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APPLI CATIVON®2/08483TECHNI CAL FI ELD The present invention relparasogenesally to
optical devices whose functional |length scales are neasured in nanoneters,
and, nore particularly, to classes of noldcules that provide optical 20
switching. Optical devices both of mcroneter and nanoneter scale may be
constructed in accor- dance with the teachi ngs herein. BACKGROUND ART 25
The area of nolecular electronics is inits infancy. To date, there have
been two convinc- ing denonstrations of nolecules as electronic sw tches
publighed in the technical literature; see, CP. 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
specul ation and interest wthin the scientific comunity surrounding this
topic. In the published work, a nolecule called a 30 rotaxane or a catenane
was trapped between two netal electrodes and caused to switch froman ON
statélto an OFF state %% t he apglication of a positive bias across the

nol ecul e. The ON and PLECHEAR MEGHANKAL REVESESWITH Ay by about a factor
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problemwi th the rotaxane was that it is an irreversible switch. It can

only be 35 toggl ed ondELDFRROPTICAESWVIFEHINEARRIGAPOdSr ammabl e read-only
menory (PROM), but not in a RAMIike (random access nenory) device nor in
a reconfigurable system such as a defect- tolerant comruni cati ons and
| ogi &>network. In addition, the rotaxane requires an oxidation and/or
reduction reaction to occur befoﬁ%cﬁﬁﬁcﬁﬂﬁpﬁﬁ)ca” be toggled. This requires
t he expenditure of a significan ergy to toggle the switch. In
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revi ewed dage evithltye teachings herein.

BACKGROUND ART

25 The area of molecular electronics is in its infancy. To date, there have been two convine-

ing demonstrations of molecules as electronic switches published in the technical literature; see,

C.P. Collier et al., Science, Vol. 285, pp. 391-394 (16 July 1999) and C.P. Collier et al., Science,

Vol. 289, pp. 1172-1175 (18 August 2000), but there is a great deal of speculation and interest

within the scientific community surrounding this topic. In the published work, a molecule called a

30  rotaxane or a catenane was trapped between two metal electrodes and caused to switch from an

ON state to an OFF state by the application of a positive bias across the molecule. The ON and

OFF states differed in resistivity by about a factor of 100 and 5, respectively, for the rotaxane and
catenane.

The primary problem with the rotaxane was that it is an irreversible switch. It can only be

35  toggled once. Thus, it can be used in a programmable read-only memory (PROM), but not in a

RAM-like (random access memory) device nor in a reconfigurable system, such as a defect-

tolerant communications and logic network. In addition, the rotaxane requires an oxidation and/or

reduction reaction to occur before the switch can be toggled. This requires the expenditure of a

significant amount of energy to toggle the switch. In addition, the large and complex nature of ro-
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conjugation Vvia ¢ i ng chan e 1
by micro-electromechanical (MEM) processing to switch optical data packets (this has the disad-

vantage that extremely high tolerances are required for the device, which makes it very expensive);
25  and (c) using ink jet technology to push bubbles into a chamber to create a mirror to deflect an op-
tical beam (this approach again requires precision manufacturing and the switching time is slow).
Thus, what is needed is a molecular system that avoids chemical oxidation and/or reduction,
permits reasonably rapid switching from a first state to a second, is reversible to permit real-time or
video rate display applications, and can be used in a variety of optical devices.
30
DISCLOSURE OF INVENTION

In accordance with the present invention, a molecular system is provided for optical
switching. The molecular system has an electric field induced band gap change that occurs via one
35  ofthe following mechanisms:

(1) molecular conformation change or an isomerization;



(3) nolecular folding or stretching. Changi ng of extended conjugation via
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The present invention also introduces the capability of using molecules for optical

switches, in which the molecules change color when changing state. This property can be used for

25  a wide variety of display devices or any other application enabled by a material that can change
color or transform from transparent to colored.

Thus, the molecule is not oxidized nor reduced in the toggling of the switch. Also, the part

of the molecule that moves is quite small, so the switching time should be very fast. Also, the

molecules are much simpler and thus easier and cheaper to make than the rotaxanes, catenanes,

30  and related compounds.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation (perspective, transparent view) of a two color (e.g.,
35  black and white) display screen construction for use in accordance with the present invention;

FIG. la is a detail for a colorant layer element of the display screen depicted in FIG. 1;



screen construction for use in accordance with the present invention;, FIG
3 is a schematic representation of a scan addressing enbodi nent of a
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20  folding or stretching.

BEST MODES FOR CARRYING OUT THE INVENTION

A. Definitions

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

The term “singly configurable” means that a switch can change its state only once via an
irreversible process such as an oxidation or reduction reaction; such a switch can be the basis of a

30  programmable read-only memory (PROM), for example.

The term “reconfigurable” means that a switch can change its state multiple times via a
reversible process such as an oxidation or reduction; in other 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 display.

35 The term “bi-stable” as applied to a molecule means a molecule having two relatively low

energy states (local minima) separated by an energy (or activation) barrier. The molecule may be



either irreversibly switched fromone state to the other (singly
configurable) or reversibly switched fromone state to the other
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changes in properties such as absorption, reflection, refraction, diffraction, and diffuse scattering
of electro-magnetic radiation.
The term “transparency” is defined within the visible spectrum to mean that optically,
25  light passing through the colorant is not impeded or altered except in the region in which the col-
orant spectrally absorbs. For example, if the molecular colorant does not absorb in the visible
spectrum, then the colorant will appear to have water clear transparency.
The term “omni-ambient illumination viewability” is defined herein as the viewability un-
der any ambient illumination condition to which the eye is responsive.
30
B. Optical Switches

Optical switches are described in greater detail in co-pending U.S. application Serial No.

09/981,166, filed on October 16, 2001. A generic example taken from that application is depicted

herein in FIG. 1, wherein a display screen 100 is shown that incorporates at least one colorant

35  layer 101. The colorant layer 101 comprises a pixel array using electrical field switchable, recon-

figurable, dye or pigment molecules of the present invention, described in greater detail below and



figurable, dye or pignent nol ecul es of the present invention, described in
greater detail below and WO 02/ 088837 PCT/ US02/ 13275 6 generically
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Like ink, the colorant layer 101 may develop adequate density in a sub-micron to micron thin
layer, potentially lowering the field voltage required to switch the colorant between logic states
and thus allowing the use of inexpensive drive circuitry,
Suitable reconfigurable bi-stable molecules for use in such displays are disclosed below
30  and claimed herein. In the main, these molecules have optical properties (e.g., color) that are de-
termined by the extent of their m orbital electron conjugation. The optical properties, including
color or transparency, of the molecule change with field polarity applied across the molecule and
remains chromatically stable in the absence of an applied electric field. By disrupting the continu-
ity of conjugation across a molecule, the molecule may be changed from one optical state to an-

35  other, e.g, colored to transparent. Electric dipoles may be designed into the colorant that can



remains chromatically stable in the absence of an applied electric field.
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deposition) or thick film techniques (e.g., silkscreen, spin cast, or the like). Additional coating
techniques include Langmuir-Blodgett deposition and self-assembled monolayers. Column ad-
30  dressable pixel crossbar electrodes 109 (202, 204 in FIG. 2) are preferably constructed in like
manner to the row electrodes 107. The column addressable pixel crossbar electrodes 109 may op-
tionally be constructed on a separate substrate that is subsequently adhered to the white coating

using conventional techniques.
This display 100, 200 provides print-on-paper-like contrast, color, viewing angle, and
35  omni-ambient illumination viewability by elimination of the polarization layers required for

known liquid crystal colorants. Using the described-display also allows a significant reduction in
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el ectrodes
pixels in the yellow layer are addressed through row electrodes 201 and column electrodes 202,
magenta through column electrodes 202 and row electrodes 203, and cyan through row electrodes
203 and column electrodes 204. This simple common electrode addressing scheme is made possi-
ble because each colorant molecule is color stable in the absence of an applied electric field.

