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BISTABLE MOLECULAR MECHANICAL DEVICES ACTIVATED
BY AN ELECTRIC FIELD FOR ELECTRONIC INK AND OTHER
VISUAL DISPLAY APPLICATIONS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application is a continuation-in-part application of Serial No.
09/844,862 filed April 27, 2001, which in turn is a continuation-in-part application of
Serial No. 09/823,195, filed March 29, 2001, which in turn is a continuation-in-part
application of Serial No. 09/759,438, filed January 12, 2001, now U.S. Patent No.
6,512,119, issued January 28, 2003, which in turn is a continuation-in-part application
of Serial No. 09/738,793, filed December 14, 2000.

[0002] The present application is directed to a specific molecular system that
involves at least one rotatable segment (rotor or rotors) that has a large dipole
moment and that links with at least one other portion of the molecule that is
immobilized (stator or stators). The molecular system disclosed herein provides
switching from one state to a different state, characterized by a change in the optical
properties, including color, of the molecules. In the case of color switching, the
present invention turns ink or dye molecules into active opto-electronic devices that
can be switched with an external electric field for electronic ink and other visual

display applications.

TECHNICAL FIELD

[0003] The present invention relates generally to visual display applications, such

as electronic ink, and, more particularly, to a molecular system that provides opti-
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cal switching. Optical devices of both micrometer and nanometer scale may be con-

structed in accordance with the teachings herein.

BACKGROUND ART

[0004] Flexible displays made with a technology known as electronic ink, or E
ink, are in the process of commercial development. While the early versions are ex-
pected to resemble simple displays that might sit by the side of a highway to warn of
trouble ahead or might advertise specials at a convenience store, later versions are ex-
pected to lead to electronic books with paper-like pages and illustrations that move,
newspapers that update themselves, reusable paper displays for cellular phones, dis-
posable TV screens, and even electronic wallpaper.

[0005] There are two presently-known competing technologies: E Ink’s elec-
trophoretic displays and Xerox’s gyricon spheres.

[0006] The electrophoretic displays are disclosed, for example, in U.S. Patent
6,017,584, issued January 25, 2000, and entitled “Multi-Color Electrophorectic Dis-
plays 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 Electrophoretic Dis-
play”.

[0007] 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 example is a system in which the
capsules contain two separate species of particles suspended in a clear suspending
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 particles, with or without a dye, etc. The particles are com-
monly solid pigments, dyed particles, or pigment/polymer composites.

[0008]. The gyricon spheres are disclosed in a number of patents issued and as-

signed on their face to Xerox Corporation; an example of one such patent is U.S. Pat-
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ent 5,892,346, issued November 9, 1999, and entitled “Fabrication of a Twisting Ball
Display Having Two or More Different Kinds of Balls”.

[0009] The gyricon, also called the twisting-ball display, rotary ball display,
particle display, dipolar particle light valve, etc., offers a technology for making a
form of electric paper. Briefly, a gyricon is an addressable display made up of a multi-
plicity of optically anisotropic balls, each of which can be selectively rotated to pre-
sent a desired face to an obsérver. Thus, in one version at least, the gyricon is a solid
microsphere, hemispherically-colored black and white and having hemispherically-
opposing zeta potentials. Each gyricon rotates within a dielectric oil-filled microcavity
formed in the media upon exposure to an externally-applied electric field.

[0010] The primary disadvantage of both electrophoretic ink and the gyricon is
poor contrast. Hemispherically-colored microspheres, or microcapsules, being fully
three dimensional, have backside reflection and scattering that reduce the contrast of
dark and white images reflected toward the observer. Additionally, both colorants are
at least partially visible in microcapules containing both particulate and liquid color-
ant, independent of which colorant is electrophoretically moved toward the observer.
This, too, negatively impacts image contrast.

[0011] The second disadvantage of both the electrophoretic ink and the
gyricon solutions is limited image resolution. Both solutions are limited to practical
microcapsule or microsphere diameters on the order of 20 to 40 micrometers. Electro-
phoretic ink microcapsules are limited by the need to microencapsulate sufficient
pigmented colorant to provide reasonable color contrast and opacity within each
microcapsule. Gyricon spheres are limited by thermal mass requirements to form
microspheres from coalesced colored droplets in water. Microsphere diameters on the
order of 5 to 10 micrometers are desired and common to toner colorant used in laser
printers.

[0012] Each prior solution must use a low dielectric liquid (oil), rather than
water. Water, being conductive, would collapse the electric field that otherwise allows
electrophoretic movement of the colorants. The colorant switching time and voltage is
dependent on oil viscosity, which is negatively impacted by lowered ambient tempera-

ture.
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[0013] Finally, the prior art colorants have poor mechanical durability by virtue of
their microcapsule composition. Microcapsule fabrication processes generally produce
micron thin capsule walls, typically 10% of the capsule diameter, that are easily broken.
This factor is why microcapsules are typically used to deliver encapsulated 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 where folding
and surface contact is common.

[0014] Thus, what is needed is a molecular system that exhibits image contrast and
mechanical durability commensurate with ink on paper, 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 display applications, such as e-ink.

DISCLOSURE OF INVENTION

[0015] In accordance with the present invention, a switchable medium for a visual
display comprising an electric field activated bi-stable molecular system configured
within an electric field generated by a pair of electrodes is provided. The molecular
system has at least one rotor portion connected to at least one stator portions, wherein the
rotor portion(s) rotates with respect to the stator portion(s) between at least two different
states upon application of the electric field, thereby inducing a band gap change in the
molecular system, wherein in a first state, there is substantial conjugation throughout the
molecular system, resulting in a relatively smaller band gap, and wherein in a second
state, the substantial conjugation is changed, resulting in a relatively larger band gap.

[0016] The present invention provides field switchable molecules that can be
assembled easily to make electronic ink, visual displays, electronic books, rewritable
media, and the like, in which the molecules reversibly change color when changing state
(e.g., one color to a second color or transparent to color). Such applications are

discussed elsewhere, and are not germane to the present invention, except to the ex-
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tent that the field switchable molecules of the present invention are employed in the
construction of apparatus of such applications.

[0017] Thus, the molecule is neither oxidized nor reduced in the toggling of the
switch. Further, the molecule exhibits image contrast and mechanical durability com-
mensurate with ink on paper. Also, the part of the molecule that moves is quite small
and free of viscous drag forces, so the switching time should be very fast.

[0018] A primary advantage of the molecular system of the present invention
is improved contrast. Because the colorant of the present invention is molecular and
thus effectively monoplanar, there should be no backside reflection or scattering from
the colorant. The background color (e.g., white) of the electronic media is provided by
the media substrate or substrate coating and is not compromised by the switchable
colorant.

[0019] 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.

[0020] Finally, each molecule of the present invention will latch to stabilize

one or the other of its color states.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] 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;

[0022] FIG. 1a is an enlargement of a portion of FIG. 1, showing the detail for a
colorant layer element of the display screen;

[0023] FIG. 2a is a schematic representation (perspective, transparent view) of a
full-color display screen construction for use in accordance with the present invention;
[0024] FIG. 2b is a view similar to that of FIG. 2a, but depicting a prior art ap-

proach;
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[0025] FIG. 3 is a schematic representation of a first method and apparatus for
writing and erasing in accordance with the present invention as shown in FIGS. 1 and
1a;
[0026] FIG. 4 is a schematic representation of a second method and apparatus

for writing and erasing in accordance with the present invention as shown in FIGS. 1

and la;

[0027] FIG. 5 depicts an alternate embodiment of the present invention as illus-
trated by FIGS. 1, 3, and 4;

[0028] FIG. 6 is a schematic model depicting an E-field-induced band gap

change via rotation of one portion (rotor) relative to two other portions (stators);

[0029] FIG. 7a depicts a molecule comprising a middle rotor portion with a
dipole and two end stator portions;

[0030] FIG. 7b is a schematic representation (perspective) of the molecule de-
picted in FIG. 5a, illustrating the planar state, with the rotor and stators all co-planar;
and

[0031] FIG. 7c is also a schematic representation (perspective), illustrating the

rotated state, with the rotor rotated 90° with respect to the stators.

