO LUMO gap is

| ar ge enough. Thus, the nolecule is switchable between two colors or from
one color to a transparent state. Exanples 5%nd 6 show two different
states of a representative sw tchabl e nol ecul e-unger the influence of an
externally applied E-field. For this particul dr type of nolecule, a
sufficiently thick nmo- 25 lecular filmis grows S exanpl e usi ng
Langnui r - Bl odgett techni ques, vapor phase depos tioﬁ? or el ectrochem cal

deposition, such that the orientgtrion axi sNof igg nol ecules is

perpendicular\%o t he 3 gl to swtch the nol ecul es.
Anot her deposi tihn vé i piedul e as a
nnnoner/oligoqpy or gnt - based ol utior’t ha s thick filmcoated (e.qg.,
reverse roll) “8r spi ‘oat ed ontoJehe substratie and subsequent |y

pol yneri zed (e.g., by {4V radi ation) or dried WAl 1 e the 30 coating is
subjected to an electric field that orients thg-gpsegl|e. A top el ectrode

may be a transparent conductor, such as indiumtin oxide, and the filns

are grown sucp d.hat . ol ecul XSl 1S llel to the plane of the
el ectrodes. I%Sﬁ%@d?&%ﬁﬁﬁPL CABIngéhggléwg%kﬁhld-smﬁtchable nol ecul es
di scl osed herein_are ,expected tg fHnd-use in gl egfronic ink applications

as well as a variety of visual displays, sensgr anthdetectors. WD
ai/edO's: 5 1. A switchable

of electrodes, said
gap change tha#sgcgu
the electron confiug hedi cal bondi ng change to
change t he band{@ap, there is substantial

conj ugati on throughoutJthe mol ecul ar system regulting in a relatively
smal l er 10 band gap, and wherein in a second state, the substanti al
conjugation is destroyed, resulting in a relatively |arger band gap. 2.
The swi tchabl e nedium of C aim1 wherein said change of substanti al

conj ugat i on iks-Fiald &irecpbnshed b% charigg SieRdiat i on or reconbi nation

®hectric field induced band
L] e change of extent of

acconpani ed by_incregsing of de¢reasing nmolecular elec- 15 tronic state
| ocal i zation. 3. The switchpbl e| medi ufmof T7ai m 2 wherein said nol ecul ar
system conpri ses 0

Ogo
= N
Js. + [ N N
N =<;:>=< J3
N=< == G
J4/ J2

J1 W

Optical State Il

where:



WO 03/ 016992 PCT/ US02/ 26075 26 0 OO N GJ3 J5 1 J4 J2 J1 W Optical
State | E-Field Direction E-Field Direction + + E-OO N J5\NJ3 NG

J4 J2 JIwe/BokE9etd Direction E-Field Direction + + (  OPCOUS@2dd7395\ + Gl
J3 432 J1 W Optical State Il where: WO 03/016992 PCT/ US02/26075 27 J1i
J2, J3, J4 and J5 are tuning groups to provide at |east one appropriate
functional effect se- lected fromthe group consisting of inductive
effects, resonandeleff écid]s agmidning @eupe togkdvile bisSleasis@k dprrapriite Gnctignad effist ei ng

se: eci eg ; r qg&e? BB GFOb i CORRHir Lok B drddrs, RUAERO Bfbots (R BRL £EQs, HiPRBing
selecte ' Ogmups beemg selected from the group consisting of (a) hydrogen, (b) hetero atoms selected from the

group consisting of N, O, S, P, B, F, Cl, Br and 1, (¢) functional groups with at least one of said hetero
5 atoms, (d) saturated or unsaturated hydrocarbons, and (e) substituted hydrocarbons;

G, is a bridging group to connect at least two conjugated rings to achieve a desired chromo-
phore, said bridging group selected from the group consisting of (a) hetero atoms selected from the
group consisting of N, O, S, and P, (b) functional groups with at least one of said hetero atoms, (c) satu-
rated or unsaturated hydrocarbons, and (d) substituted hydrocarbons; and

10 W is an electron-withdrawing group for tuning reactivity of the maleic anhydride group of said
molecular system, which enables said molecular system to undergo a smooth charge separation or re-
combination upon application of said electric field, said electron-withdrawing group selected from the
group consisting of (a) carboxylic acid and its derivatives, (b) nitro, (c) nitrile, (d) ketone, (e) aldehyde,
() sulfone, (g) sulfuric acid and its derivatives, (h) hetero atoms selected from the group consisting of

