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FUNCTIONALIZED QUINACRIDONE PIGMENTS

PRIOR APPLICATIONS
{Para 1] This application claims priority to U.S. Provisional Patent Application No.
62/283.755, filed November 11, 2015, This application is also related 1o U.S. Patent
Apphcation No. 14/277,107, filed May 14, 2014, which clatms priority to LS. Provisional
application No. 61/823,031, fled May 14, 2013, All of the aforementioned applications are

incorporated herein by reference in their entireties.

BACKGROUND OF INVENTION

{Para 2] This invention relates to colored electrophoretic displays, and more specifically o
electrophoretic displays capable of rendering more than two cnlors using 3 single layer of
electrophoretic material comprising a plurality of colored particles.

{Para 3] The term color as used herein inclades black and white, White particles are ofien
of the light scatiering type.

{Para 4] The term gray state is used herein in s conventional meaning in the maging an
to refer to a state intermediate two extreme optical states of a pixel, and does not necessarily
imply a black-white transition betwesn these two extreme stales. For example, several of the
E Ink patents and published applications reforred to below describe electrophorstic displays
in which the extreme states are white and deep blue, so that an intermoediate gray state would
actually be pale blue. Indeed, as already mentioned, the change tn optical state nmay not be a
color change at all, The terms black and white may be used hercinafier (0 refer 0 the two
extreme optical states of g display, and should be understood as normally including extreme
optical states which are pot strictly black and white, for exampie the aforementioned white
and dark blue states.

{Pava 8] The terms bistable and bistability are used hercin i their conventional meaning 1o
the art to refer (o displays comprising display elements having first and second display states
differing i at least one optical property, and such that afier any given element has been
driven, by means of an addressing puise of finite duration, 0 assume either its first or second
dispiay state, after the addressing pulse has termunated, that state will persist for at least
several times, for example at least four times, the mimmum duration of the addressing pulse
required 10 change the state of the display element. It is shown in 118, Patent Neo. 7,170,670

that some particle-based electrophoretic displays capable of gray scale are stable not only in
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their extreme black and white states but also in their intermediate gray states, and the same i
true of some other types of electro-optic displays. This type of display is properly called
muiti-siable rather than bistable, although for convenience the torm bistable may be used
herein to cover both bistable and multi-stable displays,

{Para 6] The term impulse, when used to refer to driving an electrophoretic display, 1s used
herein to refer to the integral of the applied voltage with respect 1o time during the period n
which the display is driven.

iPara 7] A particle that absorbs, scatters, or reflects light, either in a broad band or at
selected wavelengths, s referred to herein as a colored or pigment particle, Various materials
other than pigments {in the sirict sense of that term as meaning msoluble colored materials)
that absorb or reflect light, such as dyes or photonic crystals, etc., may also be used in the
electrophoretic media and displays of the present invention.

iPara 8] Particle-based electrophoretic displays have been the subject of intense research
and development for a number of years, In such displays, a plurality of charged pariicles
{sometimes referred 1o as pigment particles} move through a fluid under the influence of an
eleciric field. Electrophoretic displays can have ativibutes of good brightness and contrast,
wide viewing angles, state bistability, and low power conswnpiion when compared with
fiquid crystal displays. Neventheless, problems with the long-torm image quality of these
dispiays have prevenied their widespread usage. For example, particles that make up
electrophoretic displays tend o settle, resulting in inadequate service-life for these displays.
{Para 8] As noted above, electrophoretic media require the presence of a fluid. In most
prior art electrophoretic media, this fhud is a liguid, but electrophorstic media can be
produced using gaseous fluids; see, for example, Kitamura, T., ot al, Electrical toner
movement for electronic paper-like display, IDW Japan, 2001, Paper HCSI-I, and
Yamaguchi, Y., et al., Toner display using insulative particles charged triboclectrically, IDW
Fapan, 2001, Paper AMIDM4-4). See also U.S. Patents Nos. 7,321,459 and 7,236,291, Such gas-
based electrophoretic media appear to be susceptible o the same types of problems due fo
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
i a vertical plane. Indeed, particle settling appears o be 2 more serious problem in gas-based
electrophoretic media than in hiquid-based ones, since the lower viscosity of gaseous
suspending fluids as compared with biquid ones allows more rapid settling of the

electrophoretic particles.
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{Para 18] Numerous patents and applications assigned to or in the names of the
Massachusetts Institute of Technology (MIT) and E Ink Corporation describe various
techoologies used in encapsulated electrophoretic and other clectro-optic media, Such
encapsulated media comprise numerous small capsules, each of which itself comprizes an
imternal phase contsining electrophoretically-mobile particles in a fhid mediom, and 8
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 these patents and applications include:
{a) Flectrophoretic particles, fluids and {lwd addiives; see for
example U.S. Patents Nos. 7,002,728 and 7,679,814;
{t) Capsules, binders and encapsulation processes; see for example
U.5. Patents Nos. 6,922276 and 7,411,719;
{c} Films and sub-assemblies containing ecleciro-optic materials;
see for example U8, Patents Nos. 6,982,178 and 7,839,564,
{d) Backplanes, adhesive layers and other aweahary layers and
methods used in displays; see for example U.S. Patents Nos. 7,116,318 and
7,535,624
{e} Color formation and color adjustment; see for example U.S.
Patents Nos. 6,017,584; 6,664,944, 6,864,875; 7,073,502, 7,167,155;
7.667,684; 7,791,789; 7,956,841; §,040,504; 8,054,526; B,008,418; §,213,07¢;
and 8,363,294, and 1S, Patent Applications Publication Nos. 2004/0263947;
J007/0809219; 2007/0223079; 2008/0023332; 2008/0043318; 20080048970
2009/0004442, 2009/0225398; 2010/0103502; 2010/0156780; 201 1/0164307,
2011/0195629; 2011/0310461; 201 2/G6008188; 2012/00198398; 2012/0075687,
2012/0081779; 2012/013400%; 2012/0182597, 2012/0212462; 2012/0157269;
and 2012/0326957,
() Methods for driving displays; see for example UR. Patents
Nos. 5,930,026; 6,445489; 6,504,524; 6,512354; 6,531,997, 6,753,999;
6,823,970; 6,900,851, 6,995,350, 7.012,600; 7,023,420, 7,034,783; 7,116,466;
7,019,772, 7,193,625, 7,202,847, 7.259,744; 7,304,787, 7,312,794; 7,327,511,
7,453,445, 7,492,339, 7,528,822, 7 545,358, 7,583,251, 7,602,374; 7,612,760,
7,679,599, 7,688,297, 7,729,03%; 7,733,311, 7,733,335, 7,787,169, 7,982,557,
7.956,841; 7099787, 5,077,141; 8,125,501; &,139,050; §,174,490; §,289,250;

[9%)
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8,300,006; and 5,314,784; and U.S. Patent Applications Publicaion Nos.
2003/0102358; 2005/0122284; 2005/0179642; 2008/0253777; 2007/00%1418;
2007/0103427, 2008/0024429; 2008/0024482; 2008/0136774; 2008/(150888;
2008/G291129; 2009/0174651; 2009/0179923; 2009/0195568; 2009/0322721;
2010/00455092; 2010/0220121; 2010/0220122; 2010/0265561; 2011/0187684;
2011/0193840; 2011/0193841; 2011/0199671; and 2011/0283754 (these
patents and applications may hereinafter be referred 1o as the MEDEOD
{(MEthods for Driving Electro-optic Displays) applications),
{g) Applications of displays; see for example U.S. Patents Nos.
7,312,784 and 8,000,348; and
(h} Non-slectrophoretic displays, as deseribed in U8, Patents Nos.
6,241,821, 6,850,220; 7420,549 and R,319,7589; and U.8. Patent Application
Publication No. 2012/0293858.
{Para 11] Many of the aforementioned patents and applications recognize that the walls
surrounding the discrete microcapsules in an encapsulaied 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 discrote droplets of an
electrophoretic fhud and 3 continuous phase of a polymeric material, and that the discrete
droplets of clectrophoretic fluid within such a polvmer-dispersed electrophoretic display may
be regarded as capsules or microcapsules even though no discrete capsule membrane is
assoctated with each mdividual droplet; see for example, 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 encapselaied electrophoretic media.
{Para 12] A related type of electrophoretic display is 2 so-called microcell electrophoretic
display. In a microcell electrophoretic display, the charged particles and the fluid are not
encapsulated within mucrocapsules but instead are retained within a plorality of cavities
formed within a carmer medium, typically a polymeric film. See, for example, U.S. Patents
Nos. 5,672,921 and 6,788,449, both assigned to Sipix Imaging, Inc.
[Para 13] Alhough electrophoretic media are often opaque {(since, for example, in many
electrophoretic media, the particles substantially block transmission of visible light through
the display) and operate in a reflective mode, many electrophoretic displays can be made to
operate in a so-called shutter mode in which one display staie is substantially opaque and one

is light-transmissive. See, for example, U8, Patents Nos, 5,872,532; 6,130,774, 6,144,361,
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6,172,798, 6,271,823; 6,225,971, and 6,184,856, Dielectrophoretic displays, which are
sunifar to electrophoretic displays but rely upon vanations in eleciric field strength, can
operate in a similar mode; see US. Patent No. 4,418,346, Other types of electro-optic
displays may alsc be capable of operating in shutter mode. Electro-optic media operating in
shutter mode can be used m multi-layer structures for full color displays; in such siructures, at
least one layer adjacent the viewing surface of the display operates in shutter mode to expose
or conceal a second laver move distant from the viewing surface.

{Para 14} An encapsulated clectrophoretic display typically does not soffer from the
clustering and settling failure mode of traditional slectrophoretic devices and provides further
advantages, such as the ability to print or coat the display on a wide variety of flexible and
rigid substrates. {Use of the word printing is intended o inchude all forms of printing and
coating, including, but without limitation: pre-metered coatings such as paich die coating, slot
or extrusion coating, shde or cascade coating, curtain coating; roll coating such as knife over
roll coating, forward and reverse roll coating; gravure coating; dip coating; spray coating;
brush coating; air kmife coating; silk screen printing

meniscus coating; spin coating;

processes; electrostatic printing processes; thermal printing processes; ink jef printing
processes; electrophoretic deposttion (See UK. Patent No. 7,339,715}, and other similar
techmiquies.} Thus, the resulting display can be flexible. Further, becanse the display medium
can be printed (using a varicty of methods), the display itself can be made inexpensively.