30 FIG. 3 depicts a third embodiment, which employs scan-addressing rather than matrix-
addressing. Matrix address displays are presently limited in resolution by the number of address
lines and spaces that may be patterned over the relatively large two-dimensional surface of a dis-
play, each line connecting pixel row or column to the outer edge of the display area. In this third
embodiment, the bi-stable molecular colorant layer 101 and background substrate 103 layer con-

35  struction 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
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structed to emit fringe fields; a parallel fringe field may be produced by placing a common elec-
trode adjacent and parallel to the array. A perpendicular fringe field may be produced by placing
symmetrically spaced paralle] common electrodes about the electrode array(s). The voltage is ad-
justed so that the dominant field line formed directly beneath the array 304 is sufficiently strong to
30  switch the addressed colorant molecule(s) and divided return lines are not. Additional information

regarding alternate embodiments and scanning mechanisms are discussed in the above-mentioned

co-pending application.
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bel oW X >, the exanpl es given are 25 not to be considered limting
the invention to thersheaiiddecsd®h@Cth 3hany Shufd®y thdnpSbiRlcBabd cOMhgatigt 8T

charge separation or recombination and n-bond breaking or formation - FIG. 6b; and
(3) E-field-induced band gap change via molecule folding or stretching - FIG. 7.
Each model, with supporting examples, is discussed below. However, the examples given are
25 not to be considered limiting the invention to the specific molecular systems illustrated, but rather

merely exemplary of the above switching mechanisms.

Model (1): E-Field-Induced Band Gap Change Via Molecular Conformation Change (Rotor/Stator
Type of Model):

30 FIG. 4 is a schematic depiction of one embodiment of this model, which involves an E-

field-induced band gap change via molecular conformation change (rotor/stator type of model). As
shown in FIG. 4, the molecule 430 comprises a rotor portion 432 and a stator portion 434. The ro-
tor portion 432 rotates with an applied electric field. In one state, depicted on the left side of the
drawing, there is an extended conjugation through the entire molecule, resulting in a relatively
35  smaller band gap and thereby longer wavelength (red-shifted) photo-absorption. In the other state,

following rotation of the rotor, depicted on the right side of the drawing, the extended conjugation
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Following are two examples of this model (Examples 1 and 2):
The novel bi-modal molecules of the present invention are active optical devices that can
25  be switched with an external electric field. Preferably, the colorant 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 Examples 1 and 2) and that links two other portions of the molecule 430 that
are immobilized (stators) 434. Under the influence of an applied electric field, the vector dipole
moment of the rotor 432 will attempt to align parallel to the direction of the external field. How-
30  ever, the molecule 430 is designed such that there are inter- and/or intra-molecular forces, such as
hydrogen bonding or dipole-dipole interactions as well as steric repulsions, that stabilize the rotor
432 in particular orientations with respect to the stators 434. Thus, a large electric field is required
to cause the rotor 432 to unlatch from its initial orientation and rotate with respect to the stators
434.
35 Once switched into a particular orientation, the molecule 430 will remain in that orienta-

tion until it is switched to a different orientation, or reconfigured. However, a key component of
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430. This is referred to as a “a red-shifted state” for the molecule, or “optical state I”. In the case

where the rotor 432 is rotated out of conjugation by approximately 90° with respect to the stators

434, the conjugation of the molecule 430 is broken and the HOMO and LUMO are localized over

smaller portions of the molecule, referred to as “less-conjugated”. This is a “blue-shifted state” of

30  the molecule 430, or “optical state II”. Thus, the colorant molecule 430 is reversibly switchable
between two different optical states.

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 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-

35  conjugated. However, due to thermal fluctuations, these ideal states are not fully realized, and the

molecule is thus referred to as being “more-conjugated” in the former case and “less-conjugated”
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hetero atgQug érgulﬂ withMt 15t ore of2boFe-mEhtionB Reter htofild RE5., OH, SH, NH, etc.), hydro-

15  carbons (either saturated or unsaturated) or substituted hydrocarbons.

The letter D represents a Donor group; it is an electron-donating group. It may be one of
following: hydrogen, amine, OH, SH, ether, hydrocarbon (either saturated or unsaturated), or sub-
stituted hydrocarbon or functional group with at least one of hetero atom (e.g., B, Si, , N, O, S, P).
The donor is differentiated from the acceptor by that fact that it is less electronegative, or more

20  electropositive, than the acceptor group on the molecule.

The letters Con; and Con;, represent connecting units between one molecule and another
molecule or between a molecule and the solid substrate (e.g., metal electrode, inorganic or organic
substrate, etc.). They may be any one of the following: hydrogen (utilizing a hydrogen bond),
multivalent hetero atoms (i.e., C, N, O, S, P, etc.) or functional groups containing these hetero at-

25  oms (e.g., NH, PH, etc.), hydrocarbons (either saturated or unsaturated) or substituted hydrocar-
bons.

The letters SA and SB are used here to designate Stator A and Stator B. They may be a
hydrocarbon (either unsaturated or saturated) or substituted hydrocarbon. Typically, these hydro-
carbon units contain conjugated rings that contribute to the extended conjugation of the molecule

30  when it is in a planar state (red shifted state). In those stator units, they may contain the bridging

group G, and/or the spacing group R;. The bridging group (e.g., acetylene, ethylene, amide, imide,
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above- ne %,100“%8% hl?é'%og?ng rc%{{)‘lzj)’?%g pd g ltsg%%ggggfvsm}\]&—quga%’élo)?% hﬁfg'gg%egi %thegft her
acid or its derivatives, nitro, nitrile, hetero atoms (e.g., N, O, S, P, F, Cl, Br), or functional group
5  with at least one of above-mentioned hetero atoms (e.g., OH, SH, NH, etc.), hydrocarbon (either
saturated or unsaturated) or substituted hydrocarbon.

The letter D" represents a Donor group; it is an electron-donating group. It may be one of
following: hydrogen, amine, OH, SH, ether, hydrocarbon (either saturated or unsaturated), or sub-
stituted hydrocarbon or functional group with at least one of hetero atom (e.g., B, Si, I, N, O, S, P).

10  The donor is differentiated from the acceptor by that fact that it is less electronegative, or more
electropositive, than the acceptor group on the molecule.

The letters Con; and Con, represent connecting units between one molecule and another
molecule or between a molecule and the solid substrate (e.g. metal electrode, inorganic or organic
substrate, etc.). They may be any one of the following: hydrogen (utilizing a hydrogen bond),

15  multivalent hetero atoms (i.e., C, N, O, S, P, etc.) or functional groups containing these hetero at-
oms (e.g., NH, PH, etc.), hydrocarbons (either saturated or unsaturated) or substituted hydrocar-
bons.

Letters Ry, Ry, Rs represent spacing groups built into the molecule. The function of these
spacer units is to provide an appropriate 3-dimensional scaffolding to allow the molecules to pack

20  together while providing rotational space for each rotor. They may be any one of the following:
hydrogen, hydrocarbon (either saturated or unsaturated) or substituted hydrocarbon.

Letters Gy, Gy, G3, and Gy 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 chro-
mophore. They may be any one of the following: hetero atoms (e.g., N, O, S, P, etc.) or functional

25  groups with at least one of above-mentioned hetero atoms (e.g., NH or NHNH, etc.), hydrocarbons
(either saturated or unsaturated) or substituted hydrocarbons. The connector may alternately com-
prise a single atom bridge such as an ether bridge with an oxygen atom, or a direct sigma bond
between the rotor and stator.

In Example 1b above, the vertical dotted lines represent other molecules or solid sub-

30  strates. The direction of the switching field is perpendicular to the vertical dotted lines. Such a
configuration is employed for electrical switching; for optical switching, the linking moieties may
be eliminated, and the molecule may be simply placed between the two electrodes. They may also
be simply used to link one molecule to another molecule or a molecule to an organic or inorganic
solid substrate. Referring to FIG. 5a, the molecule shown above (Example 1b) has been designed

35  with the internal rotor 432 perpendicular to the orientation axis of the entire molecule 430. In this

case, the external field is applied along the orientation axis of the molecule 430 as pictured - the
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two or moPEBUESH] g’ﬁf the ?"Héés ‘E%Or Hiithedshiftghsi red chro- nophore. They may

be any one Of Fohthe in@ldc0lth BOExaBleelb0a Sh@BohSlaghr mobeuBr fildh isBrovil fordexQh-
functi onal roups, with at | east one of above-nentioned hetero atons