15 F, Cl, Br, N, O, and S, and (i) functional groups with at least one of said hetero atoms.

4. The switchable medium of Claim 2 wherein said molecular system comprises



group consisting of N, 0, S, P, B, F, d, Br and I, (c) functional groups
wth at | east one of said hetero 5 atons, (d) saturated or unsaturated
hydr ocar bwp3/omve2 (e) substituted hydrocarbons; Gl is a brcagisez2g@rdpup to
connect at |east two conjugated rings to,achieve a desired chrono- phore,
said bridging group selected fromthe group consisting of (a) hetero atons
selected fromthe group consisting of N, O, S, and P, (b) functional
groups with at least one of said hetero atonms, (c) satu- rated or
unsat ur at ed hydrocar bons, wdr ocar bons; and 10 Wis an
el ectron- mnthdkamnn of, the mal ei ¢ anhydri de
group of said 0 g A i d>nmol ecul ar systemto
undergo a snooth charg separatlonkp re- co natlon upon application of
said electricfield, Said electron- mnthdramnngO@P%ﬂ6ﬁ§Eﬂected fromthe
group consi sting of carboxylic acid and its derivatives, (b) nitro, (c)
nitrile, (d) ketone, (e) al dehyde, (f) sulfone, (9) sulfuric acid and its
derivatives, (h) hetero atons sglected fromthe group consisting of 15 F,
a, Br, N 0 and S, and (i) fupcti ﬁhagroups with at | east one of said

hetero atons. 4. The swi tc l e ned u Claim 2 wherein said nol ecul ar
system conpri ses WD 03/016992 P 02/ 26075 28 N~ J5~J3 NG [/ J4 J2
Qptical State | JI - M- M+ M+ CN ~ J5 NN/ J3 J4J2IJ1 M+ MM | N
J5\+ NJ 3
Cx
Js < N Y AN
\ J
N Y/ G A
/
J4 J2
J1
i
J — N " N
/N G _F
J4 J2
J1 Optical State Il
where:

J1, J2, I3, J4 and Js are tuning groups to provide at least one appropriate functional effect se-
5 lected from the group consisting of inductive effects, resonance effects, and steric effects, said tuning
groups being selected from the group consisting of (a) hydrogen, (b) hetero atoms selected from the
group consisting of N, O, S, P, B, F, Cl, Br and I, (¢) functional groups with at least one of said hetero

atoms, (d) saturated or unsaturated hydrocarbons, and (e) substituted hydrocarbons;
G, is a bridging group to connect at least two conjugated rings to achieve a desired chromo-
10 phore, said bridging group selected from the group consisting of (a) hetero atoms selected from the
group consisting of N, O, S, and P, (b) functional groups with at least one of said hetero atoms, (c) satu-

rated or unsaturated hydrocarbons, and (d) substituted hydrocarbons; and

M is selected from the group consisting of transition metals, their halogen complexes, H', and

Lewis acids.



NC J4 J2 JI Optical State Il where: J1, J2, J3, J4 and J5 are tuning
groups to provide at |east one appropriate functional effect se- 5 lected
from t he yomapileensi sting of inductive effects, resonance PeTfies02/2607Rnd
steric effects, said tuning groups being selected fromthe group
consisting of (a) hydrogen, (b) hetero atons selected fromthe group
consisting of N, 0, S, P, B, F, d, Br and I, (c) functional groups with at
| east one of said hetero atons, (d) saturated or unsaturated hydrocarbons,
and (e) substit utLahdWanaanRRSor cEim | Shefeiddaid Aehh R0 Ah QMR e RN B GlcoRl

| east two conjugated rings to achieve a desjred chromp- 10 one, said

bri dgi ng gr @&%@@@1 Soeed FRBH PhEugriet &6 Refaf PIEFOHe 85 VREREF ST RS

sel ect ed fr aeombisatiognd wpondOrR&imgbt mggingf N, 0, S, and P, (b) functional
groups wisth at |east one of said hetero atoms, (c) satu- rated or

unsat urated hydrocarbons, and (d) substituted hydrocarbons; and Mt is

sel ected from t he greatfichedaidymiopglaiofS wherinsiid inglpculsptystbs includre b £-Chbdnd gén
conpl exes, hhetonelihék is b MeSoudiCdnd San WHrd 3/ AR RGO 2 BB Dekehce &%n Bpplidre

swi tchabl e rTFdi,uglgth aim1l V\/ngr ein §%jifc{fchang‘,e of su%st_an i al conjugation
is accom plSEHEY® Jeée}l?éﬁ‘g]%"“@fsal SR Bf clpfren BpigRET SRMIGY PHEe FEPE AU ar
el ectroni c shatese mpdegaphar ge separation or reconbi nati on and n-bond

breaki ngpor making. 5 6. The switchable nmediumof Caim5 wherein said

mol ecul ar systemincludes a C-O bond of a -lactone that is |abile enough
and can under go & bsagitdbréariing odrlaimarhagn jaid nokeulp peisepeerisst an appl i ed
electric field, thereby inducing said change of the el ectron conjugation
via chem cal bondi ng change to change the band gap. 10 7. The sw tchabl e

medi um of Claim 6 wherein said nol ecul ar system conpri ses WO 03/ 016992
PCT/ US02/ 26075 30 + J J1 3 | Cone; Conl + G