{Para 15] The aforementioned U.S. Patent No. 6,982,178 describes a method of assembling
a solid electro-optic display (including an encapsulaied electrophoretic display) which is well
adapted for mass production. Essentially, this patent describes a so-called front plane
iaminate (FPL) which comprises, in order, a light-transmissive electrically-conductive layer;
a laver of a solid electro-optic medium o electrical contact with the electrically-conductive
layer; an adbesive layer; and a release sheet. Typically, the light-transmissive electrically-
conductive tayer will be carried on a Hght-transmissive substrate, which 1s preferably flexible,
 the sense that the substrate can be manually wrapped around a drum (sav) 10 inches (254
mm; i diameter without permanent deformation. The term Hghi-transmissive is used in this
patent and herein {0 mean that the layer thus designated transmits sufficient light to enable an
observer, looking through that layer, to observe the change in display states of the electro-
optic medium, which will normally be viewed through the elecirically-conductive layver and
adjacent subsirate (if present); m cases where the elecivo-optic medium displays a change m

reflectivity at non-visible wavelengths, the term light-transmissive should of course be

(@]
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interpreted to refer to transmussion of the relevant non-visible wavelengths. The substrate will
typically be a polymeric film, and will nommally have a thickness i the range of about 1 o
about 25 nul (25 o 634 um), preferably about 2 to about 10 mil (51 to 254 pm). The
electricallv-conductive layer s convendently a thin metal or metal oxide layer of, for
example, aluminum or ITO, or may be a conductive polymer. Polyv{ethyiene torephthalate}
(PET) films coated with aluminum or ITO are available commercially, for example as
alummized Mylar (Mylar 15 a Registered Trade Mark) from EL du Pont de Nemours &
Company, Wilnington BE, and such commercial materials may be used with good resulis in
the front plane lanunate.

{Para 16] Assembiy of an electro-optic display using such a front plane laminate may be
effected by removing the release sheet from the front plane laminate and contacting the
adhesive layer with the backplane under conditions effective to cause the adhesive layer to
adhere to the backplane, thereby securing the adhesive layer, layer of electro-optic medivm
and electnically-conductive layer to the backplane. This process is well-adapted o mass
production since the front plane laminate may be mass produced, typically using roll-to-roll
coating techmiques, and then cui info pieces of any size veeded for use with specific
backplanes.

{Para 17} U.S. Patent No. 7,561,324 describes a so-called double release sheet which is
easentially a simplified version of the front plane lanminate of the aforementioned LLS. Patent
No. §,982,178. One {orm of the double release sheet comprises a layer of a solid electro~-optic
modiuvm sandwiched between two adhesive layers, one or both of the adhesive layeors being
covered by a release sheet. Ancother form of the double release sheet comprises a layer of a
solid electro-optic medium sandwiched between two release sheets. Both forms of the double
release filn are intended for use in a process generally similar to the process for assembling
an electro-optic display from a2 front plane laminate already described, but involving two
separate laminations; typically, in a first lamination the double release sheet is laminated to a
front electrode to form a front sub-assembly, and then in a second lamination the front sub-
assembly s laminated to a backplane to form the final display, although the order of these
two larninations could be reversed if deswred.

{Para 18] U. S. Patent No. 7,839,564 describes a so-called inverted front plane laminate,
which s a vanant of the front plane laminate described m the aforementioned U8, Patent No.
6,982,178, This tnveried front plane laminale comprises, in order, at lecast one of a light-

transmissive profective layer and a Hght-transmissive electrically-conductive layer; an
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adhesive layer; a layver of a sohid clectro-optic mediuny and a release sheet. This joverted
front plane laminate is used to form an electro-optic display having 2 laver of lanmunation
adhesive between the slectro-optic layer and the front electrode or front subsirate; a second,
typically thin layer of adhesive may or may not be present between the eleciro-optic layer and
a backplane, Such electro-optic displays can combine good resolution with good low
temperature performance.

Para 19] As mdicated above most simple prior art electrophoretic media essentially display
oy two colors. Such electrophoretic media either use a single type of electrophoretic
particle having a first color in a colored fuid having a second, different color (in which case,
the first color is displayed when the particles lie adjacent the viewing surface of the display
and the second color 1s displayed when the particles are spaced from the viewing surface), or
first and second types of electrophoretic particles having differing first and second colors m
an uncolored fluid {in which case, the first color is displayed when the first type of particles
fie adjacent the viewing surface of the display and the second color is displayed when the
second type of particles he adjacent the viewing surface). Typically the two colors are black
and white. If a full color display is desired, a color filter array may be deposited over the
vigwing surface of the monochrome (black and white} display. Displays with color filter
arrays rely on area sharing and ¢olor blending o create color stimull. The available display
area i3 shared between three or four primary colors such as red/green/blue (RGB)Y or
red/green/blue/white (RGBW), and the filters can be amanged in one~dimensional {stripe) or
two-dimensional {2x2)} repeat patterns. Other choices of primary colors or more than three
primartes are also known in the art. The three (in the case of RGEB displays) or four {in the
case of RGBW displays) sub-pixels are chosen small encugh so that at the intended viewing
distance they visually blend together 1o a single pixel with a uniform color stimulus {‘color
blending’}. The inherent disadvantage of area sharing is that the colorants are always present,
and colors can ounly be modulated by swiiching the comresponding pixels of the underlying
monochyome display to white or black {switching the corresponding primary colors on of
off). For example, in an 1deal RGBW display, each of the red, green, blue and white
primaries cccupy one fourth of the display area {one sub-pixel out of four), with the white
sub-pixel being as bright as the underlying monochrome display white, and each of the
colored sub-pixels being no lighter than one third of the monochrome display white, The
brightness of the white color shown by the display as a whole cannot be more than one half of

the brightness of the white sub-pixel {white areas of the display are produced by displaying
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the one white sub-pixel out of each four, phus each colored sub-pixel in its colored form being
equivalent {o one third of a while sub-pixel, so the three colored sub-pixels combined
contribute no more than the one white sub-pixel}. The brighiness and saturation of colors is
lowered by area-sharing with color pixels switched to black., Area sharing is especially
problematic when mixing vellow because # is lighter than any other color of equal
brightness, and saturated yellow is almost as bright as white. Switching the blue pixels {one
fourth of the display area) to black makes the yellow too dark.

[Para 28] Multilayer, stacked electrophoretic displays are known in the art; I, Heikentfeld, P.
Drzaic, J-8 Yeo and T. Koch, Journal of the 31D, 19(2), 2011, pp. 129-156. In such displays,
ambient light passes through images in each of the three subtractive primary colors, in precise
analogy with conventional color printing. U.S. Patent No. 6,727,873 describes a stacked
electrophoretic display in which three layers of switchable cells are placed over a reflective
background. Sinilar displays are known in which colored particles are moved laterally {see
International Application No. WO 2008/065605) or, using a combination of vertical and
lateral motion, sequestered into micropits. In both cases, each layer is provided with
electrodes that serve to concentrate or disperse the colored particles on # pixel-by-pixel basis,
50 that each of the three layers requires a layer of thin-film transistors {(TFT’s) (two of the
three fayers of TFT s must be substantially transparent} and a light-transmissive counter-
electrode. Buch a complex arrangement of electrodes is costly to manufacture, and in the
present state of the ant &t is difficult o provide an adequately transparent plane of pixel
electrodes, especially as the white state of the display must be viewed thwough several lavers
of clectrodes. Multi-layer displays also suffer from parallax problems as the thickness of the
display stack approaches or exceeds the pixel size.

{Para 21} U.S. Applications Publication Nos. 2012/0008188 and 2012/0134009 describe
multicolor electrophoretic displays having a single back plane comprising independently
addressable pixel electrodes and a coromon, light-transimissive front electrode. Between the
back plane and the front electrode is disposed a plurality of electrophoretic layers. Displays
described in these applications are capable of rendering any of the primary colors {red, green,
blue, cyan, moagents, vellow, white and black) at any pixel location. However, there are
disadvantages t© the use of multiple electrophoretic layers located between a single set of
addressing electrodes. The clectric fleld experienced by the particles in a particular layer is
tower than would be the case for a single electrophoretic layer addressed with the same

voliage. In addition, optical losses in an electrophoretic layer closest to the viewing surface
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{for example, caused by light scattering or unwanted absorption) may affect the appearance
of images formed in underlying electrophoretic layers.

{Para 22} Atteropts bave been made to provide full-color clectrophoretic displays using a
sigle electrophorctic layer.  See, for example, U.S. Patent Application Publication No.
2011/0134506. However, in the current state of the art such displays typically involve
compromises sach as slow switching speeds (as long as several seconds) or high addressing
voliages.

{Para 23] The present mvention provides polymer functionalized pigments suitable for use

i full-color electrophoretic displays, among other applications.

SUMMARY OF INVENTION
{Para 24} The invention provides surface functionalized pigments and polymer coated
pigments including the surface functionalization. The pigments of the vention are casily
dispersed in non-polar andfor hydrophobic fluids, and may be useful for a variety of
applications such as paints, printing, e.g., inkjel printing, color filter fabrication, and
mesrporation into electro-optic displays, e.g., electrophoretic displays, where they may be
used as a part of the electrophoretic mediunm.