(e.g., NH eo‘fsmﬁ gimgir-Bladeett {rghniqusp Bosrdf-aspembledeaponplayeis.atuel thet the resiantaticat ed)
or subst lakid bee Mcﬁl%@fstiﬁfb%ndlahﬁ &8 Eﬁlﬁ& of thg@é t?dd%@ﬁs@&"‘rtoegvyltcﬁ U mALLRE 2
singl e atom bridge such as an et her dge with an oxygen atom or a direct
si gma® boRdpctresiep wak Re deposifestin the argnes degerbed herGEbmwpdtle&lm abostieds tkseribedr t i cal
dotted Ii S 0..S

directi Or1]ﬂ1§1f§ a!tB %f&%&%@gﬁ% Ei? ’égt?o% %l?adr %élh ﬁgﬁﬂ Al ma httlauc%/%%lhlncdaeposdtoot 't ed

| i nes. Strehnigues ¢nshide gwoaphasﬂdwpssm:pbmdorfm Jeebmaing;ccailk swdehiafi ng; for

optical swtchi i ties. nma d the

nol e?:ul e rrgyt Ek?ﬂgliﬁ{‘ﬁ’el&b IeggT)g?i\k@ el:t;fmm *o a;?’%a?f 8re 'S%ﬁ‘]ﬁll rr}ay ?I so be
sinply used to link one nolecule to a er a nolecule to an
organi ¢ or inorganic SRJ id substrate. Re ergﬁnﬁ&cﬂ 8%@5’ , the nol ecul e

shown above (Exanple |B) has been des@‘i’f@‘?@oﬂﬁ?%mgﬁ%mﬂmt ernal rotor 432
perpendi cular to the—QKkientation axis @f.Lh&@ptg re nolecule 430. In this
case, theCentebAatK | +S58-aPphi ed al g ;&e orientation axis of the

nol ecul e 430 as picrofed - the WO 02/ BT US02/ 13275 16 el ectrodes
(vertical dotted ji'nes) are oriented pAr—peAdmambre(Elethort wighdrhwing gedup) he
paper and perpen- dicular to the ori enlbatl ﬁn ax(JE? ? e nol ecul e 430.
Appléé:ati on of an electric field oriented PPBTHIEECON donatmg group)

Example 2a

where:
The letter A” is an Acceptor group; it is an electron-withdrawing group. It may be one of
25  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 above-mentioned hetero atoms (e.g., OH, SH, NH, etc.), hydrocarbon (eitherr
saturated or unsaturated) or substituted hydrocarbon.
The letter D represents a Donor group; it is an electron-donating group. It may be one of
30 following: hydrogen, amine, OH, SH, ether, hydrocarbon (either saturated or unsaturated), or sub-
stituted hydrocarbon or functional group with at least one of hetero atom (e.g., B, Si, , N, O, S, P).



left to right in the diagranms will cause the rotor 432 as pictured in the
upper diagramto rotate to the position shown on the |ower right diagram
and vi ce weorigasssbh this case, the rotor 432 as pic 5 turedCruspne2rdower
right diagramis not coplanar with the rest of the nolecule, so this is the
bl ue- shifted optical state of the nol &€ule, whereas the rotor is coplanar
with the S t
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nol ecuyl e | Ior d.or is ed-shift ecul.es in anpl.e 1b,
Sl & moHBHEFe Ao e nS BF Rismpresolg floving: TudfB GG T Agioben bond)
Langmui r rBhlﬁd;gatttletaecatvaquascm eest TP- as 5 erfh@dnipRapay&fisining teke Hebsad att he
orientation axis_of {'rt)4ﬁ perpend| cul ar t(g t he pl ane of the

el ect r ode¥"L € N P&wetc hhydiee (ifhessatoipiedr dgrefe ML hBidpoErted in
t he mannegyngdescri bed by Collier et aI supra, or nethods described in the
above-referenced patent applications and i ssued patent. Alternate thicker

film depositi o lPEEnRf qesBi aie pirddciedp oesighitstatae post £Staser, B-cowy &8t bop i nk
j et i Nt athca®bn Fithkr SERERMING. saﬁ?fé%@%od? s@@sﬁﬁ@éd%&d@'&@ﬂb%ﬁ ST%lc%ﬁ? Otlﬂggegg,nerl c
mol ecul ar "exanpl e for this Model ---- Connectin

Connect i ndo@rlpupmitsppntain conBigaied ring Wefrepnighute toshe @@ﬁtzieernJugaIwISt»%ttle mOJ& D+ A
---- Acce I I ng
o oup) - 20 SR ESLE B LR G HH 1o sior MG Iney AETEAER HiRBRL ' 20

el ectron- g/mttmdﬁnawui/mgSpgmgl proupst Ryrdybrisigingreeoupfis typicallyf wkd wbangect thedtatgend
carboxyli ¢, aci i.t.s i r ti
phosphor i r(c:)tor or % d:oﬁr}ecti t%)vg%gero:r[e ‘;OP%?%EC‘ fitgs t('5J géh?evgg [gllgﬁlr%{l I#]rglfne %ré t% o}{ e%tor
0, S15P, shay zﬂie;naBll}) gonprisd asicgle otoal brglee tspch agiah lathat brﬁ(ga&hthctnemyg‘en atom ora
above- ment.i 0 ed h ato (e, Q. SH, NH, etc.), hydrocarbon i t her
ot ur at ot aunPorsPufRaDelRiind s hyapote Pisgh Prake <0 pRppyd 5
represent cﬁmanmlapsrca@cﬂ@tug to hlfowl the aidleelileCiorpatk Bedhdriwiile PéStiding totatiomay sﬂmee one

of 30 follown hydrogen, ami ne, OH, SH, ether, hydrocarbon (either

sat ur at edbPaHAZYt ur at ed), or sub- stituted hydrocarbon or functional group

with at |east pagpRi2bhRIo8r 9 amtliMdabmbleculBexadiple dfMbel 0, S, P). WO 02/ 088837
PCT/ US02/ 13275 1?

) N!



The donor is differentiated fromthe acceptor by that fact that it is |less
el ectronegative, or nore electropositive, than the acceptor group on the
nol ecul e. wOhe/08888t er s Con, and Cone represent connecting ROTIESIHERREENn one
nol ecul e and anot her nol ecul e or between a nol ecule and the solid
substrate (e.g., netal electrode, inortfanic or organic 5 substrate, etc.).
They nmay be any one of the follomjng: hydrogen (utilizing a hydrogen bond),
mul tival ent hetero atons (i.e., C, N, 0, S, P,Retc.) or functional groups
containing these hetero at- onms (e.g., NHi?’* tc.), hydrocarbons (either
bons. The letters SA and

hydr ocar borg (eit-Rer unsaturated or satupated) substltuﬂ@ hydr ocar bon.

Typi cal |y, %es- hy drocarbon units_cont ed rin t hat
contribut§ to 3 nded ¢onj ! dul e it isina
pl anar st \t at e ESstat or uni®s, AeS2cont ai n

bri dgi ng gr oup affd \_Jzac fig ,groups R ,. A bridging up is
typically usedit o connect /HH stat®r and rotor or to con RO or nore
conj ugat ed rlngé@to achi e desi red chronophore The conn 15 may
alternately conprise a si q£0n1bridge, such as an ether bridge with an
oxygen atom or a direct sigwadond between the rotor and stator. A
spaci ng group provides an &prepriate 3- dinensional scaffolding to allow
the nol ecul es to pack together while providing rotational space for each
rotor. Exanple 2b below is another real nolecul ar exanple of Mdel 1. WO
02/ 088837 PCT/ US02/ 13275 18 REnJgef@riRgd SRite X R3 R2 4;~ 1 R2 96 G-7 Cony
| 1/ OCG G Cone & B I2 RBDFrRBRR R R2RR On State (Optical State

) Switch On Switch Of R2

Switch On Switch Off
Ra2
Ry— R
R2 R2
R
Ra R ! Ra
Jq ,clae GZ\
Con; (%1 ?4 Gs Gg Cong
G2 Gs J2
Ra R, Rs
RBZ R
Ra2
R4 R1
Off State (Optical State i)
Example 2b
5  where:

The letter A™ is 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 above-mentioned hetero atoms (e.g., OH, SH, NH, etc.), hydrocarbon (either

10  saturated or unsaturated) or substituted hydrocarbon.
The letter D" represents a Donor group; it is an electron-donating group. It may be one of

following: hydrogen, amine, OH, SH, ether, hydrocarbon (either saturated or unsaturated). or sub-