BEST MODES FOR CARRYING OUT THE INVENTION

Definitions

[0032] The term “self-assembled” as used herein refers to a system that natu-
rally adopts some geometric pattern because of the identity of the components of the
system; the system achieves at least a local minimum in its energy by adopting this
configuration.

[0033] The term “singly configurable” means that a switch can change its state
only once via an irreversible process such as an oxidation or reduction reaction; such a
switch can be the basis of a programmable read-only memory (PROM), for example.
[0034] 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
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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.

[0035] The term “bi-stable” as applied to a molecule means a molecule having
two relatively low energy states separated by an energy (or activation) barrier. The
molecule may be either irreversibly switched from one state to the other (singly con-
figurable) or reversibly switched from one state to the other (reconfigurable).

[0036] Micron-scale dimensions refers to dimensions that range from 1 mi-
crometer to a few micrometers in size.

[0037] Sub-micron scale dimensions refers to dimensions that range from 1
micrometer down to 0.05 micrometers.

[0038] Nanometer scale dimensions refers to dimensions that range from 0.1
nanometers to 50 nanometers (0.05 micrometers).

[0039] Micron-scale and submicron-scale wires refers to rod or ribbon-shaped
conductors or semiconductors with widths or diameters having the dimensions of 0.05
to 10 micrometers, heights that can range from a few tens of nanometers to a mi-
crometer, and lengths of several micrometers and longer.

[0040] “HOMO?” is the common chemical acronym for “highest occupied mo-
lecular orbital”, while “LUMO” is the common chemical acronym for “lowest unoc- |
cupied molecular orbital”. HOMOs and LUMOs are responsible for electronic con-
duction in molecules and the energy difference between the HOMO and LUMO and
other energetically nearby molecular orbitals is responsible for the color of the mole-
cule.

[0041] An electronic ink, in the context of the present invention, involves
switchable changes in the electro-magnetic properties of the molecules, within that
spectral region detectable by the human eye. Switching of electronic ink molecules in-
cludes changes in properties such as absorption, reflection, refraction, diffraction, and

diffuse scattering of electro-magnetic radiation.

Electronic Ink
[0042] Field addressable rewritable media are described in greater detail in co-
pending U.S. application Serial No. , filed on _ _[PD-10011314-1}. A
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generic example taken from that application is depicted herein in FIG. 1. As illustrated
schematically in a magnified partial view in FIG. 1, electronic print media 10 com-
prises an electrochromic coating 12 affixed superadjacently to a backing substrate 14.
The electrochromic coating 12 is a molecular colorant coating that contains molecules
16 (represented 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 order to describe the print media 10, the
electrochromic molecules themselves are depicted as polarized lines 16 in FIG. la;
however, it should be recognized that there are literally “millions” of such molecules
per cubic micrometer of colorant. |

[0043] It will be immediately apparent that the electrochromic molecular col-
orants of the present invention are substantially and uniquely different than the micro-
capsule technology currently employed in electronic inks. Since the molecules of the
present invention themselves are changing color in response to an applied electric
field, the issues of contrast and image resolution are resolved. In the former case,
backside reflection and scattering of light is eliminated, since molecules, not micro-
spheres, are the agents of color change. In the latter case, again, molecules, being
much smaller than microspheres, result in greatly improved image resolution, switch-
ing speed, out-of-band transparency, and durability.

[0044] With respect to the molecular technology described in greater detail be-
low, the overwhelming advantage of electrochromic molecular colorants over micro-
capsule technology (see, Background of the Invention, supra) for electronic print me-
dia is the realization of standardized print contrast and image resolution. Such use of
electrochromic molecular colorants will provide readable content that resembles con-
ventional printing dyes or pigments on paper forms in color mode, color density, and
coating layer incorporability. As depicted in FIG. 2a, illustrating a stark contrast to the
combined absorption-reflection physics of hemispheric microcapsule technology as
depicted in FIG. 2b, in the high color density state 20 (e.g., black), the electrochromic
molecular colorant coating 12, comprising dye molecules 16, absorbs light uniformly
at all light incidence angles to provide conventional ink color density. In the transpar-

ent state 22 (FIG. 2a, right side), the bichromal molecules 16 of the present invention
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do not absorb any visible light appreciably, allowing media substrate 14 to fully show
through the coating layer 12. The difference between the two groups of molecules is
simply the energetic state in which they reside, as discussed more fully below. Thus,
to the observer, an electrochromic molecular colorant image appears substantially
identical to the image as it would appear in conventional ink print on paper. Namely,
gradations of the specific high density color, if any, are invisible to the naked eye. The
term “electrochromic molecular colorant” as used herein is expressly intended to in-
clude a plurality of different colorant molecules blended to form a layer that can
achieve a desired composite color other than the exemplary black state.

[0045] Referring to FIG. 2b, which depicts the prior art approach, it is seen
that microspheres 24, provided with a black hemisphere 24a and a white hemisphere
24b, are immersed in a liquid 26. Overlapping spheres in multiple layers are needed to
achieve adequate color density, limiting pixel resolution to the order of 300 to 400
dots-per-inch (“dpi”) (whereas the unaided vision, human eye can discriminate to
about 1,000 dpi or better resolution). Displays made from such microcapsules tend to
have poor contrast and color because light that penetrates beyond the surface layer re-
flects off of the backside of subadjacent microcapsules, causing color mixing. As seen
in FIG. 2b, poor image contrast arises from backside reflections from each microcap-
sule. Light entering and penetrating the interstices of a first layer of microcapsules 24
in the media surface coating 26 reflects and is absorbed by the backside 24b, as well
as the front side 24a, hemispheres of subsequent microcapsule layers. Low color den-
sity areas of the image become darker and high color density areas become lighter
than would otherwise occur if the microcapsules were of uniform color throughout
their exterior (as is true with pigments and dyes used in conventional printing proc-
esses). Thus, in a device using layers of bichromal microcapsules, the image is often
actually rendered dark gray against a light gray background.

[0046] It will be noted that the electrochromic molecular colorant depicted in
FIG. 2a is spatially addressable at its molecular (Angstrom) scale, allowing far greater
image resolution than the tens-of-micrometers scale of microcapsule colorants. A mo-

lecular wire adaptable for such use is described in U.S. Patent 6,128,214, entitled
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“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.

[0047] Further, the color switching time for the electrochromic molecular col-
orant pervaded pixel regions of the media 10 is significantly shorter than that for
microcapsule colorants, allowing significantly faster imaging speeds, in the main be-
cause the electrochromic molecules of the colorant are substantially stationary and
change color either through the movement of electrons, the twisting of molecular ele-
ments, 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.
[0048] Still further, electronic media 10 containing the electrochromic mo-
lecular colorant coating layer(s) as described in detail hereinafter have the durability
of print on conventional media and are not subject to colorant breakage through exter-
nally applied pressure in manufacture or use as is media coated with microcapsule
colorants.