{Para 23] The invention includes colored pigments comprising Formula I

FORMULA Y

wherein Ry is a hydrogen, C,~C5 alkyl group, or a halogen, or ~CH2CHRWCHOCOR;, Rois a
fiydrogen, C1-C; allcyl group, or a halogen, Ra is ~C{CHOCH:, or a hydrophobic polymer
having a molecular weight between § kD and 100 kI3, and Ry s ~OH or —

O{CHCH{CH,OCOCCHCH)OLE, and x is an integer from 1 1o 15, Typically the
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pigment is magentia, red, violet, or pink, however multiple species of Formula [ can be
combined to tune a bulk pigment o the desired color. In one emnbodiment, the pigment of
Formula I is reacted with a hydrophobic polymer, such as a polymer comprising a
methacrylate or acrylate, such as lauryl acrylate, lauryl methacrylate, 2-ethyvlhexyl acrylats,
2-ethythexyl methacrylate, hexyl acrylate, hexyl methacrylate, n-octyl acrylate, n-octyl
methacrylate, n-octadecy! acrylate, or n-octadecyl methacrylate.

{Para 26} In some embodiment, the fimctionalized pigment is of Formula I

i
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FORMULAL

wherein Ry, Rs and X are as described above with respect to Formula I Tn one embodiment,
the pigment of Formula I is reacted with 3 hydrophobic polymer, such as a polymer
comprising a methacrylate or acrylate, such as lauryl acrylate, lauryl methacrylate, 2-
ethylhexyl acrylate, 2-ethylhexyl methacrylate, hexyl acrylate, hexyl methacrylate, n-octyl
acrylate, n-octyl methacrylate, n-octadecyl acrylate, or n-octadecyl methacrylate,

(Para 27} In some embodiments, the polymer functionalized pigment is of Formula I
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Formulz 111

wherein Ry and Rz are as described above with respect to Formula I, and m and n are
independently integers between 10 and 200

iPara 28] In some embodiments, the polymer fimetionalized pigment is of Formula IV,

HOHCHO . OHyC HeC

SN

e OlCH ) Oy

A L n
| CHs 830" O(CH ) CHy

FORMULATY
wherein R» is as defined above with respect to Formala 1, and m and n are independently

iiiegers between 10 and 200,

11
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[Para 1%} The hydrophbobic polymer improves the dispersion of the pigment, especially
when it is used in an electrophoretic medium. As a result, electrophoretic media including
the pigments of the invention have a greater dynamic range between “white” and “colored”
states. The pigments of the invention also switch between “white” and “colored” states faster
than sinulariy-colored state-of-the-art pigments when both pigments are driven with the same
voliage.

{Para 38} In other aspects, the invention includes colored pigments comprising Formula VI
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FORMULA VI

wheretn Ry 1s a hydrogen, a Ci-Cs alkyl group, a halogen, a hydroxyl, or ~COURCRLCOOH,
B 18 a hydrogen, C-Cs alkyl group, or a halogen, Rs is hydrogen or a hydrophobic polymer
having a molecular weight between 3 kI3 and 100 kI3, and Ry is hydrogen or a bydrophobic
polymer having a molecular weight between 5 kI3 and 100 kD. Typically the pigment is
magents, red, violet, or pink, however multiple species of Formula VI can be combined to
fune a bulk pigruent to the desired color. Tn one embodiment, the pigment of Formula VI is
reacted with a hydrophobic polymer, such as g methscrylate or acrylate, such as lauryl
acrylate, lauryl methacrylate, 2-cthythexyl acrylate, Z-sthylhexyl methacryiate, hexyl
acrylate, hexyl methacrylate, n-octyl acrylate, n-octyl methacrvlate, n-octadecy! acrylate, or
n-octadecyl methacrylate.

{Para 31} In some embodiment, the polymer functionalized pigraent is of Formula VIE

iZ
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Formuls VIi

wherein K and R: are as defined above with respect to Formula VI, and m and n are
independently integers between 10 and 200,

{Para 32] In some embodiment, the polymer functionalized pigment is of Formula VI

FORMULAVIH

wherein Ry is as defined above with respect to Formula VI, and m and n are independenily

integers between 10 and 200,
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{Para 33] The hydrophobic polymer improves the dispersion of the pigment, especially
when it 13 used in an electrophoretic medivm. As a result, electrophoretic media including
the pigmenis of the invention have a greater dynamic range between “white” and “colored”
states. The pigments of the invention also switch between “white” and “colored” states faster
than similarty-colored state-of-the-art pigments when both pigments are driven with the same
voltage.

{Para 3] The mvention additional includes methods of making functionalized pigments of

Formula Ve

FORMULAY

wherein R is a hydrogen, C:i-Cs alkyl group, or 3 halogen. For example, pigments of
Formulas I-1V, and VI-VIII (above) can be created using the methods of the invention. The
method includes providing a pigment comprising a colored species of Formula V and reacting
the pigment with glycidyl methacrylate, maleic anhydride, or 4-methacryloxyethyl trimellitic
anhydride monomers to create a functionalized pigrment.  Functionalizing pigments of
Fornmula ¥ with glycidyl methacrylate, maleic anhydride, or 4-methacryioxyathyl trimellitic
anhydride monomers can be achieved faster and with greater efficiency than prior art
methods of funclionalizing pigrents of Formula V. Once the functionalized pigments have
been prepared, the functionalized pigments can be combined with hydrophobic polymers,
such as a methacrylate or acrylate, such as lauryl acrylate, lauryl methacrylate, 2-ethythexyl
acrylate, 2-ethylhexyl methacrylate, bexy! acrylate, hexyl methacrylate, n-octyl acrylate, n-
octyl methacrylate, n-octadecy! acryiate, or n-octadecy! methacrylate. In some instances, the
hydrophobic polymer is lauryl methacrylate. In some instances, the hydrophobic polymer
and the functionalized pigment are ball milled prior to reacting.

[Para 35] The described pigments can be used in an electrophoretic medium comprising 8
fhuid and first, second, and third species of particies disposed in the theid. The first species of
particles bear charges of one polarity, while the second and third species of particles bear
charges of the opposite polarity. The characieristics of the first, second and third spacies of
particles are such that the particle-particle inderactions are less between the particles of the
first spevies and the panticles of the second species than between the particles of the first

species and the particles of the third species. When a first addressing impulse is applied o the
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electrophoretic mediom, the first and third species of particles move in one direction relative
to the electric field and the sccond species of particles move in the opposed direction relative
o the electric field. When a second addressing impulse, larger than the first addressing
impulse but of the same polarity is applied to the electrophoretic medium, the first species of
particles move in said one direction relative to the electric field, while the second and third
species of particies move in said opposed direction relative (o the electric field.

(Para 36] In another aspect, this invention provides an clectrophoretic display capable of
rendering multiple different colors, the display comprising an electrophoretic medium and
first and second electrodes disposed on opposed sides of the electrophoretic medium. The
electrophoretic medium comprises a fluid and a plurality of a first species of particles having
& negative charge, a phuality a second species of particles having a positive charge, and a
plurality of a third species of particles having a positive charge.

{Para 371 In another aspect, this invention provides an electrophoretic medium comprising a
fluid and first, second and third species of particies disposed in the fhud. The fhud is dyed a
first color. The first species of particles are light-scattering, and bear charges of one polarity,
while the second and third species of particles are non-light scatiering, are of second and third
colors respectively different from the fust color and from each other, and bear charges of the
opposite polarity. The characteristics of the first, second and third species of particles are
such that the particle-particle interactions are less between the particles of the first species
and the particles of the second species than between the particles of the first species and the
particles of the third species.

{Para 38] This jovention also provides an electrophorstic display capable of rendering
multiple different colors, the display comprising an electrophoretic medium and first and
second  electrodes disposed on opposed sides of the electrophoretic medium. The
glectrophoretic medium copprises a fluid dyed a first color; a plurality of a first species of
light-scattering particles having a negative charge; a plurality of a second species of non-light
scattering particles having a second color and a positive charge; and a plurality of a third
species of non-light-scattering particles having a third color and a positive charge.

{Para 39} Fually, the present invention provides an electrophoretic medium comprising a
fluad and at least one type of charged particle disposed in the fluid and capable of moving
through the fluid when an electric field is applied to the medium, the medium further
comprising a charge-control adjuvant capable of mnparting a more positive charge o the

charged particles, wherein the charge-control adprvant is a metal sall of a carboxylic acid,
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wherein the metal is chosen from the group consisting of lthium, magnesium, calcium,
strontivm, rubidivm, barium, zine, copper, tin, fianium, manganese, iron, vapadium, and
aluminum,

iPara 48] This invention extends to a front plane laminate, double release sheet, nverted
front plane laminate or electrophoretic display comprising an electrophorstic medium of the
present wvention. The displays of the present invention may be used in any application in
which prior art eleciro-optic displays have been used. Thus, for example, the present displays
may be used ju electromic book readers, portable computers, tablet computers, cellular

telephones, smart cards, signs, walches, shelf labels and flash drives.