RBRRR2 RBR-R3 G G/ JI Conyi @ HA- &G 1/ -1) G Cone R J;~-R3 @&
GBJ2RBRRR R R R3RLOf State (Optical State I11) Exanple 2b 5 where:
The | ett eWOA2/08883BNn Acceptor group; it is an electron-w t RETAKONE20F oup. |t
may be one of follow ng: hydrogen, carboxylic acid or its derivatives,
sulfuric acid or its derivatives phosbhoric acid or its derivatives

nitro, k dqu r%car o or%nc on ) \’Nlth tlea!st ‘e, 0f 1etnE 4] aton’ f l\f Onal
A Brode withie { &>

group WI east one 0 i'Ghed Hetero a H NH,
etc.), hyiﬂuecaioaohe diffeedrtited floththS ax.tceptat dthatrfactrisaa tituis aésedbectmne@ubstor mdrced

hydr ocar b D+ represents a Donor group; it is an

el ectron- g%%ﬁosﬁl egﬁ%ﬁée AP ?F&f/ouﬂgngﬁémcl‘?cugf ol  owi ng: hydrogen, anine, OH,

SH, ether, hydredeatdsotofand h:eﬁz rS;ﬁésHﬁtéttoﬁﬁbcﬁﬁg i detweai eﬁle) molesules arl AMGther

02/ 08 837 PCT/US02/ 13275 1 drocarbon o unctional group with
st HE)(H%CU or hetwepn a g}p}s} ?@ndd e so@g g%lstrat‘e %e & mgal eiectr €, INOFERRIC ag?{g?lp 1 g

dl f f er entsuginatd, Etrcc)rrméyem@csemyo&nemf th&ﬁﬂlo%a@t hydaagenl(ﬁmiz&lgl £Bfdrogen bond),
el ect roneg el ect rop03| tive, t han t he accept or groug on the

nol ecul e. "?*H@Y?“é{l‘ft%rPét%ﬁr{l S otV b e Prdpt eRgtiops gFueT FIRGIRIRG thesediertRedin one

ol ecul e @fde @n@\t}hqm eR.)TRY REHbBn it ¥R QAR d r WRLBFAMED oRBEbstifiRdIQobar-
substrate (e.g., netal el ectr ode, Inorganic or organic substrate, etc.).

They may boas. any one of the follow ng: hydrogen (utilizing a hydrogen bond),

mul t '1‘Oa| ent heflﬁrlate?stl@lnﬁz fdd 1§ repr&ent%acﬂl I&%u 3 bu1ﬁtnﬁo eMo1dcHRCHIONRA i oH HLPUPS
contai ning these hetero at- oms l% ,B ydrocar bons (either

sat ur at edbase spaagramifs itte glovige ag msqpirlﬁt@t3echmmsmn@l@a¢ffolmm@ allg@ thereolgates ég s R1,
heae. spaaas PRSI el e R R g e DG g
to al | owinhdydropeacbydescatbon (qmémsawmgpéwhamsammtddéomubszitldbd*ﬂg/dro@mhbn onal space
for each rot OrThe-lﬁ}?éfs gﬁ)ﬁz,b 83, ‘a}}/G E% (_97]: argd 3 z];r(e) Iblrl(cl)ée/-ng groups. The function of these
15  bridging groups is to connect the stator and rotor or to connect two or more conjugated rings to
achieve a desired chromophore. They may be any one of the following: hetero atoms (e.g., C, N,
O, S, P, etc.) or functional group with at least one of above-mentioned hetero atoms (e.g., NH or
NHNH, etc.), hydrocarbons (either saturated or unsaturated) or substituted hydrocarbons. The
connector may alternately comprise a single atom bridge such as an ether bridge with an oxygen
20  atom, or a direct sigma bond between the rotor and stator.
The letters 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-
fect (e.g. both inductive effect and resonance effects) and/or steric effects. The functional effect is
to tune the band gap (AEgomo rumo) of the molecule to get the desired electronic as well as optical
25  properties 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 interac-
tion, van der Waals forces) or to provide bi- or multiple-stability of molecular orientations. They
may be any one of the following: hydrogen, hetero atoms (e.g., N, O, S, P, B, F, Cl, Br, and I),
functional groups with at least one of above-mentioned hetero atoms, hydrocarbons (either satu-
30 rated or unsaturated) or substituted hydrocarbons.
The molecule shown above (Example 2b) has been designed with the internal rotor paral-
lel to the orientation axis of the entire molecule. In this case, the external field is applied perpen-
dicular to the molecular axis - the electrodes are oriented parallel to the long axis of the molecule
and can be either nominally perpendicular or parallel to the plane of the above model structures.
35  For example, application of an electric field to the upper molecule shown above where the field

lines are perpendicular to the molecular axis and pointing upward will cause the rotor as pictured



i ng: hydrogen, hydrocarbon (either saturated or unsaturated) or substituted
hydr ocarbon. The letters Gl, &, &3, 4, &, G, G/, and GS are bridging
groups. TWoO okwssssT on of these 15 bridging groups is to c®OmaSH2/1Res st at or
and rotor or to connect two or nore conjugated rings to achieve a desired
chronophore. They may be any one of tha0followi ng: hetero atons (e.g., C,

N, O, S.P _etc. r ctiona ppwth at | east one of above-menti oned
et ero at Brige g Sphtd 6 gkl G S0ty i np B8 Sl v PER G TR o
unsat ur at edlecudar diaginst aboud, ead Yiyclveoalnbitin sase, Thxerotot aspietwtedrin theyovedr iapmatiel vy

coom or SipRaervah bRt shrlend e Ty Bhe b hutty st o AR °3)
and J2 r eqfopgeditate WD ivhgeg i iptor Blioplanar Wit tHelest 0Pihe aidletule T erefugpes diaganof

t hese _ tuni .gr.ou .. .. N CN, nifro, etc.) is t rovi de
an appr op¥ @gég?hﬁ ﬁ%ﬁ?l’tg(%?gl Opg?g?@cg%ee‘?@?c‘%?ﬁ optifal. Tt \Ireﬁ\?fl?téeést Nalg nd O

r esonancereeifif @6t Ssualafédhipp)steric effects. The functional effect is to tune
t he band gap (AE [LUMD) of the nolecule to get the desired el ectronic
as wel | as optiCaf2 IC&%@ o8 gy tortpse Ao @Bmled 10 #rrblbs Pusigp!es qoBWEIsiNG t o
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tion, vanPUBen 4AR&PEPHSS &Bayens ringdhab psauqvirked pith splpstipugnt thet wndgr Hisirptox yitlp

mol equy ar gk Sk ¥hd QABr poHRGY 4308 hE) @Menﬂ%%o@éedk@ﬁffb%zl o idg%mt;%}ﬁ%%gsn,
hetero atons (e.g., N, % S, P, BB F, d, Br, and 1), Functlona groups
with at | kege, anvbodf paatinny eompnive iab Arothatictingy 0 at ons, hydr ocar bons (eit her
satu- 30 rate I clE ) St i : T |l e
Shown above. ( Eaansy & By ERAE e ElenBS bbb ) MEARAL S Hurpr 08 SRICEL P
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el ectrodeS are " orie eﬁpparacflg Y §2Fha ong BYPL R MR ECRBF AR S can
be | e : 1sher Tiodshingdtioy op eie @ﬁigdisﬁﬂﬂsﬁﬁted)by 1}116 faktial clblgtlstSb@a, Fb(me)o@ef a].an fbﬁlgﬁzbfbv e ]
nodel structures. 35 For ex e, _application of an electric fie to the
upper m)l@Eﬁfvélysthﬁﬁhn%ﬁé%m&ﬁn&%%phe field lines are perpendicular to the
nol ecul ar  axi spignek RAIsDhI B4RV Ebsitdtion GRHDEVEL ISk B A% rBiafell YaRwWND

02/ 088837 PCT/US02/ 13275 20 in that diagramto rotate go approxi mately 90
degr ees ahd reippBarotatsd @0d i ith gespedi daheiskitarh 434, ovhioh remain cowlaapr. & hgraatedbove,
and vice j S ~pj i i amis
ot copl angy i SR IR Rplequl 2t Blok S COIEhIRRG dhdmplpfig PARL wiePRLS
opti ¢dl senatsecanfl spealipp bpsival state) aod campaiagivdly bbadlectridally vérdnais. t he rotor is
coplanar with r f cuyl n e | 0 thi.s is
Che rea- s f it ok b Bl AEeRREat A6 BRE 8% B AinoRol A8

| etters Nardllel @rthk flaner afttlad ¢ledtlodésr This may invelaaifihos that dré Gultiple Me@plagdrs thick.

i adl o Tt BY 5P Bh OH3 G TR sttt B PesomeSSRes e PR s

| b and 2bpositiae by Giterinoldaalat indetachions Eradifetti tHa&ind tHeREdR stiuttfrel Bidtthd Stqariovi ded

with _substituents that render the raotor with a
2% smatll enough to move \N%ﬂl(ljn the latt?ce of the mg\fecules. This type of structure can be used to

build an E-field controlled display or used for other applications as mentioned earlier herein.

