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ELECTROPHORETIC PARTICLES

[Para 1] This invention relates to electrophoretic particles (i.c., particles for use in an
electrophoretic medium) and processes for the production of such electrophoretic particles.
This invention also relates to electrophoretic media and displays incorporating such particles.
More specifically, this invention relates to electrophoretic particles the surfaces of which are
modified with polymers.

[Para 2] This application is related to the present applicant's International Application No.
WO 02/093246, to which the reader is referred for background information.

[Para 3] Electrophoretic displays have been the subject of intense research and
development for a number of years. Such displays can have attributes of good brightness and
contrast, wide viewing angles, state bistability, and low power consumption when compared
with liquid crystal displays. (The terms "bistable" and "bistability" are used herein in their
conventional meaning in the art to refer to displays comprising display elements having first
and second display states differing in at least one optical property, and such that after any
given element has been driven, by means of an addressing pulse of finite duration, to assume
either its first or second display state, after the addressing pulse has terminated, that state will
persist for at least several times, for example at least four times, the minimum duration of the
addressing pulse required to change the state of the display element.) Nevertheless, problems
with the long-term image quality of these displays have prevented their widespread usage.
For example, particles that make up electrophoretic displays tend to settle, resulting in
inadequate service-life for these displays.
[Para 4] Numerous patents and applications assigned to or in the names of the
Massachusetts Institute of Technology and E Ink Corporation have recently been published
describing various technologies used in encapsulated electrophoretic and media. Such
encapsulated media comprise numerous small capsules, each of which itself comprises an
internal phase containing electrophoretically-mobile particles in a fluid medium, and a
capsule wall surrounding the internal phase. Typically, the capsules are themselves held
within a polymeric binder to form a coherent layer positioned between two electrodes. The
technologies described in the these patents and applications include:

(a) Electrophoretic particles, fluids and fluid additives; see for example
U.S. Patents Nos. 5,961,804; 6,017,584; 6,120,588; 6,120,839; 6,262,706; 6,262,833;
6,300,932; 6,323,989; 6,377,387, 6,515,649; 6,538,801; 6,580,545; 6,652,075; 6,693,620;
6,721,083; 6,727,881; 6,822,782; 6,870,661; 7,002,728; 7,038,655; 7,170,670; 7,180,649;
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7,230,750, 7,230,751; 7,236,290; 7,247,379; 7,312,916; 7,375,875; 7,411,720; 7,532,388;
and 7,679,814; and U.S. Patent Applications Publication Nos. 2005/0012980; 2006/0202949;
2008/0013155; 2008/0013156; 2008/0266245 2008/0266246; 2009/0009852; 2009/0027762;
2009/0206499; 2009/0225398; and 2010/0045592;

(b) Capsules, binders and encapsulation processes; see for example U.S.
Patents Nos. 6,922,276; and 7,411,719,

() Films and sub-assemblies containing electro-optic materials; see for
example U.S. Patent No. 6,982,178, and U.S. Patent Application Publication No.
2007/0109219;

(d) Backplanes, adhesive layers and other auxiliary layers and methods
used in displays; see for example U.S. Patents Nos. 7,116,318; and 7,535,624,

() Color formation and color adjustment; see for example U.S. Patent No.
7,075,502; U.S. Patent Application Publication No. 2007/0109219;

() Methods for driving displays; see for example U.S. Patents Nos.
7,012,600; and 7,453,445; and

(2) Applications of displays; see for example U.S. Patent No 7,312,784;
and U.S. Patent Application Publication No. 2006/0279527.

[Para 5] As discussed in, for example, U. S. Patent No. 6,870,661, known electrophoretic
media, both encapsulated and unencapsulated, can be divided into two main types, referred to
hereinafter for convenience as "single particle” and "dual particle" respectively. A single
particle medium has only a single type of electrophoretic particle suspending in a colored
suspending medium, at least one optical characteristic of which differs from that of the
particles. A dual particle medium has two different types of particles differing in at least one
optical characteristic and a suspending fluid which may be uncolored or colored, but which is
typically uncolored. The two types of particles differ in electrophoretic mobility; this
difference in mobility may be in polarity (this type may hereinafter be referred to as an
"opposite charge dual particle" medium) and/or magnitude. Both single and dual particle
electrophoretic displays may be capable of intermediate gray states having optical

characteristics intermediate the two extreme optical states already described.