RRIEF DESCRIPTION OF DRAWINGS
{Para 41} FIG 1 of the accompanying drawings is a schematic cross-section through an
exemplary electrophorstic display.
iPara 42} FIGS. ZA and 2B are schematic cross-sections through an encapsulated
clectrophoretic display including magenta particles showing two optical states of the display
under first and second volages.
[Para 43] FIG 3 shows white state contamination (WS¢} as a function of washed
thermogravimetric analysis {(wTGA}, where the wTGA values were modified by changing the
level of functionalization and/or the amount of polymer coating.
iPara 44] FIG 4 shows color saturation (CUSe) as a function of washed thermogravimetric
analysis {wTGA}, where the wTGA values were modified by changing the level of
functionalization and/or the amount of polvimer coating.
{Para 45] FIG 5 shows washed thermogravimetric analysis {wTGA)Y values as a function of
lauryl methacrylate (EMA} content for magenia pigments functionalized with glycidyl
methacrylate (GMA) and 4-vinylbenzyichloride (VBC).
{Para 46] FIG 6 shows washed thermogravimetric analysis (wTGA) values as a function of
the amount of functionalization with glycidyl methacrylate (GMA) or 4-vinylbenzvichioride
{(VBC). The lauryl methacrylate content was constant at approximately 1.3 tiwes the weight

of the pigment.
DETAILED DESCRIPTION
{Para 47} The wvention mweludes mproved pigments for use in paints, coatings, filters, and

elecirophoretic displays. In general, a quinacridone pigment can be surface functionalized
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with a functional molecule, such as glveidyl methacrylate, maleic anhydride, or 4-
methacryloxyethyl trimellitic anhydride to create a functionalized pigment, whereupon the
functional groups can be activated to bond hydrophobic polymers, thereby coating the
pigment with the hydrophobic polymer. In some embodiments, the hydrophobic polymers
will be methacrylates or acrylates, such as lauryl acrylate, lauryl methacrylate, 2-ethylhexyl
acrylate, Z-cthythexyl methacrylate, hexyl acrylate, hexyl methacrylate, n-octy! acrylate, n-
octyl methacrylate, n-octadecyl acrylate, or n-octadecyl methacrylate In some instances the
quingeridone pigment will be functionalized with glveidvl methacrylate, and then polymer

coated with lauryl methacryvlate, resulting n polymer coated pigments of Formula 1V, below:

HiC(HCHsO L -Ohye HiC

{CH 11 CHy

CHSE@"HW? OECHL ) CHy

FORMULA IV
wherein Rz 15 a hydrogen, Ci-Cs atkyl group, or a halogen, and m and n are independently
postlive integers between 10 and 200, In other embodiments, the quinacridone pigment will
be functionalized with maleic anhydride, and then polymer coated with laurvl methacrylate,

resulting 1 polymer coated pigments of Formula VHI, below:
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wherein Rz is a hydrogen, C-Cy alkyl group, or a halogen, and m and n are independently

positive integers between 10 and 200,

{Para 48} In some embodiments,

of Formuia I1;

the pigments will be formed from functionalized pigments
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wherein Ry is a hydrogen, Cp-Ci alkyl group, or a halogen, Ry is

FORMULAH
~OH or -

O[CHCH{CHOCOC{CHYCHOLH, and x i an integer from 1 o 18, For example, the

pigments may be of Formnla IX:
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FORMULAIX

The tunctionalized pigments of any of the Formulae above can be coated with hydrophobic
polymers, i.¢., as described hersin.

{Para 4% Functionalized pigment precursors, e.g., quinacridone pigmends, eg.,
quinacridone derivative pigments, fypically exist ass colored crystals prior to being
functionalized. Accordingly, the quinacridons molecules that are functionalized using the
methods of the invention are often located at the outer surface of the crystal. Accordingly, a
varying amount of functionalization may be achieved for individual quinacridone molecules
depending upon the location and orientation of the quinacridone molecule with respect to the
larger crystal structore. Additionally, during the functionalization and processing, it is likely
that some amount of quinacridone will dissociate from the crvstal, wherehy the dissociated
quinacridone may undergo complete functionabization and widespread coupling to the
provided hydrophobic polymers, Details of quinacridone crystal structures can be found

the fiterature, for exarople Panina et al, Joumal of Applied Crvstaliogrhy {2007} p. 105-

£14, which is incorporated by reference in ifs entirety.

{Para 58] Displays of the present invention can reproduce the appearance of high guality
color printing. Such hugh quality printing is typically effected using at least three colorants in
a subtractive primary color system, typically cvan/magenta/vellow (CMY) and optionally
black. It is oflen not appreciated that a so-called three-color CMY printing system is in reality
a four-color system, the fourth color being the white background provided by the substrate
{paper or similar} surface to which colorants are applied, and which performs the function of
reflecting the light fltered by the subtractive colorants back to the viewer Since there is no
comparable background color inn an essentially opaque electrophoretic medium unless i is
being used in shutter mode, a non-shutier-mode electrophoretic medium should be capable of

modulating four colors (white and three primary colors, the three primary colors typically
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being cyan, magenta and yellow, or red, green and blue). Optionally a black material may
also be included, but it 1s possible to render black by a combination of ¢van, magenia and
yvellow colors.

Para S§1] Before descnbing in detai] preforred electrophoretic media and displays of the
present nvention, some general guidance will be given regarding materials for use in such
media and displays, and preferred processes for their preparation.

{Para 82] The materials and processes used in preparing the mediz and displays of the
present invention are generally similar o those used in sbuilar prior art media and displays.
As desoribed for example in commonly-assigned U, S Patent No. 6,822,782, a typical
electrophoretic medium comprises a fluid, a plorality of electrophoretic particles disposed in
the fhuid and capable of moving through the fluid (L.e., translating, and not simply rotating)
upon application of an electric field to the fluid. The fluid also typically contains at Jeast one
charge control agent (CCA), a charging adjuvant, and a polymeric theology meodifier. These
various componenis will now be described separately.

{Para 53] A Fhud

{Para 54] The fluid contains the charged electrophoretic particles, which move through the
fluid under the influence of an eleciric field. A preferred suspending fluid has 2 low dielectric
constant {about 2}, high volume resistivity (about 187 Gl cm), low viscosity {less than 5
ioPas), low toxicity and environmental impact, low water solubility (less than 10 paris per
million {ppm), if traditional aqueous methods of encapsulation are to be used; note however
that this requirement may be relaxed for non-encapsulated or certain microcel! displays), a
high bothing point {greater than about 90°C), and a low refractive index {less than 1.3). The
fast requirement arises from the use of scattering {typically white) pigments of high refractive
ndex, whose scattering etficiency depends upon a mismatch in refractive index between the
particles and the fhnd.

{Para 35] Organic solvents such as saturated linear or branched hydrocarbons, silicone oils,
halogenated organic solvents, and low molecular weight halogen-containing polymers are
some useful flnids. The fhid may comprise a single component or may be a blend of more
than one component in order to tune its chemical and physical properties. Reactants or
solvents for the microencapselation process (if used}, such as oil solubie monomers, can also
be contained in the fhad.

[Para 56] Usetid organic fluids include, but are not limited to, saturated or unsaturated

hydrocarbons {such as, but are not limited to, dodecane, tetradecans, the aliphatic
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hydrocarbons in the ISOPAR® series {Exxon, Houston, Texas), NORPAR® (Fxxon, a series
of normal paraffinic Hauids), SHELL-SOL® (Shell, Houston, Texas), and SOL-TROL®
{Shell}, naphtha, and other petroleum solvents; silicone otls {such as, but are not Hmited to,
octamethy! cyclosiloxane and higher molecular weight cyelic siloxanes, poly(methyl pheny!
siloxane)}, hexamethyldisiioxane, and polydimethylsiloxane; vinyl sthers, such as cyclohexyl
vinyl ether and DECAVE® (International Flavors & Fragrances, Inc., New York, NY)
aromatic hydrocarbons, such as toluene; and halogenated materials mcluding, but not Hmited
o, tetraflvorodibromocthylene,  tetrachloroethylene,  trifluorochioroethylene, 1,2,4-
inichlorobenzene and carbon  fetrachloride and perfluoro- or  partially-fluorinated
hvdrocarbons.

[Para 87} I 1s advantageous in some electrophoretic media of the present invention for the
fluid 1o contain an optically absorbing dye. This dye nwst be soluble or dispersible in the
fhad, but will generally be insoluble in the other components of the microcapsule, There is
much flexibility in the choice of dye material. The dye can be a pure compound, or blends of
dyes may be used to achieve a particular color, including black. The dyes can be fluorescent,
which would produce a display i which the flusrescence properties depend on the position
of the particles. The dyes can be photoactive, changing to another color or becoming
colorless upon wradiation with either visible or ultraviclet light, providing another means for
obtaining an optical response. Dyes could also be polymerizable by, for example, thermal,
photochemical or chemical diffusion processes, forming a solid absorbing polymer inside the
bounding shell,

[Para 58] Many dyes can be used in electrophoretic media. Important dye properties include
tight fastness, solubility or dispersibility in the fluid, color, and cost. The dyves are generally
chosen from the classes of azo, azomethine, fluoran, anthraquinone, and triphenyimethane
dyes and may be chemically modified 50 as to increase their solubility in the fluid and reduce
their adsorption to the particle surfaces,

{Para 59] B BElosiropheretic Purtieles

{Para 68] The electrophoretic particles used in the media and displays of the present
invention are preferably white, black, yellow, magenta, cyan, red, green, or blue in color,
although other {spot} colors may also be used. There is much flexibility in the choice of such
particles. For purposes of this invention, an electrophoretic particle is any particle that is
msolubde in the fhnd and charged or capable of acquiring a charge (1., has or is capable of

acquiring electrophoretic mobility). In some cases, this mobility may be zero or close to zero
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{(1.e., the particles will not move). The particles may be, for example, non-derivatized
pigments or dyed {laked} pigments, or any other component that is charged or capable of
acquiring a charge. Typical considerations for the clectrophoretic particle are iis optical
properiies, electrical properties, and surface chemistry. The particles may be organic or
imorgamic compounds, and they may either absord light or scatter light, i.e., the particles for
use in the invention may inclade scatioring pigments, absorbing pigments and luminescent
particles. The particles may be retroreflective or they may be electroluminescent, such as zine
sulfide particles, or they may be photohiminescent,

{Para 61} The clectrophoretic particle may have any shape, ie., spherical, plate-like or
acicular. A scattering particle typically has high refractive index, high scattering coefficient,
and low absorption coefficient and may be composed of an inorganic material such as rutile
{titarda), anatase {tifania), barium sulfate, zirconium oxide, kaclin, or zine oxide. Other
particles are absorptive, such as carbon black or colored organic or norganic pigments such
as are used in pamis and inks. A reflective material can also be emploved, such as a metallic
particle. Uselul particle diameters may range from 10 wn up o abowt 10 um, although for
fight-scattering particles it is preferred that the particle diameter not be smaller than about
200 up,

{Para 62] Particularly preferred raw pigment particles of the present invention are red
pigments such as Pigment Red 112, Pigment Red 179, Pigment Red 188 and Pigment Red
254 and magenta pigmenis such as Pigment Violet 19, Pigment Red 52:2 and Pigment Red
122. These pigments are based upon the quinacridone molecule, 2 version of which is shown

below in Formula V3

FORMULAV

wherein R is a hydrogen, Ci-Cy alkyl group, or a halogen. Other gquinacridones, having
structures not coversd by Formula V), may also be polymer coated using the technigues
deseribed herein, A pre-milled combination of Pigment Violet 19 (CAS# 1047-16-1) and
Pigment Red 122 (CAS# 983-26-7) is commercially available from Clariant (Basel,
Switzerland) as Ink Jet Magenta E 02 VP2621.