[0049] In one embodiment, depicted in FIGS. 1 and 1a, the electronic media
10 is electric field addressable and is rewritable. The media 10 comprises (a) a
bichromal molecular electrochromic molecular colorant impregnated coating liquid
vehicle (hereinafter generically referred to as the coating 12 which forms the writable-
erasable layer of media 10) and (b) a substrate 14 upon which the coating is affixed.
[0050] The substrate 14 may comprise a variety of materials and forms. As
one example of typical hard copy application uses, the coating 12 may be affixed onto
a flexible plastic material substrate 14 in the approximate size, thickness, and shape of
common stationary letterhead. The particular substrate 14 composition implemented is
fully dependent on the specific application and, particularly, to the role that the sub-
strate plays in supporting or creating the electric field that is imposed across the coat-
ing layer 12.

[0051] The coating layer 12 of the media 10 comprises bichromal molecules
16 (FIGS. 1, 1a), or molecules in association with another chemical component, the
“vehicle”, having an electrical field responsive high color density state (hereinafter

simply “color state”) and a transparent state. The vehicle may include binders, sol-
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vents, flow additives, or other common coating additives appropriate for a given im-
plementation.

[0052] Preferably, the colorant of the coating 12 obtains a color state (e.g.,
black) when subjected to a first electrical field and a transparent state when subjected
to a second electrical field. The coating 12, or more specifically, the addressable pixel
regions of the media 10, in a preferred embodiment is thus referred to as “bi-stable”;
in other words, once set or written, the field targeted, “colored pixel”, molecules (the
“printed content”) remain in the current state until the second field is applied, “eras-
ing” the image by returning the molecules to their transparent state at the field targeted
pixels. No holding electrical field is required to maintain the printed content.

[0053] Alternatively, the colorant may be monostable, obtaining a localized,
first color state (e.g., transparent) which subjected to a localized electrical field, then
configuratively relaxing to a second color state (e.g., black) in the absence of the field.
[0054] Preferably, the chromatic reaction of each of the aforementioned color-
ant types is field reversible 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.

[0055] Although very different in constitution, the coating composition em-
ployed herein is analogous to conventional coating formulation technology. The con-
stituents will depend on the rheology and adhesion needs of the printing/coating proc-
ess 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 substrate 14.
This amount is usually determined by desired image color density. The coating 12 will
also typically include a polymeric binder to produce a dried or cured coating layer on
the substrate 14 in which the electrochromic molecular colorant is suspended. Alterna-
tively, the solids content may include as much as 100% colorant for certain known
manner evaporative deposition methods wherein the colorant, or an associated vehi-
cle, is evaporated. In the case of colorant evaporation, there may be no associated ve-
hicle.

[0056] In some instances, the colorant must be pre-oriented within the depos-

ited coating layer 12 to allow the optimum alignment with the electrical field that will
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be used to write and erase a printed content. Such orientation may be achieved by so-
lidifying the deposited coating layer 12 under the influence of a simultaneously ap-
plied electric field across the media 10.

[0057] In one specific embodiment, the coating 12 comprises electrochromic
molecular colorant and a liquidous, ultraviolet (UV) curable, prepolymer (e.g.,
(meth)acrylate or vinyl monomers/oligomers). The polymer in this instance is formed
in situ on the media substrate 10 when subjected to UV radiation. Such prepolymers
are well-known in the coatings art.

[0058] In a second specific embodiment, coating solidification may occur
through thermally activated vehicle chemical reactions common to epoxy, urethane,
and thermal free radical activated polymerization.

[0059] In a third specific embodiment, coating solidification may occur
through partial or total vehicle evaporation.

[0060] The colorant may also self-orient through colorant/coating design that
allows a self-assembled lattice structure, wherein each colorant monomer aligns with
adjacent colorant monomers. Such design and lattice structures, for example, are
common to dendrimers and crystals. Processes for self-assembly may include sequen-
tial monolayer deposition methods, such as well-known Langmuir film and gas phase
deposition techniques.

[0061] The substrate 14 should be fabricated of a material having a dielectric
constant and electrical conductivity which complements that of the colorant coating
layer 12.

[0062] Turning now to FIG. 3, for the implementation such 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 dielec-
tric constant colorant coating 12 is desirable to prevent field shunting within the coat-
ing layer. The electrical properties of the substrate 14 are less important with such

fringe fields (represented by dashed arrow 307) type writing instruments.
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[0063] 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, em-
ployable substrates 14 are selected from the group consisting of titania-filled plastics,
certain high dielectric constant resin-impregnated papers, and metals.

[0064] For certain implementations, e.g., large display boards, it is desirable to
coat substrates having an electrode or array of electrodes included on the substrate sur-
face to be coated. Representative substrates include metal-clad fiberboards, printed
circuit boards, metallized glass, surface-etched metallized glass, graphite impregnated
rubbers and plastics, sheet metals, and the like.

[0065] Turning now to FIG. 5, in a more costly embodiment, the media 10’
may include a substrate 14 having a reflective substrate 501 coated with a preferred
background color layer 503, wherein the background color remains fixed and inde-
pendent of the imposed electric writing fields (dashed arrow 505). This surface 501
will normally create the background color of the media 10’ when the molecular color-
ant coating layer 12 is switched to the transparent state. Such surface coatings gener-
ally comprise a conventional pigment or colorant incorporated in a polymer binder. As
with the substrate 14, the coating layer 503 comprises a binder and colorant of a com-
position chosen to maintain the integrity of the electric field 505 imposed on the me-
dia 10’ and to minimize additional voltage drop across the media. Alternatively, a
conventional pigment or colorant may be incorporated into the substrate 14 itself.
Such surface coating and incorporated substrate coloration fabrication processes are
well-known in the media art.

[0066] The media 10’ may further include a protective surface layer 507. In
general, the protective surface layer 507 is visibly transparent and protects the colorant
coating 12 from abrasion, photo-oxidative color fade, chemical decomposition, or
other environmentally-imposed factors that may alter the integrity of the media 10°.

Fabrication of the protective surface layer 507 can be performed in a known manner,
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such as a polymeric coating, a transparent material deposition, or a laminate. As ex-
amples, polymethyl methacrylate and polyurethane type polymeric coatings are known
to contain ultraviolet radiation absorbing additives; thin film, vapor deposited, glass
and polymer laminate films may also be employed. Methods of layer application are
also well-known in the art. As with the substrate 14, the protective surface layer is
preferably composed to maintain the integrity of the electric field imposed on the me-

dia 10’ and to minimize additional voltage drop across the media.

Present Invention

[0067] In accordance with the present invention, a molecule system is pro-
vided that comprises at least one rotatable segment (rotor or rotors) that has a large di-
pole moment and that links at least one other portions of the molecule that are immo-
bilized (stator or stators). Thus, the present invention turns ink or dye molecules into
active devices that can be switched with an external electric field by a mechanism
completely different from any previously described electro-chromic or chromogenic
material.

[0068] Under the influence of an applied electric field, the vector dipole mo-
ment of the rotor will attempt to align parallel to the direction of the external field.
However, the molecule is designed to have inter- and/or intra-molecular forces, such
as hydrogen bonding or dipole-dipole interactions as well as steric repulsions, that
stabilize the rotor in particular orientations with respect to the stator(s). Thus, a large
field is required to cause the rotor(s) to unlatch from an initial orientation and rotate
with respect to the stator(s), if the direction of the applied field is opposite to that of
the dipole of the rotor. Once switched into a particular orientation, the molecule will
remain in that orientation until it is switched out. For most electronic ink applications,
the voltage will be greater than 1 volt, perhaps 1 to 50 volts.