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

via Charge Separation or Recombination Accompanied by Increasing or Decreasing Band Local-

30  jization:

FIG. 6a is a schematic depiction of this model, which involves an E-field-induced band
gap change caused by the change of extended conjugation via charge separation or recombination
accompanied by increasing or decreasing band localization. As shown in FIG. 6a, the molecule
630 comprises two portions 632 and 634. The molecule 630 evidences a larger band gap state,

35  with less n-delocalization. Application of an electric field causes charge separation in the molecule



10 di pole. The two stator portions 434 are each covalently bonded to the
benzene ring through an azo |inkage, and both portions conprise an

aronmat i ¢ WOrQ/0848B1G. 5b is a schematic representation (per PpEaisoveR;s
illustrating the planar state, with the rotor 432 and stators 434 all
co-planar. In the planar state, the moPkcul e 430 is full'y conjugat ed,

oVl dences B Lalibd AL 8 RS b en® SR Wik B 8! AUlosyi At RecCRRALG! LY
|IIustratodhdrgbiyretdmsthetmoibd@ild@lomitm@naﬁﬁ’t@ta 500b above and beI ow re-
spectively, t 5c is also a schematic
representati orr:ﬁegtjgﬁ ng%feq\l}ée)meg%jnf t;h rné{%l"htalstnﬁog\elr otated state, with the
rotor 432 rotated 9Q) Thd Role@sPMGH haee 4 MOdSt dibREtE: daidtantd) iafid) cdnEi¥Bdasily po-
co-planar. In the rotated state, the conjugation of the nplecule 430 is
brokeR. Catesd bue@nerigmal rfieldoy itk gt thegangeof 93%% Pk polygatign figldaaraing Eect r al
or opticaloslabe)mnand conparatively |less electrically conductive. For the
nol ecul es of Exanple 2b, the filnms are constructed such that the nol ecul ar
axis is parallel t@)t\h@aqj|oa¢1eeg@1fe1ﬂt<rféh@me@wlweg hasghion-benging plegrape drint ns

It lhgfjl gr grég%s&ttrg{xé) lo?n %Ponﬁ){r%c{]fon!b%hg Kg elec F)%s c%(i%l %%blfhzﬁd 0V, rth gnt{ré %%%Slglr tion
by mterrmlaqmtxloﬁthelmuﬂaeula;ctl ons or d| rect bondl ng to a support structure,
but erotor is 25 |1 .en h,to nove the lattice of the

ol edtiles Thi s tyn® By FR P bt Sureiieafatab PubRE g’ an £t el

control |l ed di splay @) Thsdudisle dpble) ofifhpImdaiie@ais basridhbsdl ih @n &dst@as Hirex
herein. Mdel (2a): E-Field Induced Band Gap Change Caused by the Change
of Extencféinl Conjugation via Charge Separation or Reconbi nati on Acconpani ed
by I'ncreasing or Degj ?E@éh@@eﬁ&ﬂﬂbd—@?@lﬂed fhek patidlBIbr cEﬂn@etegadurﬁg@ fdpmat i
depiction of this nodel, which involves an E-field-induced band gap change
caused bylUCHEPUHIFAUR of ext ended conj ugation via charge separation or

reconigi nati on  acCofPaR £eddf chilgs 83atal6h OF refl@M1BASH Boh RANGcIdQRBd&A T ON.
As shown in FIG 6a, the nolecule 30 conprises two portions 632 and 634.

The nol eduitstablsaeatilized dieush infer gF iute-melerylag Asces sugheas caBmlgnt pond fogmation, hy-
7t - del Ocadrbgﬁtﬂoﬁcﬂng,%ﬁ’ﬁké %C'tlellp Qlilofb BlcEC He{aFchrg) o&%@aﬁ:ﬁg&@{eg @omplex
separation fn the Aol ecul e WD'02/ 088837 PCI/ USO /13275 21 630, resulti ng
in a smaldter band gap state, with better n-del ocalization. Reconbination of
the <charges return W ng
requirenents nust b )’Tﬁ%%r?@%ktcﬁt%heﬁﬁo%g?&{?o (gﬁelcﬁﬁlbi% colgﬁ{ee%nﬁgcug%gl\ll;enggﬂvgmde t
di el @6t r i @ notingtland- aBd mdnokd bxaakagneore”amahyn,pod 5 larized by an external
E-field, with C in e .range.of 2 to 10 and zation fi.el ds, ran
From 0,01 to 10 i Miripbd Hecriies Sppabn o dreRt Giiof Ao st b, Hhave
non- bondi fixgd, @heiednt @RS of thy mblecidd @il ¢HARS:, dePénding-oa ltiecdeprs of tidcthondbndielécng
el ectrons that ciam be nobjlized over the entire nol ecul e
tron, or m-electron, or m-electron and non-bonding electron de- locahzatlon in the molecule. Both
optical and electrical properties of the molecules will be changed accordingly.
25 One example of an E-field induced band gap change (color change) via charge separation

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



or a part of the nolecule; 10 (c) The nol ecul e can be symetrical or
asymetrical; (d) The inducible dipole(s) of the nolecule can be oriented
in at | ea®Doefsssal rec- tion;, (e) The charges will be separardgorinher
partially or conpletely durlng E-field in- duced polarization; 15 (f) The
states of charge separation or reconbi #ation can be E-field dependent or
bi -stabl e, stabilized through inter- or intra-nolecular forces such as
coval ent bond formation, hy- drogen bondi @, charge attraction, Coul onb
forces, netal conplex, or Lewis acid (base) co;-lex, etc.; (g) The process
of charge separation or recombination of the

pl ecul e can involve 20 or
not involve u- and ic-bond breakage or fOF‘wtl'd' and (h) During the charge
separation or re-conbination process acti vat ¥d byOan E- field, the band gap
of the nolecule will change depending og the degree of the non-bondi ng

elec- tron, or ic-electron, oy \rle, ronrant non- bondi ng el ectron
de- Iocallzab\on|// S cu op agg el ectrical properties of
t he nol ecul es Nw ghged GE ordln@h ne exanpl e of an E-field

i nduced banﬂ/gap h
reconbi nati on |nvoly ng bond breaking or bopg formation is shown bel ow

anpl e ; , ' ~
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Example 3

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 func-
tional effect (e.g., both inductive effect and resonance effects) and/or steric effects. The functional

effect is to tune the band gap (AEnomo Lumo) of the molecule to get the desired electronic as well
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multig e- f | & I atl on f the
fol | O\% n §}%Hyl’ hﬁlxtlo(?l lh%? \%ﬂl%lea?tr one onﬂn% 811 10§e erggtx?_a %égx r elﬁ‘ln 1),
functi onadatugartﬂlmumattthatad)olraazstltuwdéydwcadiomve ment i oned het er o atom;
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letter Wis an_electr n u
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appl i ed eXtosfifhprepseparafign orpfyeonghinadipn &h@nwﬁﬂal?ga% fagnagips ¢f-iger e igHyenste of

the foll oyanGpplika ekRFRAPENIIC TAE bidet@h-withdraleigl fétp! MBSbe(My Sne offfi BllloRhngaMm de
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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 4):



An exanple of an E-field induced band gap change involving the formation of
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M+ (M= H. Lewis Acid)

N
AN
/N‘@f 3 G4 =
Jq

Optical State Il

Eg (HOMO /LUMO ) = 2.04eV
(When R1=R2=R4=R5=H; R3= CH3)

Example 4

where:

5 The letters Jy, Jo, 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 func-
tional effect (e.g. both inductive and resonance effects) and/or steric effects. The functional effect
is to tune the band gap (AEuomo Lumo) of the molecule to get the desired electronic as well as opti-
cal properties of the molecule. The steric effect is to tune the molecular conformation through

10  steric hindrance, inter- or intra-molecular interaction forces (e.g., hydrogen bonding, Coulomb in-
teraction, 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),



WO 02/ 088837 PCT/ US02/ 13275 25 functional group with at |east one of the
above-nenti oned hetero atons, hydrocarbon (either satu- rated or

unsat ur atwe)o20888subst i t ut ed hydrocarbon. The letter G isPaTRSO2gi2AYy group.
The function of the bridging group is to connect two or nore conjugated
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state. Apjldr egkiobDewd addl(s). el ectric field causes breaking of the 7t-bond in
the nolecule 630", resulting in a larger band gap state. Reversal of the
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be net in thls rmdel aret he sarre as Ilsted for I\/bdel 2(a) 20 One exanple
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(Exampl e 5): 088837 PCT/US02/ 13275 26 J2 QN+ G
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and m-bond breaking or formation. As shown in FIG. 6b, the molecule 630’ comprises two por-