{Para 63 The surface treatments described herein may also be used to surface-coat other

pigments where the chemisiry of the pigment is conducive 1o the methods described herein.

03]
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Raw pigments for use in the electrophoretic particles include, but are not limited to, PbCr(;,
Cyvan blue GT 55-3295 (American Cyanamid Company, Wayne, NI, Cibacron Black BG
{Ciba Company, Inc., Newport, Delaware}, Cibacron Turquoise Blue G {Ciba}, Cibalon Black
BGL (Ciba}, Orasel Black BRG {Ciba), Orasol Black RBL (Ciba}, Acetamine Black, CBS (E.
£ du Pout de Nemours and Company, Inc., Wilmingion, Delaware, hercinafter abbreviated du
Pont), Crocein Scarlet N Ex (du Pont} (27280}, Fiber Black VF (du Pont} (30235}, Lauxol Fast
Black L (du Pout} {8obv. Black 17}, Nirosine Base No. 424 {du Pont} (504135 B}, Gil Black
BG {du Pont) {Solv. Black 16}, Rotalin Black RM {du Pont}, Sevron Brilliant Red 3 B {du
Pont); Bamic Black DSC (Dye Specialties, Inc.), Hectolene Black (Dye Specialties, Inc.},
Azosol Brilliant Blue B {GAF, Dyestuff and Chermical Division, Wayne, NI} {Solv. Bhue 93,
Azosol Brilhant Green BA (GAF) {Solv. Green 2), Azosol Fast Briliant Red B (GAF),
Azosol Fast Orange RA Cone. (GAF) (Solv. Orange 203, Azosol Fast Yellow GRA Conc.
{GAF) {13900 A}, Basic Black KMPA (GAF), Benzofix Black CW-CF (GAF) (35433),
Cellitazol BNFY Ex Seofuble CF {(GAF) {(Insp. Black 9}, Celliton Fast Blue AF Ex Cone
{GATL) (Dusp. Blue 93, Cyper Black 1A {GAF) (Basic Black 3}, Diamine Black CAP Ex Cone
(GAF) (30235), THamond Black EAN Hi Con. CF {GAF) (153710), Ddamond Black PEBA Ex
{GAF} (16508); Direct Deep Black EA Ex CF (GAF) (30233), Hamsa Yellow G (GAD)
{11680} Indanthrene Black BBK Powd. (GAF) (59830}, Indocarbon CLGS Cone. CF (GAF)
{33295}, Katigen Deep Black NND Hi Cone. OF {(GAF) (158711), Rapidogen Black 3 G
{GAF) (Azoie Black 4); Salphone Cyanine Black BA-CF {GAF) (26370}, Zambezi Black VD
Ex Cove. {(GAF) {30015} Rubanox Red CP-1485 (The Sherwin-Williams Company,
Cleveland, Ohic) (15630} Raven 11 {Columbian Carbon Company, Atlants, Ga), {carbon
black aggregates with a particle size of about 23 um), Statex B-12 {Columbian Carbon Co.)
{a furmnace black of 33 pum average particle size}, Greens 223 and 425 (The Shepherd Color
Company, Cincinnati, Ohio 45246}; Blacks 1, 1G and 430 (Shepherd}; Yellow 14 (Shepherd);
Krolor Yellow KO-788-D {Dominion Colour Corporation, North York, Ontario; KROLOR is
a Registered Trade Mark); Red Synthetic 930 and 944 {Alabama Pigments Co., Green Pond,
Ala. 33074}, Krolor {rranges KG-786-D and KO-206-D (Dominion Colowr Corporation);
Green GX {Bayer);, Green 36 {Bayer); Light Blue ZR (Bayer): Fast Black 100 (Bayer):
Bayferrox 130M (Baver BAYFERROX is 8 Registered Trade Mark}; Black 444 {Shepherd);
Light Blue 100 (Bayer); Light Blue 46 {Bayer); Yellow 6000 (First Color Co,, Lid,, 1236-1,
Jungwang-dong, Siheung-city, Kyongei-do, Korea 429-450}, Blues 214 and 385 {Shepherd);

Violet 92 {Shepherd); and chrome green,
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{Para 64] The electrophorctic particles may also include laked, or dyved, pigments. Laked
pigments are pariicles that bave a dye preciptiated on them or which are stained. Lakes are
metal salts of readily soluble anionic dyes. These are dyes of azo, triphenyhmethane or
anthraquinone structure conlaining one or more sulphonic or carboxyvlic acid groupings. They
are usually precipilated by a calctum, barium or aluminum salt onto a substrate. Tvpical
examples are peacock blue lake (Cl Pigment Blue 24) and Persian orange (lake of Cf Acid
Orange 7}, Black M Toner {GAF} {a mixwre of carbon black and black dye precipitated on a
lake).

Para 68] It is preferred that pigments in the three subtractive primary colors (vellow,
magenta and cyan) have high extinction cosfficients and sufficiently small particle size as o
be substantially non scatiering of incident Hght,

{Para 66] Additional pigment properties which may be relevant are particle size disiribution
and lght-fasiness. Composite particle {(Le., polymeric particles that incorporate smalbler
pigment particles or dyves) may be used in the present invention. Pigments may be surface-
functionalized as described below or may be used without functionalization,

{Para 67} 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; ses 1LS. Patent No.
6,822,782, especially column 4, line 27 to column 5, bne 32, This same U.S. patent
demonsirates that there is an optimnum amount of polymer which should be deposiied {too
targe a proportion of polymer in the modified particle causes an undesirable reduction in the
electrophoretic mobility of the particle) and that the structure of the polymer used to form the
coating on the particle is imporiant,

{Para 6§} 0 Chatae Contrel Agents

{Para 69] The clectrophoretic media of the present invention will typically contain & charge
control agent (CCA), and may contain a charge director, These clectrophoretic media
components typically comprise low molecular weight surfactanis, polymeric agents, or blends
of one or more components and serve to stabilize or otherwise modify the sign and/or
magmitude of the charge on the electrophoretic particles. The CCA is typically a molecule
comprising ionic or other polar groupings, hereinafier referred {0 as head groups. At least one
of the positive or negative jonic head groups is preferably attached to a non-polar chain
{typically a hydrocarbon chain) that is hereinafter referred o as a tail group. It is thought that

the CCA forms roverse micelles in the internal phase and that it is a small population of
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charged reverse micelles that leads to electrical conductivity in the very non-polar fluids
typically used as electrophoretic fluids,

{Para 78] Reverse micelles comprise a highly polar core {that typically contains water) that
may vary m size from 1 nm to tens of nanometiers {and may have spherical, cyvlindrical, or
other geometry) swrrounded by the non-polar tail groups of the CCA molecule. Reverse
micelles have been extensively studied, especially o ternary mixtures such as
ot/ water/surfactant mixtures. An example is the iso-octane/water/ ADT mixture desceribed, for
example, in Fayer et al, L Chemy Phys, 137, 14704 (2009). In electrophoretic media, three
phases may typically be distinguished: a solid particle having a surface, a highly polar phase
that 15 distributed in the form of extremely small droplets {reverse micelles), and 2 continuous
phase that comprises the fhud. Both the charged particles and the charged reverse micelles
may move through the fluid upon application of an electric field, and thus there are two
parallel pathways for electrical conduction through the fluid (which typically has a
vanishingly small elecirical conductivity itself),

{Para 71} The polar core of the CCA is thought to affect the charge on surfaces by
adsorplion onto the surfaces. In an electrophoretic display, such adsorption may be onto the
surfaces of the clectrophoretic particles or the inierior walls of 8 microcapsule {or other solid
phase, such as the walls of a microcell} to form structures similar to reverse micelles, these
structures heremnafter being referred to as hemi-micelles, When one ion of an ion paw is
attached more strongly to the surface than the other {for example, by covalent bonding), ion
exchange betwesn hemi-micelles and unbound reverse micelles can lead to charge separation
in which the more strongly bound fon remains associated with the particle and the less
strongly bound ton becomes meorporated into the core of a free reverse micelle,

{Para 73] It is also possible that the ionic materials forming the head group of the CCA may
induce ion-pair formation at the particle {or other} surface. Thus the CCA may perform two
basic functions: charge-generation at the surface and charge-separation from the surface. The
charge-generation may result from an acid-base or an ion-exchange reaction between some
motety present in the CCA molecule or otherwise incorporated into the reverse micelle core
or fhad, and the particle surface. Thus, useful CCA materials are those which are capable of
participating in such a reaction, or any other charging reaction as known in the art.