[Para 6] Some of the aforementioned patents and published applications disclose
encapsulated electrophoretic media having three or more different types of particles within
each capsule. For purposes of the present application, such multi-particle media are regarded

as sub-species of dual particle media.
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[Para 7] Many of the aforementioned patents and applications recognize that the walls
surrounding the discrete microcapsules in an encapsulated electrophoretic medium could be
replaced by a continuous phase, thus producing a so-called polymer-dispersed electrophoretic
display, in which the electrophoretic medium comprises a plurality of discrete droplets of an
electrophoretic fluid and a continuous phase of a polymeric material, and that the discrete
droplets of electrophoretic fluid within such a polymer-dispersed electrophoretic display may
be regarded as capsules or microcapsules even though no discrete capsule membrane is
associated with each individual droplet; see for example, the aforementioned U.S. Patent No.
6,866,760. Accordingly, for purposes of the present application, such polymer-dispersed
electrophoretic media are regarded as sub-species of encapsulated electrophoretic media.
[Para 8] As noted above, electrophoretic media require the presence of a fluid. In most
prior art eclectrophoretic media, this fluid is a liquid, but electrophoretic media can be
produced using gaseous fluids; see, for example, Kitamura, T., et al.,, "Electrical toner
movement for electronic paper-like display”, IDW Japan, 2001, Paper HCSI-1, and
Yamaguchi, Y., et al., "Toner display using insulative particles charged triboelectrically”,
IDW Japan, 2001, Paper AMD4-4). See also U.S. Patents Nos. 7,321,459 and 7,236,291.
Such gas-based electrophoretic media appear to be susceptible to the same types of problems
due to particle settling as liquid-based electrophoretic media, when the media are used in an
orientation which permits such settling, for example in a sign where the medium is disposed
in a vertical plane. Indeed, particle settling appears to be a more serious problem in gas-based
electrophoretic media than in liquid-based ones, since the lower viscosity of gaseous
suspending fluids as compared with liquid ones allows more rapid settling of the
electrophoretic particles.

[Para 9] A related type of electrophoretic display is a so-called "microcell electrophoretic
display”. In a microcell electrophoretic display, the charged particles and the fluid are not
encapsulated within microcapsules but instead are retained within a plurality of cavities
formed within a carrier medium, typically a polymeric film. See, for example, U.S. Patents
Nos. 6,672,921 and 6,788,449, both assigned to Sipix Imaging, Inc.

[Para 10] It has long been known that the physical properties and surface characteristics of
electrophoretic particles can be modified by adsorbing various materials on to the surfaces of
the particles, or chemically bonding various materials to these surfaces. Later, it was found
that simple coating of the electrophoretic particles with the modifying material was not

entirely satisfactory since a change in operating conditions might cause part or all of the
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modifying material to leave the surface of the particles, thereby causing undesirable changes
in the electrophoretic properties of the particles; the modifying material might possibly
deposit on other surfaces within the electrophoretic display, which could give rise to further
problems. Accordingly, techniques have been developed for securing the modifying material

to the surface of the particles.

[Para 11] The aforementioned WO 02/093246 describes a wide variety of polymer-coated
electrophoretic particles. Among the numerous monomers taught as useful in such polymer-
coated particles are certain fluorinated monomers, and this patent application contains a
worked Example 20 in which approximately 10 mole per cent of fluorinated monomer is used
in combination with about 90 mole per cent of an non-fluorinated monomer to form the

polymer coating.

[Para 12] It has now been found that use of relatively small molar proportions (not more
than about 5 mole per cent) of fluorinated acrylate or fluorinated methacrylate monomers
(especially 2,2,2-trifluoroethyl methacrylate, hereinafter abbreviated as “TFEM”) in the
polymer shells of electrophoretic particles gives significant advantages not described in the
aforementioned WO 02/093246. Specifically, the use of such fluorinated monomers enables
the charge on the pigment particles to be adjusted.

[Para 13] In one aspect, this invention provides an electrophoretic medium comprising a
plurality of pigment particles in a fluid, the pigment particles having a polymer chemically
bonded to the pigment particles, wherein the polymer comprises about 0.1 to about 5 mole
per cent of repeating units derived from a fluorinated acrylate or fluorinated methacrylate

monomer.

[Para 14] The electrophoretic medium of the present invention may incorporate any of the
optional features of polymer shells described in the aforementioned WO 02/093246. The
preferred proportion of polymer in the coated particles will typically be substantially as
described in the aforementioned WO 02/093246, namely that the particles have from about 4
to about 15, desirably from about § to about 12, per cent of the weight of the particles of the
polymer bonded to the particles. The particles may comprise a metal oxide or hydroxide, for
example titania. The polymer may comprise charged or chargeable groups, for example
amino or carboxylic acid groups. The polymer may comprise a main chain and a plurality of
side chains extending from the main chain, each of the side chains comprising at least about
four carbon atoms. Typically, the polymer will be formed from two or more acrylate and/or

methacrylate monomers.
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[Para 15] Typically, the fluorinated monomer will be used in combination with a non-
fluorinated acrylate or methacrylate monomer (i.e., the polymer may comprises residues
derived from both fluorinated and non-fluorinated acrylate and/or methacrylate monomers),
lauryl methacrylate being a preferred monomer for this purpose. The molar ratio of
fluorinated monomer to non-fluorinated monomer may vary but the fluorinated monomer will
typically comprises from about 1 to about 5 mole per cent of the total monomer in the
polymer. Highly fluorinated monomers containing at least three fluorine atoms are preferred.
A specific preferred fluorinated monomer is 2,2,2-trifluoroethyl methacrylate, but other
fluorinated monomers may also be used, for example 2,2,3,4,4,4-hexafluorobutyl acrylate and
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl acrylate.