N%W02 N R2J4 HIJ3 W J2 CH3J1 QNCon2l G Con, H\J3 R2 J4 W J2
J1 CH3 + Cone QN GIL Con, N + Rl....... W O HJ3 RRJ40J2 +J1C
H3 Cone WON3@I699Lon, N + Rl,, Wi O HJ3 R2 J4 ... ~\ |, PCOUSOEL@75Q is a
connecting unit between two phenyl rings;and is selected fromthe group
consi sting of S,

where:
Q is a connecting unit between two phenyl rings and is selected from the group consisting of S,
5 O, NH, NR, hydrocarbon, or substituted hydrocarbon;
Con, and Con, are optional connecting units between one molecule and another molecule or
between a molecule and a solid substrate, said connecting units independently selected from the group

consisting of: (a) hydrogen (utilizing a hydrogen bond), (b) multivalent hetero atoms selected from the



5 0, NH, NR, hydrocarbon, or substituted hydrocarbon; Con, and Cone are
optional connecting units between one nol ecul e and anot her nol ecul e or

bet ween awomB®etasbe and a solid substrate, said connecti ngPamiise2/26075

i ndependently selected fromthe group censisting of: (a) hydrogen
(utilizing a hydrogen bond), (b) nmultivalent hetero atons selected fromthe
WO 03/016992 PCT/ US02/ 26075 31 group consisting of C, N, 0, S, and P, (c)
functi onal ggrowpsssdstodCni.iyg Ssail 8, dbetionaleronscontpiding st hatemtatodhs, (drsaturated

unsat ur at ed 5})6%191%5M%%arbﬁgqn&(@))su&%é&h;ld%tsﬁﬁonbydf ocarbons; R and R2 are
spaci ng groups, used to provide an approprjate 3-di nensi onal scaffol dj ng to

al - 1 ow nol ecul esft®Bd Patk PEdFet Y uwi. réovﬁﬁaxl/FP@{Oﬁ@ater%?laqulaWéfca@%%R@emfl r a

part of the w®heetll® to @ead tdge&aamllagrovﬁngrotamsl sheet faga pandefpemoedute] yidseciagt ed

fromthe gr nsistin ) at ed
hydr ocar l?gns Quﬁ%) ‘?e%en nt?y Sdﬁ‘%teg‘ OHM% g% r n%r%é{)‘; Ofs% Mﬂ%&&%ﬁm&%ﬁ@l tur

tuni ng group@te@hydv?@mnﬂénde(ﬁ)SP@&@ﬁed@d@C@a%%opr| ate functional effect

sel ected from thg GO ICANGESE brb@s @fprdvitid BiObdsiee @;pifosl%tesﬁmc&&ﬁwﬂ@@ 6ected
g oup. conel SEThG: BPH T HRHIRER (BT REPEFS R S8 TEes 1T R HEWEr oup
con . 10 SI st i etngedlechdd fiOm tHS grokl coldsistikg of () ,hycB)‘g)eJaK‘hj hétero ftohs elaneit froortkd grgpp oemps
W t at as t
Oe 51 tﬁ%ﬁ I\pt) § Ei‘" % l:th %% 4 8@ (gﬁﬁlgu&g ToU, s%l% faiEa%ponQE gﬁ&&y Et%se gi)

hydr ocar ons, stitu ging group t
connect at I@aléﬂtEdPWS%ﬁ?ddgﬁP@ﬂ’omlﬁgée) ﬁL@Stlﬁﬁqﬁlth@a@mtﬂem red chrono- phore

sai d bridging gr%gﬁ%ﬁ@%%u Eoocmutea%t gasow@ c@@ﬁkﬁﬂe@hﬁg@@) a@ﬁle\(eat)deﬂ@a &fémAt ONs