[0069] There are a number of combinations that can be envisioned; examples
include, but are not limited to, (1) one rotor connected to one stator, (2) one rotor con-
nected between two stators (one preferred combination), (3) two or more rotors each
connected to one stator, and (4) alternating rotors and stators. Depending on the spe-

cific configuration, the stator(s) may be connected to another stator on another mole-
Case 10003868



10

15

20

25

30

15 29 Nov 2005

cule or to a substrate in order to immobilize the stator(s) with respect to the rotor(s).
In employing the terms “rotor” and “stator”, it will be appreciated that what is meant
is one part of the molecule rotating with respect to another part of the molecule; thus,
the motion of one segment in the molecule with respect to another is relative.

[0070] One embodiment of the molecule design is that there is a steric or Cou-
lomb repulsion that will prevent the rotor from rotating through a complete 180 degree
half cycle. Instead, the rotation is halted by the steric interaction of bulky groups on
the (1) rotor(s), or (2) stator(s) or (3) both the rotor(s) and stator(s) at an angle of ap-
proximately 10 to 170 degrees from the initial orientation. Furthermore, this 10 to 170
degree orientation is stabilized by a different set of inter- and/or intramolecular hydro-
gen bonds or dipole interactions, and is thus latched into place even after the applied
field is turned off. For colored ink and dye molecules, this ability to switch the rotor
between two states separated by approximately 10 to 170 degrees from the stators is
crucial. |

[0071] In the ideal case, for the orientation where the rotor(s) and stator(s) are
all co-planar, the molecule is in its fully conjugated state. Thus, the 1t or ®-and non-
nonebonding-electrons of the molecule are delocalized over a large portion of the
molecule. 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 orbitals are delocalized,
the gap between the HOMO and LUMO is relatively small. In this case, the HOMO-
LUMO gap of the molecule is designed to yield the desired color of the ink or dye.
The HOMO-LUMO gap for the all-paralle] structure can be tuned by substituting
various chemical groups onto the stators and/or rotor(s). In the case where one or
more rotor is rotated by 10 to 170 degrees with respect to one or more stator (nomi-
nally, 90 degrees), the conjugation of the molecule is broken and the HOMO and
LUMO are no longer delocalized over the large portion of the molecule. This has the
effect of shrinking the size of the box, which causes the HOMO-LUMO gap to in-
crease. Depending on the nature of the chemical substituents bonded to the rotor(s)
and stator(s), this increased HOMO-LUMO gap will correspond to a color that is

blue-shifted with respect to the color of the all-parallel structure or is even totally

Case 10003868



10

15

20

25

30

16 29 Nov 2005

transparent, if the new HOMO-LUMO gap is large enough. Thus, the molecule is
switchable between two colors or from one color to a transparent state.

[0072] The molecules of the present invention evidence an electric field (“E-
field”) induced rotation of at least one rotatable section (rotor) of a molecule to change
the band gap of the molecule. Thus, the color switching is the result of an E-field
induced intramolecular change rather than a diffusion or oxidation/reduction reaction, in
contrast to prior art approaches. Also, the part of the molecule that moves is quite small,
so the switching time is expected to be quite fast.

[0073] The following requirements must be met:

[0074] (a) The molecule must have one or more rotor segments and
one or more stator segments;

[0075] (b) In one state of the molecule, there should be delocalized 7-
states that extend over a large portion of the molecule (rotor(s) and stator(s)), whereas
in the other state, the m—states are localized on the rotor(s) and stator(s);

[0076] (c) The connecting unit between rotor(s) and stator(s) can be a
single 6-bond or at least one atom with (1) non-bonding electron(s), or (2) -
electrons, or (3) m-electrons and non-bonding electron(s);

[0077] (d) The non-bonding electrons, or n-electrons, or m-electrons
and non-bonding electron(s) of the rotor(s) and stator(s) can be localized or de-
localized depending on the conformation of the molecule, while the rotor(s) rotate(s)
when activated by an E-field;

[0078] (e) The conformation(s) of the molecule can be E-field depend-
ent or bi-stable;

[0079] (f) The bi-stable state(s) can be achieved by intra- or inter-
molecular forces such as hydrogen bonding, Coulomb force, van der Waals force,
metal ion complex or dipole inter-stabilization; and

[0080] (g) The band gap of the molecule will change depending on the
degree of non-bonding electron, or n-electron, or m-electron and non-bonding electron
de-localization of the molecule. This will control the optical properties (e.g., color

and/or index of refraction, etc.) of the molecule.
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[0081] The novel bi-modal molecules of the present invention are active opti-
cal devices that can be switched with an external electric field. With reference to
FIGS. 6 and 7a-7c, which depict a schematic stator-rotor-stator configuration (FIG. 6)
and one preferred embodiment (FIGS. 7a-7c), the general idea is to design into the
molecules a rotatable segment (rotor) 632 that has a large dipole moment (see Exam-
ples 1 and 2) and that links one or preferably two other portions of the molecule 630
that are immobilized (stators) 634. Under the influence of an applied electric field, the
vector dipole moment of the rotor 632 will attempt to align parallel to the direction of
the external field. However, the molecule 630 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 632 in particular orientations with
respect to the stators 634. Thus, a large electric field is required to cause the rotor 632
to unlatch from its initial orientation and rotate with respect to the stators 634.

[0082] Once switched into a particular orientation, the molecule 630 will re-
main in that orientation until it is switched out. However, in one embodiment of the
molecule design, there is a steric or Coulombic repulsion that will prevent the rotor
632 from rotating through a complete 180° half cycle. Instead, the rotation is halted by
the steric interaction of bulky groups on the rotor 632 and stators 634 at an optically
significant angle of typically between 10° and 170° from the initial orientation. For the
purposes of illustration, this angle is shown as 90° in the present application. Further-
more, this switching orientation may be stabilized by a different set of inter- and/or in-
tra-molecular hydrogen bonds or dipole interactions, and is thus latched in place even
after the applied field is turned off. For switch molecules, this ability to latch the rotor
632 between two states separated by an optically significant rotation from the stators
is crucial.

[0083] The foregoing strategy may be generalized to design colorant molecules
to provide several switching steps so as to allow multiple states (more than two) to pro-
duce a multi-state (e.g., multi-color) system. Such a system permits the optical proper-
ties of the colorant layer to be tuned continuously with a decreasing or increasing elec-

tric field or changed abruptly from one state to another by applying a pulsed field.
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[0084] Further, the colorant molecules may be designed to include the case of no,
or low, activation barrier for fast but volatile switching. In this latter situation, bi-
stability is not required, and the molecule is switched into one state by the electric field
and relaxes back into its original state upon removal of the field (“bi-modal”). In effect,
these forms of the bi-modal colorant molecules are “self-erasing”. In contrast, with bi-
stable colorant molecules, the colorant molecule remains latched in its state upon
removal of the field (non-volatile switch), and the presence of the activation barrier in
that case requires application of an opposite field to switch the molecule back to its
previous state.

[0085] When the rotor(s) 632 and stator(s) 634 are all co-planar, the molecule is
referred to as “more-conjugated”. Thus, the non-bonding electrons, or n-electrons, or mt-
electrons and non-bonding electrons of the molecule, are delocalized over a large portion
of the molecule 630. This is referred to as a “red-shifted state” for the molecule, or
“optical state I”. In the case where the rotor(s) 632 is(are) rotated out of conjugation
with respect to the stator(s) 634, the conjugation of the molecule 630 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 the molecule 630, or “optical state II”.
Thus, the colorant molecule 630 is reversibly switchable between two different optical
states. It will be appreciated that while 90° rotation of the rotor is depicted in FIG. 7c,
for example, the rotation in fact may be any angle that changes conjugation, as discussed
above.