{Para 73] Non-lmiting classes of charge control agents which are useful in the media of the
present invention include organic sulfates or sulfonates, metal soaps, block or comb

copolymers, organic amides, srganic zwitterions, and organic phosphates and phosphonates.
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Useful organic sulfates and sulfonates include, but are not Hmited to, sodiom bis{2-
sthylhexyl} sulfosuccinate, calotum dodecylbenzenesulfonate, calcium petroleum sulfonate,
neuiral or basic bartum  dinonyinaphthalene  sulfonate, neural or basic calcium
dinonylnaphthalene sulfonate, dodecylbenzenesulfonic acid sodium salt, and ammonium
fauryl sulfate. Uscful metal soaps include, but are not lmited to, basic or neutral barium
petronate, calcium petronate, coball, calcium, copper, manganese, magnesium, nickel, zing,
alumimurn and iron salts of carboxylie acids such as naphthenie, octanoie, oleic, palmitic,
steartc, and myristic acids and the ke, Usefid block or comb copolymers include, but are not
hmuted to, AB diblock copolymers of {A) polymers of 2-{N,N-dimethylamingethy]
methacrylate quaternized with methyl p-toluenesolfonate and (B} poly{2-ethyihexyl
methacrylate), and comb graft copolymers with oil soluble fails of poly{12-hydroxystearic
actd} and having a molecular weight of about 1800, pendant on an oil-soluble anchor group
of poly{methyl methacrylate-methacrylic acid). Useful organic amides/amines include, but
are not lmited to, polyiscbutyiene succinimides such as OLOA 371 or 1200 {available from
Chevron Oronite Company LLC, Houston, Tex.), or SOLSPERSE® 17004 (available from
Lubrizol, Wickliffe, OH}, and N-vinvlpyrrolidone polymers. Useful orgamic awitterions
include, but are not Hmtted to, lecithin. Useful organic phosphates and phosphonates include,
but are not limited to, the sodiam salts of phosphated mono- and di-glycerides with samrated
and unsaturated acid substituents.  Useful tail groups for UCA include polyvmers of olefins
such as poly(isobutylene} of molecular weight in the range of 200 - 10,000, The head groups
may be sulfonic, phosphoric or carboxylic acids or amides, or aliernatively amino groups
such as primary, secondary, terfiary or gualernary armonium groups.

iPara 74] Charge adjuvaots used in the media of the present inveniion may bas the charge
on electrophoretic particle surfaces, as described in more detail below. Such charge adjuvants
may be Bronsted or Lewis acids or bases.

[Para 78] Particle dispersion stabilizers may be added to prevent particle floccolation or
attachument to the capsule or other walls or surfaces. For the typical high resistivity liguids
used as fluids in electrophoretic displays, non-agueous surfactants may be used. These
melude, but are not limited to, glycol ethers, acetylemic glyeols, alksnolammdes, sorbitol
derivatives, alkyl amines, quaternary  amines, imidazolines, diatkyl oxides, and
selfosuccinates.

Para 76} D Polvmeic Additives
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iPara 77} As described in LLS. Patent No. 7,170,670, the bistability of electrophoretic media
can be improved by including in the fhuid a polymer having a number average molecular
weight m excess of about 20,000, this polymer being eossentially non-sbsorbing on the
electrophoretic particles; poly{isobutviene} is a preferred polvmer for this purpose.

{Para 78] Also, as described in for example, L8, Patent No. 6,693,620, a particle with
immobilized charge on its surface sets up an electrical double layver of opposite charge in a
surrounding fluid. Ionic head groups of the CCA may be jon-paired with charged groups on
the clectrophoretic particle surface, forming g layer of immobilized or partisily inunobilized
charged species. Ouiside this layer i3 a diffuse layer comprising charged (reverse) micelles
comprising CCA molecules in the fluid In conventional DO electrophoresis an applied
glectric field exeris a force on the fixed surface charges and an opposite force on the mobile
counter-charges, such that slippage occurs within the diffuse layer and the particle moves
relative to the fhuid. The electric potential at the ship plane is known as the zeta potential,
{Para 79 FIG 1 of the accompanying drawings is a schematic cross-saction through an
electrophoretic display {(generally designated 100} of the present invention comprising an
encapsulated electrophoretic medium; such a display, and methods for its manufactare are
described in U8, Patent No. 6,982,178, The display 100 comprises a light-transmussive
substrate 102, tvpically a iransparent plastic film, such as a sheet of poly{ethylene
terephthalate) (PET) about 23 o 200 pm in thickness. Although not showsn in FIG 1, the
substrate 102 (the upper surface of which, as llustrated in FIG 1, forms the viewing surface
of the display} may comprise one or more additional layers, for example a protective layer o
absorh ultra-violet radiation, barrier layers to prevent ingress of axygen or moisture into the
dispiay, and anti-reflection coatings (o improve the optical properties of the display.

{Para 80] The substrate 102 camies a thin, light-transmissive, elecirically-conductive layer
104 that acts as the front clectrode of the display. Layer 104 may comprise a continucus
coating of electrically-conductive matenial  with minimal  infrinsic  absorption  of
electromagnetic radiation in the visible speciral range such as mdium un oxde (JTQ),
poly{3,4-ethylenedioxythiophene} poly{styrenesulfonate) {(FPEDOTPSS), graphene and the
fike, or may be a discontinuous layer of a matenal such as silver {in the form of, for example,
nanowires or printed grids) or carbon (for example in nanotube form) that absorb or reflect
visible light but are present at such a surface coverage that the layer as a whole is effectively

transparent.
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{Para 81} A laver {generically designated 108) of an electrophoretic medium is in electrical
comtact with the conductive layer 134 through an optional polymeric layer or layers 106, as
described 1 more detail below. The electrophoretic medium 102 is shown as an encapsulated
slectrophoretic medivm comprising a plurality of microcapsules. The microcapsules may be
retained within a polymeric binder. Upon application of an electrical field across the layer
108, negatively-charged particles therein move towards the positive clectrode and positively-
charged particles move fowards the negative electrode, so that the laver 108 appears, to an
observer viewing the display through the substrate 102, to change color.

{Para 82] Although the display 100 is illustrated as having an encapsulated electrophoretic
layer 108, this is not an essential feature of the present mvention. Layer 108 may be
encapsulated or comprise sealed or unsealed micro-cells or micro-cups, or may be non-
encapsulated. When the layer i» non-encapsulated, the electrophoretic internal phase {the
electrophoretic particles and fluid) may be located between two planar elecirodes, af least one
of which 1s bght-transmissive, The spacing between the electrodes may be controlled by the
use of spacers, which may have the form of ribs or beads, Alternatively, the spacing may be
controlled by the use of microcapsules containing the internal phase; the internal phase may
be located within and cotside the capsules. It is not necessary that the internal phase inside
and outside the microcapsules be identical, although in certain circumstances this may be
preferred, For example, if capsules containing the same internal phase as that outside the
capsules are used as spacers i may be that the presence of the spacers is less easily
discernible by a viewer of the display {(since the intemal and external internal phases would
switch to at least substantially the same color).

{Para 83 As described in U5, Patents Nos. 6,982,178 and 7,012,733, the display 100
turther comprises a layer 110 of lamination adhesive covering the electrophoretic layer 108,
The lamination adhesive makes possible the construction of an electro-optic display by
combining twe subassemblies, namely a backplane 118 that comprises an array of pixel
electrodes 112 and an appropriate arrangement of conduciors o connect the pixel electrodes
o drive circuitry, and a front plane 116 that comprises the substrate 102 bearing the
transparent electrode 104, the electrophoretic layer 108, the lamination adhesive 110 and
optional additional components such as polymeric laver or layers 106, To form the final
display, the front plane 116 i5 laminated to the backplane 118 by means of lamination
adhesive 114, The lammation adbesive may be cured thermally or by actinte radiation {for

example, by UV curing) or may be uncured.



WO 2017/083472 PCT/US2016/061250

iPara 84] Since the lamination adhesive 110 is in the electrical path from the backplane
glectrodes 112 to the fromt elecirode 104, iis electrical properties must be carefully tailored.
As described 1 Unuted States Patent No. 7,012,738 the lamination adhesive may comprise, in
addition o a polymeric material, an ionic dopant that may be an additive selecied from a salt,
a polyelectrolyte, a polymer electrolyte, a solid electrolyte, a conductive metal powder, a
ferrofluid, a non-resctive solvent, a conductive organic compound, and combinations thereof.
The volume resistivities of encapsulated electrophoretic media of the present invention are
typically around 10'° Ghm-om, and the resistivities of other electro-optic media are usually of
the same order of magnitude. Accordingly, the volume resistivity of the lamination adhesive
is normally around 10% to 10% Ohmeom at the operating ternperature of the display, which is
typically around 20°C.

{Para 85] Polymeric layer 106 may be a lamination adhesive laver with similar properties to
those of lamination adhesive layer 110 {see for example 1S, Patent No. 7,839,564}, except
that, since polvmeric layer 106 is adjacent o the non-pixelated, Hght-transmissive conunon
electrode 104, its electrical conductivity may be higher than that of lamination adhesive layer
110, which s adjacent to the pixelated back plane electrodes 112 and cannot be so conductive
as fo fead to significant currents flowing from one backplane electrode to its neighbors when
they are held at different potentials during swiiching of the display. When polymeric layer
136 i3 a laroination adhesive it may be used to affix electrophoretic laver 108 o front
electrode 104 during manufacture of the front plane as described in detall in the
aforementioned United States Patent No. 6,982,178,

{Para 86] As mentioned above, the present invention provides an elecirophoreiic medium
comprising a fhud and at least a first species of particles disposed in the fhuid, the first species
of particles being such that when a first electric {ield is applied o the medium for a first
period, thereby applying a first addressing impulse to the medium, the first species of
particles move in one direction relative to the electric field, but when a second electric field,
having the same polanity as the first electric field, is applied to the mediwn for a second
period, thereby applving a second addressing mmpulse larger than the first addressing impulse
to the medium, the first species of particles move in the opposed direction relative to the
electric field. For the purpose of providing a better understanding of the present invention, the
following hypothesis as to how the pigment particles might move in a first direction with a
first addressing tmpulse {i.e., behaving as though the particles bore a negative charge} and in

a second direction with a second, higher addressing impulse {(i.e., behaving as though the
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particles bore a positive charge) is provided, but the invention is in no way limited by this

hypothesis.

{Para 87] Varous embodiments of eclectrophoretic media and displays of the present

mvention, and their use to form colored images, will now be described in more detail. In

these embodiments the following general switching mechanisms are utilized:

{A} Conventiopal electrophoretic motion, in which particles with
associated charge {either surface-bound or adsorbed) move in an electric field;
(B Conventional racing particles, wherein particles of bigher zeta
poteniial move faster than particles of lower zeta potential {as described, for
example, in U8, Patent Mo, 8,441,714 and earbicr patents cited therein)

(Cy  Coulombic aggregation between particles of apposiie sign, such that
the aggregate moves in an electric field according to its net charge in the
absence of an electrochemical {(or displacement) current, but wherein the
aggregate 15 separated by modulation of charge on at least one of the particles
by the electrochemical {or displacement) current;

{13}  Reversal of the dircction of motion of at least one species of particles

as a result of electrochemical {or displacerment) current.