[Para 16] This invention extends to an electrophoretic display comprising an electrophoretic
medium of the present invention and at least one electrode arranged to apply an electric field
to the electrophoretic medium, and to an electronic book reader, portable computer, tablet
computer, cellular telephone, smart card, sign, watch, shelf label or flash drive comprising

such a display.

[Para 17] Figures 1A and 1B are schematic cross-sections through a first electrophoretic
display of the present invention in which the electrophoretic medium comprises a single type

of particle in a colored suspending fluid.

[Para 18] Figures 2A and 2B arc schematic cross-sections, generally similar to those of
Figures 1A and 1B respectively through a second electrophoretic display of the present
invention in which the electrophoretic medium comprises two different types of particle,
bearing charges of opposite polarity, in an uncolored suspending fluid.

[Para 19] Figures 3A and 3B arc schematic cross-sections, generally similar to those of
Figures 2A and 2B respectively through a third electrophoretic display of the present
invention in which the electrophoretic medium comprises two different types of particle,
bearing charges of the same polarity but differing in electrophoretic mobility, in an uncolored
suspending fluid.

[Para 20] Figures 4A and 4B illustrate a polymer-dispersed electrophoretic medium of the
present invention and the process used to produce this medium.

[Para 21] Figure 5 is a bar graph showing the variation of zeta potential with proportion of

fluorinated monomer in the polymer shell in the experiments reported in Example 1 below.
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[Para 22] Figure 6 is a bar graph showing the variation of dark state and white state
instabilities with proportion of fluorinated monomer in the polymer shell in the experiments

reported in Example 3 below.

[Para 23] Figure 7 is a bar graph showing the variation of maximum white state, minimum
dark state, and total dynamic range with proportion of fluorinated monomer in the polymer

shell in the experiments reported in Example 3 below.

[Para 24] Before discussing the electrophoretic media and processes of the present invention
in detail, it is believed desirable to briefly describe some of the types of electrophoretic

displays in which these media are intended to be used.

[Para 25] The electrophoretic medium of the present invention may be of any of the types
described in the aforementioned E Ink and MIT patents and applications, and preferred
embodiments of such media will now be described with reference to Figures 1 to 4 of the
accompanying drawings.

[Para 26] The first electrophoretic display (generally designed 100) of the invention shown
in Figures 1A and 1B comprises an encapsulated electrophoretic medium (generally
designated 102) comprising a plurality of capsules 104 (only one of which is shown in
Figures 1A and 1B), each of which contains a suspending liquid 106 and dispersed therein a
plurality of a single type of particle 108, which for purposes of illustration will be assumed to
be black. The particles 108 are electrophoretically mobile and may be formed of carbon
black. In the following description, it will be assumed that the particles 108 are positively
charged, although of course negatively charged particles could also be used if desired. (The
triangular shape of the particles 108, and the square and circular shapes of other particles
discussed below, are used purely to way of illustration to enable the various types of particles
to be distinguished easily in the accompanying drawings, and in no way correspond to the
physical forms of the actual particles, which are typically substantially spherical. However,
we do not exclude the use of non-spherical particles in the present displays.) The display 100
further comprises a common, transparent front electrode 110, which forms a viewing surface
through which an observer views the display 100, and a plurality of discrete rear electrodes
112, each of which defines one pixel of the display 100 (only one rear electrode 112 is shown
in Figures 1A and 1B). For ease of illustration and comprehension, Figures 1A and 1B show
only a single microcapsule forming the pixel defined by rear electrode 112, although in
practice a large number (20 or more) microcapsules are normally used for each pixel. The

rear electrodes 112 are mounted upon a substrate 114.
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[Para 27] The suspending liquid 106 is colored such that the particles 108 lying in the
positions shown in Figure 1A adjacent the rear electrodes 112 are not visible to an observer
viewing the display 100 via the front electrode 110. The necessary color in the suspending
liquid 106 may be provided by dissolving a dye in the liquid. Since the colored suspending
liquid 106 and the particles 108 render the electrophoretic medium 102 opaque, the rear
electrodes 112 and the substrate 114 can be transparent or opaque since they are not visible

through the opaque electrophoretic medium 102.

[Para 28] The capsules 104 and the particles 108 can be made in a wide range of sizes.
However, in general it is preferred that the thickness of the capsules, measured perpendicular
to the electrodes, be in the range of about 15 to 500 um, while the particles 108 will typically

have diameters in the range of about 0.25 to about 2 um.