[0086] It will be appreciated by those skilled in the art that in the ideal case, when
the rotor(s) 632 and stator(s) 634 are completely coplanar, then the molecule is fully
conjugated, and when the rotor(s) 632 is(are) rotated at an angle of, say, 90° with respect
to the stator(s) 634, then the molecule is non-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” in the latter case.
Further, the terms “red-shifted” and “blue-shifted” are not meant to convey any
relationship to hue, but rather the direction in the electromagnetic energy spectrum of the

energy shift of the gap between the HOMO and LUMO states.
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[0087] Examples 1 and 2 below show two different orientations for switching
the molecules. In Example 1, the rotation axis of the rotor is designed to be nearly
perpendicular to the orientation axis of the molecules, whereas in Example 2, the rota-
tion axis is parallel to the orientation axis of the molecule. These designs allow differ-
ent geometries of molecular films and electrodes to be used, depending on the desired
results.

[0088] Turning first to Example 1a, this depicts a first generic molecular ex-
ample for the present invention. Example 1b, which follows, depicts a specific mo-

lecular system.

Con1 ---- Connecting Group

Coni—SA Con,, ---- Connecting Group
A SB - Stator B
SA ---- Stator A
D* A’---- Acceptor (Electron withdrawing group)
SB—Cony D*--- Donor (Electron donating group)
Example 1a

[0089] where:

[0090] The letter A" represents an Acceptor group; it is an electron-withdrawing
group. It may be one of the 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 groups with at least one of above-
mentioned hetero atoms (e.g., OH, SH, NH, etc.), hydrocarbons (either saturated or
unsaturated) or substituted hydrocarbons.

[0091] 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 substituted hydrocarbon or functional group with at least one of het-
ero atom (e.g., B, Si, I, N, O, S, P). 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.
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[0092] The letters Con; and Con; represent optional connecting units between one
molecule and another molecule or between one molecule and a substrate. They may be
any one of the following: hydrogen (utilizing a hydrogen bond), multivalent hetero at-
oms (i.e., C, N, O, S, P, etc.) or functional groups containing these hetero atoms (e.g.,
NH, PH, etc.), hydrocarbons (either saturated or unsaturated) or substituted hydrocar-
bons.

[0093] 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 hydrocarbon units contain conjugated rings that contribute to the ex-
tended conjugation of the molecule 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, imine, azo, etc.) is
typically used to connect the stator to the rotor or to connect two or more conjugated
rings to achieve a desired chromophore. The connector may alternately comprise a
single atom bridge, such as an ether bridge with an oxygen atom, or a direct sigma
bond between the rotor and stator. The spacing groups (e.g., phenyl, isopropyl or tert-
butyl, etc.) are used to provide an appropriate 3-dimensional scaffolding to allow the
molecules to pack together while providing space for each rotor to rotate over the de-
sired range of motion.

[0094] Example 1b below is a real molecular example of one embodiment of
the present invention. In Example 1b, the rotation axis of the rotor is designed to be
nearly perpendicular to the net current-carrying axis of the molecules, whereas in Ex-
ample 2b, the rotation axis is parallel to the orientation axis of the molecule. These
designs allow different geometries of molecular films and electrodes to be used, de-

pending on the desired results.
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Switch Off
=i

Switch On

Transition State

Switch On/SWnch oft

Off State (Optical State Il)

Example 1b

[0095] where:

[0096] The letter A™ is an Acceptor group; it is an electron-withdrawing group. It may
be one of following: 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), functional group with at least one of above-mentioned hetero atoms (e.g., OH,
SH, NH, etc.), hydrocarbons (either saturated or unsaturated), or substituted hydrocar-
bons.

[0097] 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
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unsaturated), or substituted hydrocarbon or functional group with at least one of het-
ero atom (e.g., B, Si, I, N, O, S, P). 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.

[0098] The letters Con; and Con, represent optional connecting units between one
molecule and another molecule or between a molecule and the solid substrate. 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-
oms (e.g., NH, PH, etc.), hydrocarbons (either saturated or unsaturated) or substituted
hydrocarbons.

[0099] Letters Ry, Ry, R3 represent spacing groups built into_the molecule. The func-
tion of these spacer units is to provide an appropriate 3-dimensional scaffolding to al-
low the molecules to pack together while providing rotational space for each rotor.
They may be any one of the following: hydrogen, hydrocarbon (either saturated or un-
saturated) or substituted hydrocarbon.

[0100] Letters Gy, G2, Gs, and G4 are bridging groups. The function of these bridging
groups is to connect the stator and rotor or to connect two or more conjugated rings to
achieve a desired chromophore. They may be any one of the following: hetero atoms
(e.g., N, O, S, P, etc.) or functional groups with at least one of above-mentioned het-
ero 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 atom, or a direct sigma bond between
the rotor and stator.

[0101] In Example 1b above, the vertical dotted lines represent other molecules
or organic or inorganic solid substrates, to which the molecule is optionally linked. The
direction of the switching field is perpendicular to the vertical dotted lines.
Alternatively, the linking moieties (Con; and Con,) may be eliminated, and the molecule
may be simply placed between the two electrodes. The molecule shown above (Exam-
ple 1b) has been designed with the internal rotor 632 perpendicular to the orientation
axis of the entire molecule 630. In this case, the external field is applied along the ori-

entation axis of the molecule 630 as pictured - the electrodes (vertical dotted lines) are
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oriented perpendicular to the plane of the paper and perpendicular to the orientation
axis of the molecule 630. Application of an electric field oriented from left to right in
the diagrams will cause the rotor 632 as pictured in the upper diagram to rotate to the
position shown on the lower right diagram, and vice versa. In this case, the rotor 632
as pictured in the lower right diagram is not coplanar with the rest of the molecule, so
this is the blue-shifted optical state of the molecule, whereas the rotor is coplanar with
the rest of the molecule on the upper diagram, so this is the red-shifted optical state of
the molecule. The structure shown in the lower left diagram depicts the transition state
of rotation between the upper diagram (co-planar, conjugated) and the lower right dia-
gram (central portion rotated, non-conjugated).

[0102] With the rotor rotated out of planar conjugation, the molecule depicted
in Example 1b is chromatically transparent, or blue-shifted. In the conjugated state,
the molecule evidences color, or is red-shifted.

[0103] For the molecules of Example 1b, a single monolayer molecular film is
grown, for example using Langmuir-Blodgett techniques or self-assembled monolay-

ers, such that the orientation axis of the molecules is perpendicular to the plane of the

. electrodes used to switch the molecules. Electrodes may be deposited in the manner

described by Collier et al, supra, or methods described in the above-referenced patent
applications. Alternate thicker film deposition techniques include vapor phase deposi-
tion, contact or ink-jet printing, or silk screening.

[0104] Example 2a below depicts a second generic molecular example in ac-
cordance with the teachings herein. Example 2b, which follows, depicts a specific mo-

lecular system.

Cony ---- Connecting Group

A Con, ---- Connecting Group
Con—SA SB—C SB ---- Stator B
on one SA - Stator A

A ---- Acceptor (Electron withdrawing group)

D*--- Donor (Electron donating group)
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Example 2a

[0105] where:

[0106] 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 saturated or unsaturated) or substituted
hydrocarbon.

[0107] 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 substituted hydrocarbon or functional group with at least one of het-
ero atom (e.g., B, Si, I, N, O, S, P). 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.