15 tions 632’ and 634°. The molecule 630° evidences a smaller band gap state. Application of an
electric field causes breaking of the n-bond in the molecule 630°, resulting in a larger band gap
state. Reversal of the E-field re-connects the n-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 Model 2(a).
20 One example of an E-field induced band gap change cause by extended conjugation via

charge separation (c-bond breaking and n-bond formation) is shown below (Example 5):
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Conl N +wBD2/088837.. Wl O HJ3 R2 J4 ... ~ O Exanple 5 Paharse2/1875The
letter Qis used here to designate a connecting unit between two phenyl
rings. It can be any one of following26 S, 0, NH, NR, hydrocarbon, or
substituted hydrocarbon. The letters Conl and Con2 are connecting groups
bet ween one, nol ecul e and another nol egul e or -between a nol ecul e and a

solid subsirate (e.g., netal elect rcl;pge, ngahi C or organic
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Example 5

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 connecting groups between one molecule and another

molecule or between a molecule and a solid substrate (e.g., metal electrode, inorganic or organic
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25  (either saturated or unsaturated) or substituted hydrocarbon.

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: car-

30  boxylic 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, Cl, etc.) or functional group with at least one
of hetero atoms (e.g., F, Cl, 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 mo-

35  lecular structure.
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exanpl e owoOan/088BT el d i nduced band gap change caused by bPeaR®gr12f5
extended 7t-bond conjugation via char e reconbi nati on and 6-bond formation
isshownbelow(ExarrpIe6) + Jz CH3 | Con2] QNGL Con, N I RIl I H

\QJJ g z R-2 J 4 W 1A13] éher w‘ﬂf&gedigan%‘ﬁgld 118@&%389%? g%oﬁa%%%wyd 'By bi"ealgge B exterrdec:i3 H O

n-bond conjugation via charge recombination and c-bond formation is shown below (Example 6):

5 Example 6
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15  tional effect (e.g., both inductive and resonance effects) and/or steric effects. The functional effect
is to tune the band gap (AEsomo umo) of the molecule to get the desired electronic as well as opti-
cal 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 in-
teraction, van der Waals forces) to provide bi- or multiple-stability of molecular orientation. They

20  may also be used as spacing groups 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, hetero atom (e.g., N, O, S, P, B, F, Cl, Br, and I), functional
groups with at least one of above-mentioned hetero atom, hydrocarbon (either saturated or unsatu-
rated) or substituted hydrocarbon.

25 The letter G, is a bridging group. The function of this bridging group is to connect stator
and rotor or to connect two or 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 hydrocarbon.

30 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: car-
boxylic acid or its derivatives (e.g., ester or amide, etc.), nitro, nitrile, ketone, aldehyde, sulfone,

35  sulfuric acid or its derivatives, hetero atoms (e.g., F, Cl etc.) or functional group with at least one



20 may al so be used as spacing groups to provide an appropriate

3-di nensional scaffolding to allow the nolecules to pack together while
provi di ngvpermsgdsehal space for each rotor. They may be anpCTarse2/of27% he
foll ow ng: hydrogen, hetero atom(e.g., N, 0, S, P, B, F, d, Br, and I|),
functional groups with at |east one 080 above- ment i oned het er o atom

hydr ocar tyr r h ALHGAr bon.
25 The Ieﬁplgﬁe?%%}aﬁg (esg"",biﬁ" ngl%?ié\? g?g% #%Jr%ﬁ%%ll(%% eé% %ﬂe& L6E)rgllqsétgg]iyngd(?group

i s to comubgituted lptdorcarbamd rotor or to connect two or nore conjugated rings
to achieve a d f the
fol | owing: het g?ﬁug ?lcls %E&%%R%o%c lar gﬂﬁgrplﬁjis%gs ngﬂejr al%J%g%ei tlglgn @Qtl'od)%gﬁ% (PV\A h
at | east mmlecubdrs’alhmure ment i oned hetero atons (e.g., NH or NHNH, etc.),
hydr ogar bon (i ther sat.urat ed or, un at urat ed. bon.
30 The | etter @b"' RECOSH ILYeRU S i ?{dfyavrﬁ"neé““" i a°"“§r%‘pe%§° %te"é“r% ogW?%%3
group is \t/mh ammmdhelectrleﬁemmy |amgechdmsirm®rﬂ1m¢lyoméfe@n0fnqnn oy prhvisusiyodes@ibed,

whi ch ena cu e t.0 unde a smoot h. cha n

Feconb natr B HPEEstS sER G it BoRr BeL S dRuar PR Pl SRidicsr an
appl i ed eshetypabs folbdutts th whiie thel @Ot toadt ofviht udtoasvsglfigicoty labhy edoaglamyl came of

the follow n lic _acid or e ive st er am de,

etc.), ni 'f“&dﬁl%o ﬁ%f’ C}l'l’réﬁ ‘éé’t“grﬁ ETIng (B?ré?@@ g§51 Cg%%bovg)sj(“g?fﬁ}l% Benﬁ‘é Pganoefp its

derivat i veised ehefigfieldat ons (e.g., F, O etc.) or functional group with at

| east one WO 02/ 088837 PCT/ USOZ/ 13275 30 of hetero ato (e.qg., F, O,

N, 0, S, etc. )’ PRYUYGEARBEFUYCIRIESPreTepelpist élamglthelﬁ@ahoaggfeélayg gypoess. The

substi t ut @l ihRGas Pilie séﬂ?dté@b anfl RvE ﬂn@?m% QirbBibBCHHkAA] BlthdlsphHEEexiisal a
nos

smal | er band gap state than the | ower nol ecul ar structure. 5 The

present ifgléMpperpatt of He niorlﬂ@ui?y} ogpendryifatien(leerippt of he miolrsuigelliedes afametic can
be switc il 4 @en@ett &Ba@'(up?&eﬁgr{ hifd M@J hit ?Xf e RAOAN ﬁ%ﬁﬁl@ﬂlﬁ&%

different ffom any previous escrib el ectro-chromc or rorrogeni ¢

mat erliSal . gafide angenenicl (reil digt) ressultSdS%léxaﬁmm Pi Bavagery dreanolagulsi isdesigned to leve t ype
of nol ecuj 0, e f 1 |l e
enough anlcrj’%z aér%l H/Om{(&&qnotl&ﬁlagf& ﬂlglzla%% &?(%ng%? ﬁa@r%i’ ot E‘U’e&JE(ggﬁ%fl gésﬁeéﬂgﬂnd 6
above) unagipng dzevellraf Istnlﬂmcpulslbnsanr laypa pelmalpﬂnt exterel Eeﬂierld © stabdize botA chogéstin ve
and a negatiyv

b
The resufiSiR 108{% eg%a%on ener &l égsq'le 18 de 85' ?o unlech 816 mol?erc%fl@ro it QG S

Br,

ara move I'h Opposi i rec |ons
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bond _rotati on él owerglfgrt of the nmolecule. The two aromatic rings with an
ext efided EPBFEL SFYIEI04k ¢ and | ower part) of the nolecule is conpletely

conju 15 gat edWhan@Ireae@@Emeld(lﬁ esblisd (Hxanpleess, Lﬂoﬂlsché@eﬁelﬁmrfpilgn &)emsmewauer
the nol ecul e is designed to have_ .inter- and/or |nt a- nol ecu%fta[1 @S
of¢ e& wel |

such as h{&dBgRiie eBWa.rwgrSe ezsﬁﬁwnah%eld oThedIOB‘BYeeCthgﬁé’I“é § PRPST Parhy

a?\ steri CwileRibaié ANe céiterPartbf RS ABRENE (1B it an&Epbdiind) f6mIheablild bZz@e Ot h
charges 1 n
J molecule through the non-bonding electron, or n-electron, or n-electron and non-bonding electron

25  delocalization. Likewise, the negative charged lower part of the molecule will tend to move closer
to the external E-field through C-C bond rotation. A key component of the molecule design is that
there is a steric and static repulsion between the CO,” and the J; and J, groups that will prevent the
lower part of the molecule (the negative charged sector) from rotating through a complete 180 de-
gree half cycle. Instead, the rotation is halted by the steric interaction of bulky groups on the lower