[Para 29] Figure 1A shows the display 100 with the rear electrode 112 negatively charged
and the front electrode 110 positively charged. Under this condition, the positively-charged
particles 108 are attracted to the negative rear electrode 112 and thus lie adjacent the rear
electrode 112, where they are hidden from an observer viewing the display 100 through the
front electrode 110 by the colored liquid 106. Accordingly, the pixel shown in Figure 1A
displays to the observer the color of the liquid 106, which for purposes of illustration will be
assumed to be white. (Although the display 100 is illustrated in Figures 1A and 1B with the
rear electrodes 112 at the bottom, in practice both the front and rear electrodes are typically
disposed vertically for maximum visibility of the display 100. In general, the media and
displays of the invention described herein do not rely in any way upon gravity to control the
movement of the particles; such movement under gravity is in practice far too slow to be
useful for controlling particle movement.)

[Para 30] Figure 1B shows the display 100 with the front electrode 110 made negative
relative to the rear electrode 112. Since the particles 108 are positively charged, they will be
attracted to the negatively-charged front electrode 110, and thus the particles 108 move
adjacent the front electrode 110, and the pixel displays the black color of the particles 108.
[Para 31]1In Figures 1A and 1B, the capsules 104 are illustrated as being of substantially
prismatic form, having a width (parallel to the planes of the electrodes) significantly greater
than their height (perpendicular to these planes). This prismatic shape of the capsules 104 is
deliberate. If the capsules 104 were essentially spherical, in the black state shown in Figure
1B, the particles 108 would tend to gather in the highest part of the capsule, in a limited arca

centered directly above the center of the capsule. The color seen by the observer would then
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be essentially the average of this central black area and a white annulus surrounding this
central area, where the white liquid 106 would be visible. Thus, even in this supposedly black
state, the observer would see a grayish color rather than a pure black, and the contrast
between the two extreme optical states of the pixel would be correspondingly limited. In
contrast, with the prismatic form of microcapsule shown in Figures 1A and 1B, the particles
108 cover essentially the entire cross-section of the capsule so that no, or at least very little
white liquid is visible, and the contrast between the extreme optical states of the capsule is
enhanced. For further discussion on this point, and on the desirability of achieving close-
packing of the capsules within the electrophoretic layer, the reader is referred to the
aforementioned U.S. Patent No. 6,067,185, and the corresponding published International
Application WO 99/10767. Also, as described in the aforementioned E Ink and MIT patents
and applications, to provide mechanical integrity to the electrophoretic medium, the
microcapsules are normally embedded within a solid binder, but this binder is omitted from

Figures 1 to 3 for ease of illustration.

[Para 32] The second electrophoretic display (generally designed 200) of the invention
shown in Figures 2A and 2B comprises an encapsulated electrophoretic medium (generally
designated 202) comprising a plurality of capsules 204, each of which contains a suspending
liquid 206 and dispersed therein a plurality of positively charged black particles 108 identical
discussed to those in the first display 100 discussed above. The display 200 further comprises
a front electrode 110, rear electrodes 112, and a substrate 114, all of which are identical to the
corresponding integers in the first display 100. However, in addition to the black particles
108, there are suspended in the liquid 206 a plurality of negatively charged, particles 218,

which for present purposes will be assumed to be white.

[Para 33] Typically the liquid 206 is uncolored (i.c., essentially transparent), although some
color may be present therein to adjust the optical properties of the various states of the
display. Figure 2A shows the display 200 with the front electrode 110 positively charged
relative to the rear electrode 112 of the illustrated pixel. The positively charged particles 108
are held electrostatically adjacent the rear electrode 112, while the negatively charged
particles 218 are held clectrostatically against the front electrode 110. Accordingly, an
observer viewing the display 200 through the front electrode 110 sees a white pixel, since the

white particles 218 are visible and hide the black particles 108.

[Para 34] Figure 2B shows the display 200 with the front electrode 110 negatively charged

relative to the rear electrode 112 of the illustrated pixel. As in the corresponding optical state
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shown in Figure 1B, the positively charged particles 108 are now electrostatically attracted to
the negative front electrode 110, while the negatively charged particles 218 are
clectrostatically attracted to the positive rear electrode 112. Accordingly, the particles 108
move adjacent the front electrode 110, and the pixel displays the black color of the particles
108, which hide the white particles 218.

[Para 35] The third electrophoretic display (generally designated 300) of the invention
shown in Figures 3A and 3B comprises an encapsulated electrophoretic medium (generally
designated 302) comprising a plurality of capsules 304. The display 300 further comprises a
front clectrode 110, rear electrodes 112, and a substrate 114, all of which are identical to the
corresponding integers in the displays 100 and 200 previously described. The display 300
resembles the display 200 described above in that the liquid 306 is uncolored and that white
negatively charged particles 218 are suspended therein. However, that the display 300 differs
from the display 200 by the presence of red negatively charged particles 320, which have a

substantially lower electrophoretic mobility than the white particles 218.