[0108] The letters Con; and Con, represent optional connecting units between one
molecule and another molecule or between a molecule and a solid substrate, as in the
above examples. They may be any one of the following: hydrogen (utilizing a hydro-
gen bond), multivalent hetero atoms (i.e., C, N, O, S, P, etc.) or functional groups con-
taining these hetero atoms (e.g., NH, PH, etc.), hydrocarbons (either saturated or un-
saturated) or substituted hydrocarbons.

[0109] The letters SA and SB are used here to designate Stator A and Stator B. They
can be a hydrocarbon (either unsaturated or saturated) or substituted hydrocarbon.
Typically, these hydrocarbon units contain conjugated rings that contribute to the ex-
tended conjugation of the molecule when it is in a planar state (red shifted state). In
those stator units, they may contain bridging groups G, and/or spacing groups R,. A
bridging group is typically used to connect the stator and rotor or to connect two or
more conjugated rings to achieve a desired chromophore The connector may alter-
nately comprise a single atom bridge, such as an ether bridge with an oxygen atom, or

a direct sigma bond between the rotor and stator. A spacing group provides an appro-
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priate 3-dimensional scaffolding to allow the molecules to pack together while provid-

ing rotational space for each rotor.
[0110] Example 2b below is another real molecular example of a second em-
bodiment of the present invention. As indicated above, in Example 2b, the rotation

axis of the rotor is designed to be nearly parallel to the orientation axis of the mole-

cule.
Ra
Re—&—
Rz R
R3 Ry A ' R Rs
Jy Ge Gy
Con Gy Ga Gs G Cong
R +
3 D Ra Rs
Rﬁz Ri
Rz
R4 R1
On State (Optical State I)
Switch On Switch Off
R
R—& P
Rz R
R
R R Rs
Ji Ge Gy
Con C\-\u ”G4 Gs Gg Con
Gz Ga Ja
Rf2 R
Ro
Ry Ry
[0111] Oft State (Optical State If)

Case 10003868



10

15

20

25

30

26 29 Nov 2005

Example 2b
[0111] where:
[0112] The letter A" is an Acceptor group; it is an electron-withdrawing group. It may
be one of following: carboxylic acid or its derivatives, sulfuric acid or its derivatives,
phosphoric acid, 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.), hy-
drocarbons (either saturated or unsaturated) or substituted hydrocarbons.
[0113] 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 substituted hydrocarbon or functional group with at least one of het-
ero atom (e.g., B, Si, I, N, O, S, P). 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.
[0114] The letters Con, and Con, represent optional connecting units between one
molecule and another molecule or between a molecule and the solid substrate. 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-
oms (e.g., NH, PH, etc.), hydrocarbons (either saturated or unsaturated) or substituted
hydrocarbons.
[0115] The letters Ry, R, and R; 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 together while providing rotational space for each ro-
tor. They may be any one of the following: hydrogen, hydrocarbon (either saturated or
unsaturated) or substituted hydrocarbon.
[0116] The letters Gy, Ga, Gs, G4, Gs, Gg, G7, and Gg are bridging groups. The func-
tion of these 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
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comprise a single atom bridge such as an ether bridge with an oxygen atom, or a direct
sigma bond between the rotor and stator.

[0117] The letters J; and J, represent tuning groups built into the molecule. The func-
tion of these tuning groups (e.g., OH, NHR, COOH, CN, nitro, etc.) is to provide an
appropriate functional effect (e.g. both inductive effect and resonance effects) and/or
steric effects. The functional effect is to tune the band gap (AEuomonumo) of the mole-
cule 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, Coulomb interaction, 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 saturated or unsaturated) or substituted hydrocarbons.

[0118] The molecule shown above (Example 2b) has been designed with the
internal rotor parallel to the orientation axis of the entire molecule. In this case, the
external field is applied perpendicular to the molecular axis - the electrodes are ori-
ented parallel to the long axis of the molecule and can be either nominally perpendicu-
lar or parallel to the plane of the above model structures. For example, application of
an electric field to the upper molecule shown above where the field lines are perpen-
dicular to the molecular axis and pointing upward will cause the rotor as pictured in
that diagram to rotate to approximately 90 degrees and appear edge on, as shown in
the lower molecular diagram above, and vice versa. In this case, the rotor as pictured
in the lower diagram is not coplanar with the rest of the molecule, so this is the blue-
shifted optical state of the molecule, or optical state II, whereas the rotor is coplanar
with the rest of the molecule on the upper diagram, so this is the red-shifted optical
state of the molecule, or optical state L

[0119] For the molecules of Example 2b, the films are grown such that the
molecular axis is parallel to the plane of the electrodes. This may involve films that
are multiple monolayers thick. The molecules form solid-state or liquid crystals in

which the large stator groups are locked into position by intermolecular interactions or
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direct bonding to a support structure, but the rotor is small enough to move within the
lattice of the molecules.

[0120] FIG. 7a depicts molecules similar to those of Examples 1b and 2b, but
simpler, comprising a middle rotor portion 632 and two end stator portions 634. As in
Examples 1b and 2b, the rotor portion 632 comprises a benzene ring that is provided
with substituents that render the rotor with a dipole. The two stator portions 634 are
each covalently bonded to the benzene ring through an azo linkage, and both portions
comprise an aromatic ring.

[0121] FIG. 7b is a schematic representation (perspective), illustrating the pla-
nar state, with the rotor 632 and stators 634 all co-planar. In the planar state, the mole-
cule 630 is fully conjugated and evidences color (first spectral or optical state). The
conjugation of the rings is illustrated by the mt-orbital clouds 700a, 700b above and be-
low, respectively, the plane of the molecule 630.

[0122] FIG. 7c is also a schematic representation (perspective), illustrating the
rotated state, with the rotor 632 rotated 90° with respect to the stators 634, which re-
main co-planar. In the rotated state, the conjugation of the molecule 630 is broken.
Consequently, the molecule 630 is in its second spectral (or optical) state.

[0123] For color displays, appropriate molecules can be designed that change
state from transparent to a particular color or change state from one color to another.
For text, it is desired to employ black contrasted with white, as presently done with
printed text. White is achieved, as described above, using a white substrate and mole-
cules having a transparent state. To achieve a black color, it is only necessary to rec-
ognized that a fully conjugated molecule absorbs across the visible spectrum with an
intensity and increasing wavelength that increases with conjugation (more rings). The
limit is graphite (carbon black).

[0124] The technology disclosed and claimed herein for forming E-field
switchable molecules may be used to assemble electronic ink displays and other visual

displays.
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INDUSTRIAL APPLICABILITY

[0125] The field-switchable molecules disclosed herein are expected to find use

in electronic ink applications as well as a variety of visual displays.
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CLAIMS
What Is Claimed Is:

1. A switchable medium for a visual display comprising an electric field
activated molecular system configured within an electric field generated by a pair of
electrodes, said molecular system having at least one rotor portion connected to at least
one stator portion, wherein said at least one rotor portion rotates with respect to said at
least one stator portion between at least two different states upon application of said
electric field, thereby inducing a band gap change in said molecular system, wherein in
a first state, there is extended conjugation throughout said molecular system, resulting
in a relatively smaller band gap, and wherein in a second state, said extended

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

2. The switchable medium of Claim 1 wherein said molecular system has an
orientation axis and wherein said rotor portion is oriented perpendicular to said

orientation axis, with said external electric field applied parallel to said orientation axis.