30  part and the upper part at an angle of approximately 90 degrees from the initial orientation. Fur-
thermore, this 90 degree orientation is stabilized by a C-O bond formation and charge recombina-
tion. During this process, a tetrahedral carbon (an isolator) is formed at the tri-aryl methane posi-
tion. The conjugation of the molecule is broken and the HOMO and LUMO are no longer delo-
calized over the entire upper part of the molecule. This has the effect of shrinking the size of the

35  volume occupied by the electrons, which causes the HOMO-LUMO gap to increase. A blue-

shifted color or transparent state will result during this process.



this particular orientation. Thus, a large field is required to unlatch the
nol ecule fromits initial orientation. Once switched into a particul ar

ori ent at iw0,02008883T0l ecul e will remain in that orienta- 20PCirarsount2id it is
switched out. When a reverse E-field is applied (Exanple 6), both charges
tend to realign thenselves to the dir&ction of the reverse external field.
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orbital (HOM) and | owest unoccupied nol ecular orbital (LUMD, are
del 0é8l i 288 °BPER aHESRPEY2fost region. The ef- fect is identical to that

for a quantum E@ﬁﬁ}ﬁa@ls%ﬁd 6mmldeffdréht@ta’@%fawfaﬁgbntahee bakhitge RS aepf the
10 entire nolecule, i. when the orbitals are del ocalized, then the gap

bet ween ttheinflogroe of an ewmﬂy appligd Bfiplfefyr thiggpiticulprype pisme! g¢e, aspicisein. |LUVD
gap of thcﬁlcl?%cﬁé‘c‘dla? il @%&m & dxBmpl¥l @sin% Mﬁgmqﬁwdg&t feehrgquegfvépblepmk or
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(lower part ecule) 1s rotate
nique is to suspend the molecule as a monomer/ohgomer 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 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
30  are grown such that the molecular axis is parallel to the plane of the electrodes. The molecules
form solid-state or liquid crystals in which the large stator groups are locked into position by in-
termolecular interactions or direct bonding to a support structure, but the rotor is small enough to

move within the lattice of the molecules.
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three porotr]i(’élﬁ?%?%'}‘!a’gaﬁﬁ%%%oéﬁﬁml?%?no%}ﬁé“ |l ecul e 730 5 evidences a snall er
balnd giap st at Ie_ due @Q%Eba%@?@dn@@iﬁ%thbgﬁ&_ ! dlis@me lﬁd%@%t@&fu?ptloaﬁlgg?owpﬁgmabmvimf t he
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original state. Strgj &hiNehsPOE % Brés08aY il RGuIGLhretchl §thd), tROLInRAAiAZ4 Of
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25 (g) The band gap of the molecules will change depending on the degree of non-

bonding electron, or w-electron, or n-electron and non-bonding electron delocalization while the
molecule is folded or stretched by an applied external E-field, and this type of change will also af-
fect the electrical or optical properties of the molecule as well; and
(b) This characteristic can be applied to these types of molecules for optical or
30 electrical switches, gates, storage or display applications.
An example of an E-field induced band gap change via molecular folding or stretching is

shown below (Example 7):



15 (c) The nolecule may be either symretrical or asymmetrical with a donor
group on one side and an acceptor group on another side; (d) At |east two
segnent s WD 02408888DI ecul e have sone functional groups that Pairfuse2/merp to
stabilize both states of folding and stretching through intra- or
inter-nol ecul ar forces such as hydrog€n bonding, van der Waals forces,

Coul onb attraction or netal conplex formation; 20 (e) The folding or
stretching states of the nolecule nusO be E-field addressable; (f) In at

| east one state (presumably inlsga fully stretched state), the non-bonding

el ectrons, or it-electrons, or NS ns and non-bondi ng el ectrons of
the molecule will be w j&call ed, and the it- and p-electrons

el ectrons of the nol ecy éP“bg calized or only partially delocalized
in other state($); barfd gap of the nolecules wll change
dependi ng on the : QmQEng el ectron, or it-electron, or
it-electron andl pondi ng t del ocalization while the nolecule is
fol ded or Jetrett DY ied eXternal E-field, and this type of change
wll also af-}'fect the ‘el ectyp+€al or optical properties of the nolecule as
wel I'; and (h)JyThis characteristic cgp-pg,applied to these types of

nol ecul es for optical or 30 electrical swtches, gates, storage or display
applications. An exanple of an E-field induced band gap change via

nol ecul ar folding or stretighing is shown bel ow (Exanple 7): WO 02/ 088837

PCT/ US02/ 13Mblec8fe FOding? Il 8RetcRingdBuph O-1R2 R NY'H | H J2 n=0to
10 Mdlecule Folding Stretighing Gut O J4 N, O J3 n

Example 7

5  where:

The letters Ry and R, represent spacing groups built into the molecule. They may be any
one of the following: hydrogen, hydrocarbon (either saturated or unsaturated) or substituted hy-
drocarbon.

The letters Jy, J2, J3, J, and J5 represent tuning groups built into the molecule. The function

10  of these tuning groups (e.g., OH, NHR, COOH, CN, nitro, etc.) is used to provide an appropriate
functional effect (e.g., both inductive and resonance effects) and/or steric effects. The functional
effect is to tune the band gap (AExomo /wumo) 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 intra-molecular interaction forces (e.g. hydrogen bonding, Cou-

15 lomb interaction, van der Waals forces) to provide bi- or multiple-stability of molecular orienta-

tion. They may also be used as spacing group They may be any one of the following: hydrogen,



JJ~-N+ YR2,,,.... p I Il Rl J2 HZI Hn=0to 10 Exanple 7 5 where: The
letters R and R2 represent spacing groups built into the nol ecule. They
may be artyoO ootgs86f the foll ow ng: hydrogen, hydrocarbon (@cCThse2/sarurat ed
or unsaturated) or substituted hy- drocarbon. The letters J1, J2, J3, J4
and J5 represent tuning groups bUI It i3to the nolecule. The function 10 of
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mol ecul ar of | emé anoldculedn theltey of ty graghiohds @ largadnaﬁsga@plae'td’tge weaizpd ddagygamay be

any one of the foll on 7. PCT/ USQ2 7 etero
o e dlon Vigoug pares ot gheoicet. BT Yne mclec S et B AP SRR PSS | enet
one of alawﬁendma@m@ghﬁdnfmecx@nalaagecwglommdnmale&am (elther saturated or
unsaturated) or substituted hydrocarhbon. %ters Y.a are  functional

groups that  wile igcBRelegyriissfosednd iclaimed hegsingtor, Oé‘imnﬁfa?‘iﬁgg’ﬁtchﬁrﬁﬂﬁ“‘r‘i%mﬁ?h% may
be any OQQndﬁ{eté(rﬂM}D%‘ U3l to REdembldisARY N BlectMRIIRERY, RARittallE mSUR M dctithBetuhy dr O-
5 carbon. The nol écule on the top of the graphic has a Iarger ban ap due
to the | gblsl opsiedl k@w,uglactﬂ@aﬂlﬁrpoméﬂl%dgmpa rsweﬂdoweﬂnmlgelm apticgh £1ogsbph e
nol ecul e I -

Con; ugat 1an E R aogh 3 TS [or TR ot Fap ARamaZRARU: | e A nBH BAPSES chan

di scl osedelyradatost.med herein for formng optical switches (mcro-nmeter or
10 nanoneter) may be used to assenbl e displays, electronic books,
rewittable nedia, electrically tun- abI e optl cal lenses, electrically
contiddlled tinting for w ndowsNIAIIRMAL A Ad cr ossbar swi tches for
routing signals fromone of many |ncom ng channels to one of nany outgoing
chan- nels, and nore. 15 | NDUSTRI AL APPLI CABI LI TY The fiel d-sw tchable

mol ecul es di sdlhegiet-dwétieble msleukx pisddsed hérein farengkpersed to find piei ic apticdbdavices

constructed from m cr.o-scal e,and even,nano-scal e ¢ onent s, as I\I\AE|E as
vari ety d‘f’nS\l}P“st roralngcfg? av? and even nano-scale components as well as a varie of visual displays.