[Para 36] Figure 3A shows the display 300 with the front electrode 110 positively charged
relative to the rear electrode 112 of the illustrated pixel. Both the negatively charged white
particles 218 and the negatively charged red particles 320 are attracted to the front electrode
110, but since the white particles 218 have substantially higher electrophoretic mobility, that
they reach the front electrode 110 first (note that the optical state shown in Figure 3A is
normally generated by abruptly reversing the polarity off the electrodes in the optical state
shown in Figure 3B, thus forcing both the white particles 218 and the red particles 320 to
traverse the thickness of the capsule 304, and thus allowing the greater mobility of the white
particles 218 to cause them to reach their positions adjacent the front electrode 110 before the
red particles 320). Thus, the white particles 218 form a continuous layer immediately
adjacent the front electrode 110, thereby hiding the red particles 320. Accordingly, an
observer viewing the display 300 through the front electrode 110 sees a white pixel, since the
white particles 218 are visible and hide the red particles 320.

[Para 37] Figure 3B shows the display 300 with the front electrode 110 negatively charged
relative to the rear electrode 112 of the illustrated pixel. Both the negatively charged white
particles 218 and the negatively charged red particles 320 are attracted to the rear electrode
112, but since the white particles have higher electrophoretic mobility, when the optical state
shown in Figure 3B is produced by reversing the polarity on the electrodes in the optical state

shown in Figure 3A, the white particles 218 reach the rear electrode 112 more quickly than

9.

SUBSTITUTE SHEET (RULE 26)



WO 2010/148061 PCT/US2010/038780

do the red particles 320, so that the white particles 218 form a continuous layer adjacent the
electrode 112, leaving a continuous layer of the red particles 320 facing the front electrode
110. Accordingly, an observer viewing the display 300 through the front electrode 110 sees a
red pixel, since the red particles 320 are visible and hide the white particles 218.

[Para 38] Figures 4A and 4B illustrate a polymer-dispersed electrophoretic medium of the
present invention and the process used to produce this medium. This polymer-dispersed
medium contains non-spherical droplets and is prepared by using a film-forming material
which produces a film capable of being shrunk substantially after its formation. The preferred
discontinuous phase for this purpose is gelatin, although other proteinaceous materials, and
possibly cross-linkable polymers may alternatively be employed. A mixture of the liquid
material (which will eventually form the continuous phase) and the droplets is formed and
coated on to a substrate to form a structure as illustrated in Figure 4A. Figure 4A shows a
layer 410 comprising droplets 412 dispersed in a liquid medium 414 which is in the process
of forming a film, this layer 410 having been coated on a substrate 416 (preferably a flexible
polymeric film, such as a polyester film) previously provided with a layer 418 of a
transparent electrically conductive material, such as indium-tin oxide. The liquid material
forms a relatively thick layer 410 containing essentially spherical droplets 412; as shown in
Figure 4A. After the layer 410 has formed a solid continuous phase, the layer is then allowed
to dry, preferably at about room temperature (although the layer may be heated if desired) for
a period sufficient to dehydrate the gelatin, thus causing substantial reduction in the thickness
of the layer and producing the type of structure illustrated in Figure 4B, the dried and
shrunken layer being designated 410" in Figure 4B. The vertical shrinkage of the layer (i.c.,
the shrinkage perpendicular to the surface of the substrate 416) in effect compresses the
original spherical droplets into oblate ellipsoids whose thickness perpendicular to the surface
is substantially smaller than their lateral dimensions parallel to the surface. In practice, the
droplets are normally sufficiently closely packed that the lateral edges of adjacent droplets
contact each other, so that the final forms of the droplets more closely resemble irregular
prisms than oblate ellipsoids. Also as shown in Figure 4B, more than one layer of droplets
may be present in the final medium. When the medium is of the type shown in Figure 4B in
which the droplets are polydisperse (i.e., a wide range of droplet sizes are present), the
presence of such multiple layers is advantageous in that it reduces the chance that small areas
of the substrate will not be covered by any droplet; hence, the multiple layers help to ensure

that the electrophoretic medium is completely opaque and that no part of the substrate is
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visible in a display formed from the medium. However, in a medium using essentially
monodisperse droplets (i.e., droplets all of substantially the same size), it will generally be
advisable to coat the medium in a layer which, after shrinkage, will produce a close-packed
monolayer of droplets, cf. U. S. Patent No. 6,839,158. Because they lack the relatively rigid
microcapsule walls found in microencapsulated electrophoretic media, the droplets in
polymer-dispersed media of the present invention may tend to pack more tightly into a close-
packed monolayer than do microcapsules.