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

Conj ---- Connecting Group

Conr—SA Con,, ---- Connecting Group
A SB - Stator B
SA ---- Stator A
D* A ---- Acceptor (Electron withdrawing group)
SB—Corz D*--- Donor (Electron donating group)

where:
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A" is an Acceptor group comprising an electron-withdrawing group selected from the
group consisting of: (a) hydrogen, (b) carboxylic acid and its derivatives, (c) sulfuric
acid and its derivatives, (d) phosphoric acid and its derivatives, (e) nitro, (f) nitrile, (g)
hetero atoms selected from the group consisting of N, O, S, P, F, Cl, Br, and I), (h)
functional groups with at least one of said hetero atoms, (i) saturated or unsaturated
hydrocarbons, and (j) substituted hydrocarbons;

D" is a Donor group comprising an electron-donating group selected from the
group consisting of: (a) hydrogen, (b) amines, (c) OH, (d) SH, (e) ethers, (f) saturated or
unsaturated hydrocarbons, (g) substituted hydrocarbons, and (h) functional groups with
at least one hetero atom selected from the group consisting of B, Si, I, N, O, S, and P,
wherein said Donor group is more electropositive than said Acceptor group;

Con,; and Con, are optional connecting units between one molecule and another
molecule or between a molecule and a solid substrate, said connecting units 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 or unsaturated hydrocarbons, and (e)
substituted hydrocarbons; and

SA and SB designate Stator A and Stator B, respectively, which may be the
same or different and are independently selected from the group consisting of (a)
saturated or unsaturated hydrocarbons and (b) substituted hydrocarbons, wherein said
hydrocarbon units contain conjugated rings that contribute to an extended conjugation
of the molecule when it is in a planar state (red shifted state), wherein said stators
optionally contain at least one bridging group G,, at least one spacing group R,, or both,
wherein said at least one bridging group is either (a) selected from the group consisting
of acetylene, ethylene, amide, imide, imine, and azo and is used to connect said stators
to said rotor or to connect at least two conjugated rings to achieve a desired
chromophore or (b) selected from the group consisting of a single atom bridge and a
direct sigma bond between said rotor and said stators and wherein said at least one
spacing group is selected from the group consisting of phenyl, isopropyl, and tert-butyl

and is used to provide an appropriate 3-dimensional scaffolding to allow molecules to
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pack together while providing rotational space for each rotor to rotate over a desired

range of motion.

4. The switchable medium of Claim 3 wherein said molecular system comprises

Off Stale (Optical State 1)

where:
A’ is said Acceptor group;
D" is said Donor group;

Con; and Con; are said optional connecting units;
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Rj, Ry, Rs, are said spacing groups, which are independently selected from the
group consisting of: (a) hydrogen, (b) saturated or unsaturated hydrocarbons, and (c)
substituted hydrocarbons; and
Gi, G2, Gs, and Gy are said bridging groups, which are independently 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) saturated or

unsaturated hydrocarbons, and (d) substituted hydrocarbons.

5. The switchable medium of Claim 1 wherein said molecular system has an
orientation axis and wherein said rotor portion is oriented parallel to said orientation

axis, with said external electric field applied perpendicular to said orientation axis.

6. The switchable medium of Claim 5 wherein said molecular system comprises:
A

Con—SA SB—Com

where:

A" is an Acceptor group comprising an electron-withdrawing group selected
from the group consisting of: (a) hydrogen, (b) carboxylic acid and its derivatives, (c)
sulfuric acid and its derivatives, (d) phosphoric acid and its derivatives, (e) nitro, (f)
nitrile, (g) hetero atoms selected from the group consisting of N, O, S, P, F, Cl, and Br,
(h) functional groups with at least one of said hetero atoms, (i) saturated or unsaturated
hydrocarbons, and (j) substituted hydrocarbons;

D" is a Donor group comprising an electron-donating group selected from the
group consisting of: (a) hydrogen, (b) amines, (c) OH, (d) SH, (e) ethers, (f) saturated or

unsaturated hydrocarbons, (g) substituted hydrocarbons, and (h) functional groups with
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at least one hetero atom selected from the group consisting of B, Si, I, N, O, S, and P,
wherein said Donor group is more electropositive than said Acceptor group;

Con; and Con, are optional connecting units between one molecule and another
molecule or between a molecule and a solid substrate selected from the group consisting
of a metal electrode, an inorganic substrate, and an organic 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 or
unsaturated hydrocarbons, and (e) substituted hydrocarbons; and

SA and SB designate Stator A and Stator B, respectively, which may be the
same or different and are independently selected from the group consisting of (a)
saturated or unsaturated hydrocarbons and (b) substituted hydrocarbons, wherein said
hydrocarbon units contain conjugated rings that contribute to an extended conjugation
of the molecule when it is in a planar state (red shifted state), wherein said stators
optionally and separately contain at least one bridging group G,, at least one spacing
group R, or both, wherein said at least one bridging group is either (a) selected from
the group consisting of acetylene, ethylene, amide, imide, imine, and azo and is used to
connect said stators to said rotor or to connect at least two conjugated rings to achieve a
desired chromophore or (b) selected from the group consisting of a single atom bridge
and a direct sigma bond between said rotor and said stators and wherein said at least one
spacing group is selected from the group consisting of phenyl, isopropyl, and tert-butyl
and is used to provide an appropriate 3-dimensional scaffolding to allow molecules to
pack together while providing rotational space for each rotor to rotate over a desired

range of motion.
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7. The switchable medium of Claim 6 wherein said molecular system comprises:

Off State (Optical State I1)

where:

A’ is said Acceptor group;

D" is said Donor group;

Con; and Con; are said optional connecting units;

R, R; and Rj; are said spacing groups, which are independently selected from
the group consisting of: (a) hydrogen, (b) saturated or unsaturated hydrocarbons, and (c)
substituted hydrocarbons;

Gi, Gz, Gs, G4, Gs, Gg, G7 and Gg are said bridging groups, which are

independently selected from the group consisting of: (a) hetero atoms selected from the
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group consisting of N, O, S, and P, (b) functional groups with at least one of said hetero
atoms, (c) saturated or unsaturated hydrocarbons, and (d) substituted hydrocarbons; and

J; and J, are tuning groups to provide at least one appropriate functional effect
selected 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.

8. The switchable medium of Claim 1 wherein said molecular system is bi-stable.

9. The switchable medium of Claim 1 wherein said molecular system has
essentially a low activation barrier between different states to provide a fast, but volatile,

switch.

10. The switchable 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 abruptly by the application of voltage

pulses to a switch with at least one activation barrier.

11. The switchable medium of Claim 1 wherein said molecular system changes

between a transparent state and a colored state.

12. The switchable medium of Claim 1 wherein said molecular system changes

between one colored state and another colored state.
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13. The switchable medium of Claim 1 wherein said molecular system

comprises one rotor and one stator.

14. The switchable medium of Claim 1 wherein said molecular system

comprises at least two rotors, each connected to one stator.

15. The switchable medium of Claim 1 wherein said molecular system

comprises one rotor, connected between two stators.

16. The switchable medium of Claim 1 wherein said molecular system

comprises alternating rotors and stators.

17. An electronic ink including an electric field activated molecular system
configured within an electric field generated by a pair of electrodes, said molecular
system having at least one rotor portion connected to at least one stator portion, wherein
said at least one rotor portion rotates with respect to said at least one stator portion
between at least two different states upon application of said electric field, thereby
inducing a color change in said molecular system, wherein in a first state, there is
extended conjugation throughout said molecular system, resulting in a first color state,
and wherein in a second state, said extended conjugation is changed, resulting in either

a transparent state or a second color state.