{Para 88] The waveforms used to drive displays of the present invention may modulate the

electrical impulse provided to the display using any one or more of at least four different

methods:

{1} Pulse width modulation, in which the duration of a pulse of a particudar
voltage is changed;

(i) Dty cycle modulation, in which a sequence of pulses 1s provided
whose duty cycle is changed according to the impulse desired;

{n}  Voltage modulation, i which the voltage supplicd 8 changed
according to the impulse required: and

{ivi A DU voltage offset applied 1o an AC waveform {(which itself has net

zere impulse)

iPara 8% Which of these methods is used depends upon the intended application and the

exact form of display used. As noted above, herein the term impulse is used to denote the

tniegral of the applied veltage with respect to time during the peried in which a medium or

display is addressed. Alse as noted above, a certain electrochemical or displacement current

18 required for the change in direction of a {typically negatively-charged} species of particle
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or the disaggregation of Coulombic aggregates, and thus when 3 high impulse is fo apphied to
a mediim of display, the addressing voltage must be sufficlent to provide such a current.
Lower tupulses may be provided by lower addressing voltages, or by reduction in the
addressing time at the same higher voltage. As noted above, there i a polarization phase
during which electrochemucal currents are not at their maximum value, and during this
polanization phase the particles move according o their native charge {i.e, the charge they
bear before any addressing voltage s apphied to the medium or display. Thus, fow-impulse
addressing at high voltage is ideally for a duration such as {0 polarize the clectrophoretic
medium but not lead o high steady-state current flow,

{Para 88} FIGS. 2A and 2B are schematic cross-sections showing various possible siates of
single mucrocapsule 8040 {a sealed or unsealed microcell, or sther similar enclosure may
alternatively be used), containing a fhuid 806 dyed with a vellow dye {uncharged yellow
pariicles may be substituted for the yellow dye. Disposed in the fluid 806 are positively-
charged light-transmissive magenta particles 802 and negatively-charged white particles 804,
On the upper side of microcapsule 800, as illustrated m FEGS. 2A and 2B, s a substantially
fransparent front electrode 810, the upper surface of which {as iHustrated) forms the viewing
surface of the display, while on the opposed side of the microcapsule 800 is a rear or pixel
eloctrode 812. In FIGS. 24 and 28, 4 will be assumed that the front elecirode 810 remains at
ground potential {although this is not an essential feature of the present invention, and
variation of the potential of this electrode may be desirable in some instances, for example to
provide higher electric fields), and that the electric fickd across microcapsule 800 is controlled
by changing the voltage of the rear electrode 812,

{Para 81] FIGS 2A and 2B illustrate separation of charged color particles (802 and 804}
within the microcapsule 800 when a voltage is applied across an electrophoretic yoedium,
thereby causing particles 802 and 804 to undergo electrophoretic motion. As shown in FIG
ZA, when the rear electrode 812 is at # positive voltage, the white particles 804 move towards
the rear electrode 812, while the magenda particles 802 lic adjacent the front electrode 810,
In this configuration, the microcapsule 00 displays a red color caused by the combination of
the magenta particles and the yellow dye viewed against the white background provided by
the white particles. {View is assumed to be above, but in the approximate planc of the figure
i FIGS. 2A and ZB.} As shown in FIG 2B, when the rear elecirode 312 is at 2 negative

voltage, the white particles 304 move adjacent the front electrode 810, and the microcapsule
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830 displays a white color (both the vellow fhaid 806 and the magenta particles 02 are
masked by the white particles 304).

Para $2] Obviously, other combinations of colored particles and dves can be sobstituted for
the white and magents particles, and yellow dye, used in FIGS. 2A and 2B. Fspecially
preferred embodiments of the present invention are those in which one dye or particle has one
of the additive primary colors, and ancther is of the complementary subtractive primary color,
Thus, for example, the dye might be cyan and the two particles white and red. Other
combinations of particles, including multiple particle groups having the same charge polarity,
but different charge magnitudes, are also possible.  Additionally, green/magenia and
blue/yellow combinations of dye and particle may be used, together with a white particle.
The {had 806 may optionally be coloriess.

[Para 93] In one preferred embodiment of the present invention, the first (white} particle is a
silanol-functionalized scatiering waterial such as tilaniom dioxide to which a polymeric
material has been attached; the second particle is a positively charged magenta material such
as guinacridone pigment that has been coated as described below,

{Para 94} An electrophoretic display may additionally inchide a dye. The dye in some
embodiments is a hydrocarbon (ISOPAR® E)-soluble material that may be an azo dye such
as Sudan [ or Sudan H or derivatives thereof Other hydrocarbon-soluble dves such as
azomethine (yellow and cyan are readily available) or other materials that are weli-known in
the art may also be,

iPara 95} The following Examples are now given, though by way of ilustration only, to
shows details of particularly preferred materials, processes, conditions and technigues used to

prepare the media snd electrophoretic displays of the present invention.

{Para 7] This Example illustrates the preparation of a magenta polymer costed pigroent and
the incorporation of the pigment into a test display of the type illusirated in the accompanying

drawings.

iFava 98] Part Ao Propination of o magenta plvneat disparsion

iPara 99] Ink Jet Magenta B 02 VP2621, available from Clariant, Basel, Switzerland, was
dispersed in toluene. The resultant dispersion was transferred to a 500 ml round-bottomed
tlask and the flask degassed with nitrogen. The reaction mixture was then brought to 45°C,

and, upon temperature equilibration, glycidyl methacrylate (GMA) monomer was added and

32



WO 2017/083472 PCT/US2016/061250

the reaction was allowed to stir at 45°C for fowr hours. The resulting reaction muxture was
allowed to cool o room femperature and then powred into a 1 L plastic cenirifuge bottle,
diluted with toluene and centrifuged at 3500 RPM for 20 mimutes. The centrifugs cake was
washed twice with tolucne, each tme the mixture was cenirifuged at 3500 RPM for 20
minutes. After the final wash, the supernatant was decanted and the resultant pigment was
dried in a 70°C vacuum oven overnight, then ground with a mortar and pestle. This procedure
produces magenia pigment functionalized with an acrylate group to which a polymeric chain
could be attached.

[Para 188{The dred Dunctionalized pigment was then dispersed in toluene and lauryl
methacrylate {LMA) monomer with ball milling with Zirconox grinding media and a roll
sull, and the resultant dispersion transferred to a jacketed 500 ml rector equipped with an
overhead stirrer and brought to 65°C via a circulating water bath. The system was purged
with nitrogen for at least one hour, and then a solution of AIBN (2,2%-azobis(2-
methylpropionitrile}} in toluene was metered into the reaction. The reaction mixture was
stired vigorously at 65°C for 16 hours, then poured into & 1 L plastic centrifuge boitle,
difuted with toluene and centrifuged at 4500 RPM for 30 mivutes. The centrifuge cake was
washed once with toluene and the mixture was again centrifuged at 4500 RPM for 30
minufes. The supernatant was decanied and the resultant pigment was dried in a 70°C
vacuury oven overnight.  This procedure produces a magenta pigment with a covalently
bound polymeric shell with a typical molecular weight of 35 — 120 kDA, See Formula 11
The polymerized pigment was then ground with a mortar and pestle, and dispersed in
ISOPARE E to form a 20 weight % dispersion, which was sonicated and rolled on a roll mill
for 24 hours. The resultant dispersion was filtered through fabric mesh to remove any large
particles, a sample removed and its solids content measured.

Para 1611 Fan B Prenaration ol intermsl yihase
) T :

{Para 102} The magenta pigment dispersion prepared in Part A above (13.92 g of a 14% w/w
dispersion in ISOPAR® E) was combived with 83.07 g of a 60% w/w ISOPAR® E dispersion
of titantum dioxide (polymer coated as described in the aforementioned U8, Patent No.
7,002,728}, 7.76 g of a 20% wiw solution of SOLSPERSER® 17000 in ISOPAR® E, 2 15%
wiw solution of poly(isobutylene) of molecular weight 1270 kDa in ISOPAR® E (this
poly{isobutylene} acts as an image stabilizer; see U8, Patent No. 7,170,670}, and 5.82 g of
ISOPAR® E. The resultant mixture was dispersed overnight on a mechanical roller 1o

produce an miernal phase ready for encapsulation and having a conductivity of 304.7 pS/om.

Lo
Las
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i

{Para 1031 Pant € Misrosneapsuk

{Para 104} The internal phase prepared in Part B was encapsulated following the procedure
described in U.S. Patent No. 7,002,728, The resuliant encapsulated material was isolated by
sedimentation, washed with deionized water, and size-separated by sieving. Capsule size
analysis using a Coulter Multisizer showed that the resulting capsules had a mean size of 40
um and more than 85 percent of the total capsule volume was ju capsudes having the desired

size of between 20 and 60 um.

{Para 106]The sieved capsules produced in Part C above were adjusted to pH 9 with
ammonium  hydroxide solution and excess water removed. The capsules were then
concentrated and the supernatant lgud discarded. The concentrated capsules were mixed
with an aqueous polyurethane binder {prepared in a manner sirpifar to that deseribed in U, 8,
Patent Apphication Publication No. 2005/3124751) at a ratio of 1 part by weight binder to 15
parts by weight of capsules following which Triton X-100  sorfactant  and
hydroxypropyhmethyleeliulose were added and mixed thoroughly to provide a shumry,

{Para 107]The capsule slurry thus prepared was coated onte the indium tin oxide (ITU)
coated surface of a poly{ethylens terephthalate) (PETYITO film of 125 pm thickness using a
bar coater, and the coated film dried at 60°C. Separately, a layer of polyurethane adhesive
doped with tetracthylamyoonium hexatluorophosphate as a conductive dopant was coated
onto a release sheet, and the resultany PET filnvadhesive sub-assernbly was iaminated on top
of the coated capsules as described in the gbove-mentioned ULS. Patent No. 7,002,728, The
release sheet was removed and the resuliant multifayer structure was laminated onto a
graphite rear electrode to produce an experimental single-pixel display coroprising, i order
from its viewing surface, the PET film, a layver of [T, a capsule layer, a lammation adhesive

laver, and the graphite rear electrode.