[Para 39] Contrary to what might be expected, experimentally it has been found that the
droplets do not coalesce during the drying of the medium. However, we do not exclude the
possibility that, in certain embodiments of the invention some rupturing of the walls between
adjacent capsules might occur, thus providing a partial connection between droplets.

[Para 40] The degree of deformation of the droplets which occurs during the drying step,
and hence the final forms of the droplets, may be varied by controlling the proportion of
water in the gelatin solution and the ratio of this solution to the droplets. For example,
experiments were conducted using gelatin solutions of from 2 to 15 percent by weight, and
using 200 grams of each gelatin solution and 50 grams of the internal non-aqueous phase
which forms the droplets. To produce a final layer of electrophoretic medium 30 pum in
thickness, it was necessary to coat a layer of the 2 per cent gelatin solution/internal phase
mixture 139 um in thickness; upon drying, this layer produced an electrophoretic medium 30
um in thickness containing 92.6 percent by volume of droplets. On the other hand, to produce
the same final thickness of electrophoretic medium, the 15 percent gelatin solution/internal
phase mixture was coated at a thickness of 93 um, and upon drying produced an
electrophoretic medium containing 62.5 percent by volume of droplets. The medium
produced from the 2 percent gelatin solution was weaker than is desirable to withstand robust
handling; media produced from gelatin solutions containing from 5 to 15 percent by weight
of gelatin had satisfactory mechanical properties.

[Para 41] The degree of deformation of the droplets in the final electrophoretic medium is
also affected by the initial size of the droplets, and the relationship between this initial size
and the thickness of the final layer of electrophoretic medium. Experiments indicate that the
larger the average initial size of the droplets and/or the larger the ratio of this average initial
size to the thickness of the final layer, the greater is the deformation of the droplets from a
spherical shape in the final layer. In general, it is preferred that the average initial size of the

droplets be from about 25 percent to about 400 percent of the thickness of the final layer. For
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example, in the experiments previously described, in which the thickness of the final layer

was 30 um, good results were obtained with an initial average droplet size of 10 to 100 um.

[Para 42] Gelatin forms a film by a sol/gel transformation, but the present invention is not
restricted to film-forming materials which form their films by such sol/gel transformation.
For example, the formation of the film may be accomplished by the polymerization of a
monomer or oligomer, by the cross-linking of a polymer or oligomer, by radiation-curing of a
polymer or by any other known film-forming process. Similarly, in the preferred variant of
the invention in which the film is first formed and then caused to shrink in thickness, this
shrinkage need not accomplished by the same type of dehydration mechanism by which a
gelatin film shrinks, but may be accomplished by removal of a solvent, aqueous or non-
aqueous, from the film, cross-linking of a polymeric film or any other conventional
procedure.

[Para 43] In a polymer-dispersed electrophoretic medium of the present invention , the
droplets desirably comprise at least about 40 per cent, and preferably about 50 to about 80 per
cent, by volume of the electrophoretic medium; see U. S. Patent No. 6,866,760. It should be
stressed that the droplets used in the polymer-dispersed media of the present invention may

have any of the combinations of particles and suspending fluids illustrated in Figures 1 to 3.

[Para 44] The present invention may be applied to any of the forms of encapsulated
electrophoretic media shown in Figures 1 to 4. However, the present invention is not
restricted to encapsulated and polymer-dispersed electrophoretic media, and may also be

applied to microcell and unencapsulated media.

[Para 45] As will appear from the Examples below, use of controlled amounts of fluorinated
monomers in the polymer shells of particles used in electrophoretic displays increases the
zeta potential of negatively charged particles, and where, as is commonly the case, the
negative particles are white particles such as titania, the resultant increased negative zeta
potential manifests itself as an improved (more reflective) white state. The zeta potential
becomes increasingly negative as the proportion of fluorinated monomer in the polymer shell
increases. However, above about 5 mole per cent fluorinated monomer, certain disadvantages
become evident. The dark state image loss (measured as the change in the dark state of the
display after a period of (say) two minutes without the display being driven, begins to
increase, and the dark state itself becomes less dark, thereby adversely affecting the dynamic
range of the display (the difference between the dark and white states of the display as

measured in L* units, (where L* has the usual CIE definition:
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L* = 116(R/Ro)"” - 16,
where R is the reflectance and Ry is a standard reflectance value)). Accordingly, it is
generally preferred to keep the molar proportion of the fluorinated monomer in the polymer
shell in the range of about 0.1 to about 5, desirably about 1 to about 5, mole per cent. It will
be appreciated that the optimum proportion of fluorinated monomer may vary somewhat with
the specific fluorinated monomer used (and especially its degree of fluorination), the other
monomers employed and other factors, including the other particles present in the
electrophoretic medium. In general the optimum proportion of fluorinated monomer appears
to be about 1 mole per cent, since this level of fluorinated monomer gives a substantial
increase in the magnitude of the zeta potential while avoiding the aforementioned

disadvantages associated with higher proportions of fluorinated monomer.