20



20 WD 02/ 088837 PCT/ US02/ 13275 35 CLAIMS What Is Clainmed Is: 5 1. An
electric field activated optical swtch (101, 205, 207, 209) conprising a
nol ecul arwodgssssat (430, 630, 630, 730) configured w thi nram/wshec2ric field
generated by a pair of electrodes (107, 109, or 201, 203 and 202, 204),
sai d nol ecul ar system (430, 630, 630',35730) having an electric field

i nduced band gap change that occurs &Lgng e of the follow ng nmechanisns:

(1) nol ecular conformation change or~arm rsomerization; 10 (2) change of

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

or (3) n%legﬂlﬁr. fiﬂ ding or stretching. 2. The optical switch (101, 205,

207, 209 "wherein said electric field induced 15 band gap
change occurs via nol ecul ar conformation change or an isonerization and

whereiLn said | ecul ar ste 430), conpri.ses..a t one.stator portion
(haay Sana ar MoRbrahE oy Btk fitel SRRt but 20D ocRbRt B s

; ot ?Ejes fsystsm en3D) 6391 631’,?’[%) b@f@utﬁ@ﬁzﬂ]ﬁﬁ afi tefktgic Vileldngeaeratap pl lagqdir ef etirddes
ield, ejn i i | rst.stat.e, re is t ended caopjugation .

{ hr oughodie Mbgermhr eoietd 28, a8 molsdfin v T e St DR Al Pssrivyana
gap, and fshiaa®iced bdhd $ab chaS QRGeS atiLonesAltd fedvangacchamimpsigation 20 is

destroyed, resulting in a relatively |larger band gap. 3. The optical swtch
(101, 205, 207, 209 aplecefa ORI BTSSP SOBFBREPE e 11 el d i nduced band

gap gecurs via a Cgm%géfofé%&ﬂmgjugdﬁ_ﬂh uﬁ@hénqembﬁ_hfguﬁmggaichb%e@lierwncc hange
to change the band gap and wherein said electric field induced band gap
change oceéRiKs via a change of extended 25 conjugation via charge separation

or reconbi nation ageAAPARILhIRY. iiRes@dsi Ng or decreasi ng band
| ocalization. 4. The optical swtch (101, 205, 207, 209) of Caim3 wherein

sai d nol ecul ar system (630) conprises two portions (632, 634), wherein a

h f fi | i '
change Trom a &; The B%?c%ﬁ%’ﬁtgch ?IIO’;I Y g(ﬁ,:/ ?(?:78 2@%%%181%%’%&% 9% .ei%gtrl @iel%.pimldcgérjo m

electric fiel sal e arge separation in changing
sai d1bi r dendsgaptchaige wairsl visenwerdlas tafoemationehatgy or es isomenirgtigmand whekeat saide| y

| ar ger ban st at wWth.less t-delocalizati n c ' ' of
charge i n °§?%§ﬁ‘8?yﬁ%mf 891)1 CArd>s eai %" fit Og PP %rgé%?%4} fm;%s% 1ésa1 ta(%g? bttgﬂéé@%]y
resul t i ng4i2n wierahekad rot@l (f33 mabteefrotharfdstgap ©taateegndwiatdhwighe emspplied electric

n-del ocali zation. 35 5..The optical swtch .(1Q1, .205 07, 209), of Claim 3
Mo o1 n i Wi et e e Rt B e Bien SouttEn SR 3 Bhathep”
ext ended reQhijng gad re@fively dnallBEbihEgp, D0 Rédig iCiaageont Gtakhaiigatchded cHfuDRHD88837

PCT/ US02/,13275 36 .. | )
20 is destroyed, resulting in a relatively larger band gap.

3. The optical switch (101, 205, 207, 209) of Claim 1 wherein said electric field induced
band gap occurs via a change of extended conjugation via chemical bonding change to change the
band gap and wherein said electric field induced band gap change occurs via a change of extended

25  conjugation via charge separation or recombination accompanied by increasing or decreasing band

localization.

4. The optical switch (101, 205, 207, 209) of Claim 3 wherein said molecular system (630)

comprises two portions (632, 634), wherein a change from a first state to a second state occurs with

30  an applied electric field, said change involving charge separation in changing from said first state to
said second state, thereby resulting in a relatively larger band gap state, with less n-delocalization,

and recombination of charge in changing from said second state to said first state, thereby resulting in

a relatively smaller band gap state, with greater n-delocalization.

35 5. The optical switch (101, 205, 207, 209) of Claim 3 wherein said electric field induced

band gap occurs via a change of extended conjugation via chemical bonding change to change the



band gap and wherein said electric field induced band gap change occurs via
a change of extended conjugation via charge separation or reconbination
and n- bormiOleestisshg and formation. 6. The optical swtch @COASORORT5 207,
209) of Claim5 wherein said nolecular system (630'") 5 conprises two
portions (632", 634'), wherein a chang® froma first state to a second

state OC%%dS%W HIE%Q whgt%u ele%glcq‘lgﬁio}l&fcgd lIa'ng g%: ch%f?éedoc aude ch%&g Liy Hia&rar ge

separation | angl ng romsaid first sta sal d second”state, erein
in said fcbiujsdatian it ehargelsepagatios oextogtboheitbneod rivgiat breakutghnd)fmghmm sai d

nol ecul ar system (630'), resulting in a relatively |larger band gap state,
and wherein in said second state, said extended conjugation is destroyed
and separ at ed 6pUké dpties sairch (1egans, ey, Qb&)roge:malsevlefeaastamnalkcmm fysﬁmi (@0 )10

| | t | | at
ool *captigs MegpionniosD ek, Subsih fprapsedn F hih Sre ot Led St anr el | ol g
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736), a PP SCOMbIE SYe[erE paid et %{at? fhereS b Fofide ﬁonquz%ant hroMERUSER STt o a

second, G@sdnt @3019%&11&@ i zsaauvemﬁgalbamaga@@mgaﬁ WRIRIR irf daldSdeconll SR, §a@l @
second state occurs with an (5) electric field, said cha?cge i nvol vi ng
a8

a f ol di ngxErded cougaHphig desyavad Seaﬁratgdamoaltlg%@érvag%? ¢haggss are RasdaVihin $7ids 5 d

first st gffeculbh§EEm QSM&%Q%tl‘}&ﬂﬂin‘rbg@ltﬁaQ@gépraféughOUt sai d nol ecul ar system
(730), re- sulting in a relatively smaller band gap state, and wherein in

said second state, said extended c%y u- gation is destroyed, resulting in a
relatively | ar7géfhe beiival gyeijsh (M0, 805 ezﬁﬁitqf(%lmsWﬁ@ﬁn(Siléflectzgﬁeldzgdﬂce 09)
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by ei t hersulghini dweRusdLy sthalleAal igfadtdt® Bndhheeifl ﬁﬁs’a&%bdilg stafe, saiCdx@Adddngnju-
electric field to fgrmu\a} Vol at |.e SWIt%h r the color is changed abruptly
by the appiqndafsstpyedgesuipeinyie aBYﬂlyslér§ert P88 tch with at | east one
actigation barrier. 11. The optl caI SWI tch (101, 205, 207 209) of CI ai m 1
wherein said nol ecul ar syste 630, 630", 73 hanges eith

bet ween a trarfsphg @ﬁlcalssﬁ“’éfﬁlé(lﬁ hc?oéz ?(964 2(9?)3@ Glpigy b whrei é%‘ﬁé@ﬂ?cﬂﬁéyitﬁp 643«9d

state and;anainein) cined HidlfoviddO AROBER3EmEGEAUS02/ 13275 37 12. The
optical switch’ (101, 205, 207, 209) of Claim 1 wherein said nol ecul ar

system (430, 630 630", 730) changes bet ween one index of refraction and
anot her i ndex oippf Gﬁtfcé‘icswitgﬁ‘(lol, 205, 207, 209) of Claim 1 wherein said molecular system (430,

25 630, 630°, 730) has essentially a low activation barrier between different states to provide a fast, but

volatile, switch.

10. The optical switch (101, 205, 207, 209) of Claim 1 wherein said molecular system (430,

630, 630°, 730) has more than two switchable states, such that optical properties of said molecular

30  system (430, 630, 630°, 730) 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 abruptly by the application

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

11. The optical switch (101, 205, 207, 209) of Claim 1 wherein said molecular system (430,
35 630, 630°, 730) changes either between a transparent state and a colored state or between one colored

state and another colored state.



5 13. The nol ecul ar system (430, 630, 630", 730) of Caiml.
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12. The optical switch (101, 205, 207, 209) of Claim 1 wherein said molecular system

(430, 630, 630°, 730) changes between one index of refraction and another index of refraction.

5 13. The molecular system (430, 630, 630°, 730) of Claim 1.