18. The electronic ink of Claim 17 wherein said molecular system has an
orientation axis and wherein said rotor portion is oriented perpendicular to said

orientation axis, with said external electric field applied parallel to said orientation axis.
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19. The electronic ink of Claim 18 wherein said molecular system comprises

Conj ---- Connecting Group

Conr—SA Cong - Connecting Group
& SB - Stator B
SA - Stator A
D* A ---- Acceptor (Electron withdrawing group)
SB—Cong D*--- Donor (Electron donating group)
where:

A" is an Acceptor group comprising an electron-withdrawing group selected
from the group consisting of: (a) hydrogen, (b) carboxylic acid and its derivatives, (c)
sulfuric acid and its derivatives, (d) phosphoric acid and its derivatives, (e) nitro, (f)
nitrile, (g) hetero atoms selected from the group consisting of N, O, S, P, F, Cl, and Br,
(h) functional groups with at least one of said hetero atoms, (i) saturated or unsaturated
hydrocarbons, and (j) substituted hydrocarbons;

D" is a Donor group comprising an electron-donating group selected from the
group consisting of: (a) hydrogen, (b) amines, (c) OH, (d) SH, (e) ethers, (f) saturated or
unsaturated hydrocarbons, (g) substituted hydrocarbons, and (h) functional groups with
at least one hetero atom selected from the group consisting of B, Si, I, N, O, S, and P,
wherein said Donor group is more electropositive than said Acceptor group;

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 or unsaturated
hydrocarbons, and (e) substituted hydrocarbons; and

SA and SB designate Stator A and Stator B, respectively, which may be the
same or different and which are independently selected from the group consisting of (a)

unsaturated or saturated hydrocarbons and (b) substituted hydrocarbons, wherein said
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hydrocarbon units contain conjugated rings that contribute to an extended
conjugationof the molecule when it is in a planar state (red shifted state), wherein said
stators optionally contain at least one bridging group G,, at least one spacing group Ry,
or both, wherein said at least one bridging group is either (a) selected from the group
consisting of acetylene, ethylene, amide, imide, imine, and azo and is used to connect
said stators to said rotor or to connect at least two conjugated rings to achieve a desired
chromophore or (b) selected from the group consisting of a single atom bridge and a
direct sigma bond between said rotor and said stators and wherein said at least one
spacing group is selected from the group consisting of phenyl, isopropyl, and tert-butyl
and is used to provide an appropriate 3-dimensional scaffolding to allow molecules to
pack together while providing rotational space for each rotor to rotate over a desired

range of motion.



29 Nov 2005

34f

20. The electronic ink of Claim 19 wherein said molecular system comprises

Off Stale (Optical State 11

where:

A’ is said Acceptor group;

D" is said Donor group;

Con, and Con; are said optional connecting units;

R, Ry, Rs, are said spacing groups, which are independently selected from the
group consisting of: (a) hydrogen, (b) saturated or unsaturated hydrocarbons, and (c)
substituted hydrocarbons; and

Gi, G2, Gs, and G4 are said bridging groups, which are independently selected

from the group consisting of: (a) hetero atoms selected from the group consisting of N,
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O, S, and P, (b) functional groups with at least one of said hetero atoms, (c) saturated or

unsaturated hydrocarbons, and (d) substituted hydrocarbons.

21. The electronic ink of Claim 17 wherein said molecular system has an
orientation axis and wherein said rotor portion is oriented parallel to said orientation

axis, with said external electric field applied perpendicular to said orientation axis.

22. The electronic ink of Claim 21 wherein said molecular system comprises:
A

Con—SA SB—Con

where:

A" is an Acceptor group comprising an electron-withdrawing group selected
from the group consisting of: (a) hydrogen, (b) carboxylic acid and its derivatives, (c)
sulfuric acid and its derivatives, (d) phosphoric acid and its derivatives, (e) nitro, (f)
nitrile, (g) hetero atoms selected from the group consisting of N, O, S, P, F, Cl, Br, and
I), (h) functional groups with at least one of said hetero atoms, (i) saturated or
unsaturated hydrocarbons, and (j) substituted hydrocarbons;

D" is a Donor group comprising an electron-donating group selected from the
group consisting of: (a) hydrogen, (b) amines, (c) OH, (d) SH, (e) ethers, (f) saturated or
unsaturated hydrocarbons, (g) substituted hydrocarbons, and (h) functional groups with
at least one hetero atom selected from the group consisting of B, Si, I, N, O, S, and P,
wherein said Donor group is more electropositive than said Acceptor group;

Con; and Con; are optional connecting units between one molecule and another
molecule or between a molecule and a solid substrate, said connecting units 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, (¢) functional
groups containing said hetero atoms, (d) saturated or unsaturated hydrocarbons, and (e)

substituted hydrocarbons; and
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SA and SB designate Stator A and Stator B, respectively, which may be the
same or different and are independently selected from the group consisting of (a)
saturated or unsaturated hydrocarbons and (b) substituted hydrocarbons, wherein said
hydrocarbon units contain conjugated rings that contribute to an extended conjugation
of the molecule when it is in a planar state (red shifted state), wherein said stators
optionally contain at least one bridging group Gy, at least one spacing group R,, or both,
wherein said at least one bridging group is either (a) selected from the group consisting
of acetylene, ethylene, amide, imide, imine, and azo and is used to connect said stators
to said rotor or to connect at least two conjugated rings to achieve a desired
chromophore or (b) selected from the group consisting of a single atom bridge and a
direct sigma bond between said rotor and said stators and wherein said at least one
spacing group is selected from the group consisting of phenyl, isopropyl, and tert-butyl
and is used to provide an appropriate 3-dimensional scaffolding to allow molecules to
pack together while providing rotational space for each rotor to rotate over a desired

range of motion.
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23. The electronic ink of Claim 22 wherein said molecular system comprises:

Off State (Optical State I1)

where:

A’ is said Acceptor group;

D" is said Donor group;

Con; and Con; are said optional connecting units;

R, R; and Rj; are said spacing groups, which are independently selected from
the group consisting of: (a) hydrogen, (b) saturated or unsaturated hydrocarbons, and (c)
substituted hydrocarbons;

Gi, Gz, Gs, G4, Gs, Gg, G7 and Gg are said bridging groups, which are

independently selected from the group consisting of: (a) hetero atoms selected from the
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group consisting of N, O, S, and P, (b) functional groups with at least one of said hetero
atoms, (c) saturated or unsaturated hydrocarbons, and (d) substituted hydrocarbons; and

J; and J; are tuning groups to provide at least one appropriate functional effect
selected 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.

24. The electronic ink of Claim 17 wherein said molecular system is bi-stable.

25. The electronic ink of Claim 17 wherein said molecular system has
essentially a low activation barrier between different states to provide a fast, but volatile,

switch.

26. The electronic ink of Claim 17 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 abruptly by the application of voltage pulses to

a switch with at least one activation barrier.

27. The electronic ink of Claim 17 wherein said molecular system changes

between a transparent state and a colored state.

28. The electronic ink of Claim 17 wherein said molecular system changes

between one colored state and another colored state.

29. The electronic ink of Claim 1 wherein said molecular system comprises one

rotor and one stator.
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30. The electronic ink of Claim 17 wherein said molecular system comprises at

least two rotors, each connected to one stator.

31. The electronic ink of Claim 17 wherein said molecular system comprises

one rotor, connected between two stators.

32. The electronic ink of Claim 17 wherein said molecular system comprises

alternating rotors and stators.