[Para 46] The polymer-coated particles used in the electrophoretic media of the present
invention may be produced by any of the processes described in the aforementioned WO
02/093246. In one such process, the particles on which a polymer coating is to be formed are
reacted with a bifunctional reagent having a functional group capable of reacting with, and
bonding to, the particle and with a polymerizable group, for example a pendant vinyl or other

cthylenically unsaturated group.

[Para 47] The following Examples are now given, though by way of illustration only, to
shows details of particularly preferred reagents, conditions and techniques used in the present

invention.

[Para 48] Example 1 : Preparation of white titania pigment containing 2,2,2-
trifluoroethyl methacrylate and lauryl methacrylate in the polymer shell

[Para 49] DuPont R-794 titania, surface functionalized with 3-(trimethoxysilyl)propyl
methacrylate was prepared substantially as described in the aforementioned PCEP
applications. In a 1 L plastic bottle, 500 g of this pigment was dispersed in 426 g (500 mL) of
toluene by sonication. A 1 L jacketed glass reactor was charged with 1.7158 moles of
monomer divided between lauryl methacrylate and TFEM to yield the desired molar
concentrations of each monomer. The molar proportions of TFEM were 0.1, 1, 5, 10, 25, and
50 mole % with the remainder being lauryl methacrylate. The pigment dispersion was added
to the reactor, and the reactor was purged with nitrogen and heated to 65°C. A free-radical
initiator (5.0 g of 2,2’-azobis(2-methylpropionitrile, AIBN), previously dissolved in 110 mL
of toluene, was added dropwise over 60 minutes. The vessel was heated under nitrogen

overnight with continuous agitation at 65°C, then exposed to the atmosphere. The mixture
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was then split into four 1 L plastic bottles, and approximately 500 mL of further toluene was
added to each bottle. The bottles were stirred vigorously. The pigment was isolated by
centrifugation at 3500 rpm for 20 minutes. The supernatant was discarded, and the pigment
was washed twice by adding approximately 700 mL of toluene to each bottle, stirring
vigorously to disperse pigment, and centrifuging at 3500 rpm for 20 minutes. The pigment
was air dried overnight, then dried under vacuum at 65 °C overnight. Thermogravimetric
analysis (TGA) was performed, and yielded polymer concentrations between 6.7% and 9.7%
by weight. Zeta potential measurements were performed using a Colloidal Dynamics
ZetaProbe on samples dispersed in Isopar E with surfactant (Solsperse 17K). Zeta potential

numbers are presented in Figure 5.

[Para 50] From the data in Figure 5, it will be seen that the magnitude of the zeta potential

increased with increasing TFEM in the polymer shell.

[Para 51] Example 2 : Preparation of displays using electrophoretic particles of the
present invention

[Para 52] The polymer-coated titania particles prepared in Example 1 above were converted

to electrophoretic displays in the following manner.
[Para 53] Part A : Preparation of capsules
[Para 54] Gelatin-acacia microcapsules were prepared using the pigments prepared in

Example 1 and the following procedure. An internal phase was prepared by combining the

following in a 250 mL plastic bottle:

Component Amount
55% BK-444 based Black 25.88¢g
Pigment(see copending
Application Serial No.
61/150,827, filed February 9,
2009)/ Isopar E
60 wt% White Pigment/ Isopar 106.77g
E:
13 wt% polyisobutylene/Isopar 7.73g
E:
10 wt% Solsperse 17K/Isopar 23.49¢
E:
Isopar E: 10.12¢g
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The resultant mixture was then converted to gelatin-acacia microcapsules substantially as
described in the aforementioned U.S. Patent No. 6,822,782, Examples 27-29.

[Para 55] Part B : Preparation of displays

[Para 56] The microcapsules prepared in Part A above were allowed to stand and excess
water decanted. The capsules were then mixed with a polymeric binder at a weight ratio of 8
parts capsules to 1 part binder to produce a slurry. The slurry was bar-coated, using a 4 mil
(101 um) gap, onto an indium tin oxide (ITO)-coated polymeric film at a target coating
thickness of 18 um, and dried in a 60°C conveyor oven for approximately 2 minutes, and the

resultant sheet cut into pieces.