o oups wi th B BT BHOEG S ok B & Difeiing ) Chirke 4 FROHHD; e
unsat urat ed fydrcacattens, O,8nad Cdp) Bubsti gapedibhy desosapioiidsterantniVd stan
el ect r on gy A0 Al ARock Bl HAIAGLEERG M flch¥ordfend e MBI i c anhydri de
group of sai ecu sys em enabl es sald nol ecul ar systemto
undergo a snooth Wha%ngeéects@pyaﬁhér@wwgr@rp fprauning spspsivivaefitisimalsisaphydiiisieroumefiseif of

sai d el ectrigoitdt sterﬁ awh@l:h%ha%s Ea%armcm&dsry@ém tagm@eﬁgatmm%&h 816t o8 Gephla il ok e
group consisting o car box%//ﬁl C.aci ? ; its derivatives,

c)
nitrile, (d) C%@t‘lﬁfﬁé up‘(“e@)’plﬁf‘ttf?%ﬂ i clegigye S@%Flf’cgﬁ%wmkdﬁ’)”‘%@f"f‘me t)e%g‘?nﬁlthénd
its derivati M@@ coﬁshﬁnghﬁ(a@éeﬁooa)tlm asd &6 liteddriedivésy @it &) girride,@f) koms,i(taldaiydgf  F,
a, Br, a u ' | e . said
het ero aé[}‘] ors ) sgﬁomiﬁé) Sul@uric (aﬂ?i d {‘%Erﬁnv@s 8? B%%gﬁtf#%tegﬂg%%mntﬁiér?'%%ﬁ%sﬁféncguﬁ?ar
system coner§és§r\M)00@¥d®l®§Q2ﬁ1P@WaL5®®$ PHOT Bast @R ofisaifi petgq atg8 Cone; Q N, G
Conl N

8. The switchable medium of Claim 6 wherein said molecular system comprises



| HC02 J3 R2Ja+W 2 +CH3J1 QI Cne GI Con, N+ Rv.,.... HO
\J3 RZJaWJ2 J1 CH3 +Cne G\ QN 1 Con, N +RL,,, VHO J3 R2
Ja ,,,...wo030%992J1 CH3 + Cone QN Gl Conl N HJs R 'PCT/IR0IZ60T

32

where:
Q is a connecting unit between two phenyl rings and is selected from the group consisting of S,
5 0, NH, NR, hydrocarbon, or substituted hydrocarbon;
Con; and Con, are optional connecting units between one molecule and another molecule or

between a molecule and a solid substrate, said connecting units independently selected from the group



where: Qis a connecting unit between two phenyl rings and is selected from
the group consisting of S, 5 0, NH, NR hydrocarbon, or substituted

hydr ocar bwn;03@06992 and Con2 are optional connecting units [PeTUSen2@Ne

nmol ecul e and anot her nolecule or betweeg a nolecule and a solid substrate,
sai d connecting units independently selected fromthe group WD 03/ 016992
PCT/ US02/ 26075 33 consisting of. (a) hydrogen (utilizing a hydrogen bond),
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9. The switchable medium of Claim 6 wherein said molecular system comprises
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where:

5 Q is a connecting unit between two phenyl rings and is selected from the group consisting of S,
0, NH, NR, hydrocarbor, or substituted hydrocarbon;

Con,; and Con, are optional connecting units between one molecule and another molecule or
between a molecule and a solid substrate, said connecting units independently selected from the group
consisting of: (a) hydrogen (utilizing a hydrogen bond), (b) multivalent hetero atoms selected from the

10 group consisting of C, N, O, S, and P, (¢) functional groups containing said hetero atoms, (d) saturated

or unsaturated hydrocarbons, and (e) substituted hydrocarbons;
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10. The switchable medium of Claim 6 wherein said molecular system comprises
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where:
Q is a connecting unit between two phenyl rings and is selected from the group consisting of S,
5 O, NH, NR, hydrocarbon, or substituted hydrocarbon;

Con, and Con, are optional connecting units between one molecule and another molecule or
between a molecule and a solid substrate, said connecting units independently selected from the group
consisting of: (a) hydrogen (utilizing a hydrogen bond), (b) multivalent hetero atoms selected from the
group consisting of C, N, O, S, and P, (c) functional groups containing said hetero atoms, (d) saturated

10 or unsaturated hydrocarbons, and (e) substituted hydrocarbons;
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13. The swiichable medium of Claim 1 wherein said molecular system has more than two
switchable states, such that optical properties of said molecular system can be tuned by either continuously
by application of a decreasing or increasing electric field to form a volatile switch or the color is changed

30  abruptly by the application of voltage pulses to a switch with at least one activation barrier.

14. The switchable medium of Claim 1 wherein said molecular system changes either between a

transparent state and a colored state or between one colored state and another colored state.

35 15. An electronic ink including the switchable medium of Claim 1.