[Para 57] Separately, a release sheet was coated with a 25 um layer custom polyurethane
lamination adhesive as described in U.S. Patent No. 7,012,735 doped with 180 ppm of
tetrabutylammonium hexafluorophosphate, and cut to a size slightly smaller than the
microcapsule/polymer film pieces. The two films were laminated to the coating by running
them through a hot roll laminator with the top and bottom rollers set at 120°C, and resultant
combined film cut to the desired size. The release sheet was removed, and the adhesive layer
laminated to 2 inch (51 mm) square polymer film bearing a graphite layer via another pass
through the laminator using top and bottom roller temperatures of 93°C. Single pixel displays
were cut from the resulting laminate, electrical connections applied, and the experimental
single-pixel displays thus produced conditioned at a relative humidity of 50% for 5 days.
[Para 58] Example 3 : Electro-optic tests

[Para 59] Electro-optical measurements were take on the single pixel displays prepared in
Example 2 using a PR-650 SpectraScan Colorimeter. In these tests, the displays were
repeatedly driven to their black and white extreme optical states using 250 millisecond 15 V
pulses, then driven to either their black or white extreme optical state. The reflectivity of the
optical state was measured about 3 seconds after the final drive pulse (to allow certain
transient effects to pass) and then 2 minutes after the final drive pulse, and the two
measurements compared to detect any image instability (i.e., lack of bistability in the image).
[Para 60] The results are shown in Figure 6 (in which “DS” refers to dark state and “WS” to
white state — the white state image instability values are negative since image instability in
the white state results in lower reflectivity), from which it will be seen that there is a
noticeable increase in image instability as the level of TFEM in the polymer shell exceeds 1
mole percent. At the 0.1 and 1 mole percent levels of TFEM the image stability is equal to or
slightly better than the control. Figure 7 (in which “DR” refers to dynamic range) shows the
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maximum white state, minimum dark state, and total dynamic range of each display after the
image instability shown in Figure 6 is taken into account. A trend towards improved optical
states, over the control, is seen with increasing levels of TFEM up to, but not including, 10
mole percent. The drop-off in improved optical states at higher TFEM levels can be attributed
to a decrease in image stability shown in Figure 6. From Figures 6 and 7, it can be seen that
incorporating TFEM in the polymer shell can improve optical states, especially final dynamic
range, and that there is a window of TFEM levels which provide improved optical states
without loss of image bistability, a major advantage of electrophoretic displays.

[Para 61] It has been shown in other experiments that other fluorinated monomers (namely
2,2,3,4,4,4-hexafluorobutyl acrylate and 3,3.,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl acrylate)
adjust the zeta potential of the white pigment in similar ways to TFEM and may provide the
same improvement in optical states. The exact mechanism by which these fluorinated
monomers produce changes in zeta potential and changes in optical states is not at present

known.
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CLAIMS

1. An electrophoretic medium comprising a plurality of pigment particles
suspended in a fluid, the pigment particles having a polymer chemically bonded to the
pigment particles, wherein from 0.1 to 5 mole per cent of the polymer comprises repeating
units derived from a fluorinated acrylate or fluorinated methacrylate monomer.

2. An electrophoretic medium according to claim 2 wherein from 1 to 5
mole per cent of the monomer in the polymer comprises a fluorinated monomer.

3. An electrophoretic medium according to claim 1 wherein the particles
have from 4 to 15 per cent by weight of the pigment of the polymer chemically bonded to the
pigment particles.

4. An electrophoretic medium according to claim 3 wherein the particles
have from 8 to 12 per cent by weight of the pigment of the polymer chemically bonded to the
pigment particles.

5. An electrophoretic medium according to claim 1 wherein the polymer
comprises a main chain and a plurality of side chains extending from the main chain, each of
the side chains comprising at least four carbon atoms.

6. An electrophoretic medium according to claim 1 wherein the polymer
further comprises residues derived from a non-fluorinated acrylate and/or methacrylate
monomer.

7. An electrophoretic medium according to claim 1 wherein the non-
fluorinated methacrylate monomer comprises lauryl methacrylate.

8. An electrophoretic medium according to claim 2 wherein the
fluorinated monomer comprises at least one of 2,2,2-trifluoroethyl methacrylate,
2,2,3,4,4,4-hexafluorobutyl acrylate and 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl acrylate.

9. An electrophoretic medium according to claim 1 having two types of
particles differing in at least one optical characteristic and having differing electrophoretic
mobilities.

10.  An electrophoretic medium according to claim 9 wherein the two types
of particles bear charges of opposite polarity.

I1. An clectrophoretic medium according to claim 1 wherein the pigment
particles and the fluid are encapsulated in a plurality of capsules or microcells.

12.  An electrophoretic medium according to claim 11 wherein the capsules

are held within a polymeric binder.
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13.  An electrophoretic medium according to claim 1 wherein the pigment
particles and the fluid are present as a plurality of discrete droplets surrounded by a
continuous phase comprising a polymeric material.

14.  An electrophoretic medium according to claim 1 wherein the fluid is
gaseous.

15.  An electrophoretic display comprising an electrophoretic medium
according to claim 1 and at least one electrode arranged to apply an electric field to the
electrophoretic medium.

16.  An electronic book reader, portable computer, tablet computer, cellular
telephone, smart card, sign, watch, shelf label or flash drive comprising a display according

to claim 15.
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