{Para 108} Pant B BEleetro-optie josis

{Para 109]The resulting displays were switched using a square-wave AC wavetorm applied
to the graphiic rear electrode {(while the fromt ITO elecirode was grounded) of + 30V and 50
Hyz that was offset from zero as spacified below. The DO offset for red/white switching was
10V, In this case, the white and magenia pigments move though the non-polar fluid. The red
state results from viewing of the magenta {green-absorbing) pigment agamst the white

background. The DC offset for magenta/white swilching was + 6V, The white color was
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obtamed as the white pigment moved away from the viewing side of the display towards the
negatively-charged rear electrode, as described above with reference to FIGS, 24 and 2B,
[Para 116} Magenta pigments functionalized with glycidyl methacrylate (GMA) and coated
with lauryl methacrylate were compared (o state-of-the art magenia pigmenis. The state-of-
the-art pigments were produced as described in ULS. Patent Application No. 2014/0340430,
which is incorporated by reference in its entirety, The state-of-the-art magenta pigmenis were
produced i & manner similar to that described above in Part A, however the magenta pigment
was functionalized with 4-vinylbenzylehloride (VBAY prior to costing with  laurvl
methacrylate {(LMA). The amount of functionalized monomer and the amount of surface
coaling polymer were alsc varied to evalpate how these featwres altered the oversl
performance of the pigment in an electrophoretic display.

{Para 111}Expenerce with colored electrophoretic systems using hydrophobic fluids
suggests that better switching and color siates are achieved with pigmenis having high
organics conlent, typically representing a pigment with a dense polymer shell around the
pigment. The guality of the polymer coating can be evaluated with a number of analytical
techniques and/or imaging. Nounetheless, t is very straightforward to evaluate pigments for
orgamics confernt using thermogravimetric analysis {TGA). (FIGS. 3 and 4 refer to “washed”
TGA because the pigments were washed in {etrahydrofuran to assore that any loose polymer
was removed from the pigment.) As shown in FIGS. 3 and 4, the overall performance of a
colored/white pigment system in an electrophoretic display roughly tracks TGA. This is not
strictly the case, however; while state contamination (WS ¢} and color saturation (CS ¢} do
vary somewhat for magenia pigments with the same polymer coating weight but different
functional elements (GMA vs. VBC), Compare, for example, the points for GMA and VBC
with a wTGA of gsbout 7%, where the white state contamination of the GMA pigment
particies is clearly betfer.

{Para 112]A series of functionalized and polymer coated pigmenis were prepared as shown
m Table 1. The pigments were analyzed for organic content using thermogravimetric
analysis, as discossed above.

Table 1. Thermogravimetric analysis of polymer coated pigments,

i e e AR

FO40-S0-EFGHUK vBL10L 65827 %3428 1.97 82072 13859 73% 3.7% 345
1013-34-P4 VBE 1758 84374 28238 2.37 135671 72303 11.8% 6.1% 4?_.9% 378
1013-26-9 G _Axihis 78956 34834 37 143320 79834 1L.0% %1% 25.5%
1013-27-P2 IxGMA 1.28xiMA 76128 2B651 288 173878 61459 12.8% 8.3% R34
1313-34-P3 INGMA 1.75x1M& 79184 2918 2,22 145551 7303¢ 14.8% 10.3% 30.3% 4340
1013-34-p2 ZXGMIA_ 1 75xEMA 81256 30598 266 155098 79030 15.3% 11.3% i5.8% 430

is



WO 2017/083472 PCT/US2016/061250

FIG 5 shows that pigments functionalized with GMA, in general, have a higher wT'GA than
simatlar pigments functionalized with VBC, when the level of LMA added during the coating
step is identical. This result is likely due to improved grafting of LMA polymer with the
GMA- functionalized pigments.  As discussed above, the improved wTGA levels for GMA
functionalized pigments will comelated with improved functionality in electrophoretic
displays because of the higher organic content. It is also notable that increasing
stotchiometric quantities of GMA result in higher organic content, as evidenced by FIG. 6 and
the blue starred point in FIG § corresponding o 2xGMA 175xIMA in Table 1. An
additional benefit of using GMA instead of VBC is that GMA has a higher reactivity toward
quinacridone pigments than VBC, thus the functionalization reaction can be completed in 2-4
hr at 45 °C versus overmight at 42 °C for VBC. See U.S. Patent Application No.
2014/03404 34,

[Para 113 Exampie 2 - maduic smbydride Tonctionglived phanents

[Para 1141 Pant AL Prepurationvof o mseenta premad dispersion

{Para 115}Ink Jot Magenta E 02 VP2521, available from Claniant, Basel, Switzerland, was
dispersed in toluwenc, The resultant dispersion was transferred io a 300 mL round-bottomed
flask and the flask degassed with nitrogen. The reaction mixfure was then brought to 45°C,
and, upon temperature equilibration, maleic anhydride was added and the reaction was
allowed to stir at 65°C for sixteen hours. The resulting reaction mixture was allowed to cool
o room temperature and then poured into a 1 L plastic centrifuge bottle, dilnted with toluens
and centrifuged at 3500 RPM for 20 minotes. The centrifuge cake was washed twice with
tolaene, each tme the mixture was cenirifuged at 3500 RPM for 20 minutes. After the final
wash, the supernatant was decanted and the resuitant pigment was dried in a 70°C vacoum
oven overnight, then ground with a mortar and pestle. This procedure produces magenta
pigment functionalized with an acrylate group o which a polymeric chain could be attached.
Seg Formula IV,

{Para 116]The dried functionalized pigment thus was dispersed i toluene and lmuarvi
wmethacrylate (LMA)Y monomer with ball milling with Zirconox grinding media and a rol
mill, and the resultant dispersion transferred to a jacketed 560 mL rector equipped with an
overhead stirrer and brought o 63°C via a circulating water bath. The system was purged
with mitrogen for at least one hour, and then a solotion of AIBN (2,2%-azobig{2-

methylpropionitrile}) in toluene was metered info the reaction. The reaction muxiure was
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stirred vigorously at 63°C for 16 hours, then poured into a | L plastic centrifuge boitle,
diluted with toluene and contrifuged at 4500 RPM for 30 minutes. The centrifuge cake was
washed once with toluene and the mixture was again cenirifuged at 4500 RPM for 30
minutes. The supernatant was decanted and the resuliant pigment was dried in a 70°C
vacuurn oven overnight, This procedure produces a magenta pigment with a covalently
bound polvmeric shell with a typical molecular weight of 35 — 120 kDA, See Formula V.
The polymerized pigment was then ground with a mortar and pestle, and dispersed in
ISOPAR® E o form a 20 weight Yo dispersion, which was sonicated and rolled on a roll sl
for 24 hours. The resuliant dispersion was filtered through fabric mesh to remove any large

particles, a sample removed and its solids content measured.

(Para 117 Example 3 {Prophstic} -  4$-methacrvioxvethvl  frimellitic anbvdride

{Para 119]Ink Jet Magenta E 02 VP2621, available from Claniant, Basel, Switzerland, will be

dispersed in toluene. The resultant dispersion will be transferred to a 500 mL round-botiomed
flask and the flask degassed with nitrogen. The reaction mixture will then be brought to 45°C,
and, upon temperature equibibration, 4-methacryloxyethvl trimeilitic anhydride will be added
and the reaction was allowed o stir at 65°C for sixteen hours. The resulting reaction mixture
will be allowed to cool 1o room temwperature and then poured nto a 1 L plastic centrifige
hottle, diluted with toluene and centrifuged at 3500 RPM for 20 minutes. The centrifuge cake
will be washed twice with toluene, each time the mixture will be centrifuged at 3500 RPM
for 20 minutes. After the final wash, the supernatant will be decanted and the resultant
piginent will be dried m a 70°C vacuum oven overnight, then ground with a mortar and
pestle. This procedure will produce magenia pigment functionalized with an acrvlate group to
which a polymeric chain could be attached.

{Para 128]The dried funciionalized pigment will be dispersed in ioluene and lauryl
methacrylate {LMA} monomer with ball milling with Zirconox grinding media and a roll
rull, and the resultant dispersion will be transferred o a jacketed 500 ml rector equipped
with an overhead stivrer and brought (o 63°C via a circulating water bath, The system will be
purged with nifrogen for at least one hour, and then a solution of AIBN (2,2-azobis(2-
methylpropionuriie)} in toluene will be metered into the reaction. The reaction mixture will

be stirred vigorously at 63°C for 16 hours, then poured inte & T L plastic centrifuge bottle,
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diluted with toluene and centrifuged at 4500 RPM for 30 minutes. The cenirifuge cake will be
washed once with foluene and the mixture will be again centrifuged at 4500 RPM for 30
minutes. The supernatant will be decanted and the resultant pigment will be dried 1n a 70°C
vacuum oven overnight. This procedure will produce a magenia pigment with a covalently
bound polymeric shell with a typical molecalar weight of 35 ~ 120 kDA, The polymerized
pigment will be ground with a montar and pestle, and dispersed in ISOPAR® E to form a 20
weight % dispersion, which will be sonicated and rolled on a roll mill for 24 hours. The
resuftant dispersion will be filtered through fabric mesh o remove any large particles, a
sample will be removed and its solids content will be measurad,

{Para 121}t will be apparent to those skilled m the ast that numercus changes and
modifications can be made in the specific embodiments of the invention described above
without departing from the scope of the mvention. Accordingly, the whole of the foregoing

description is to be interpreted in an iustrative and not in a limitative sense.
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CLAIMS
i A pigroent compnising Forroula I
Ry O
.“))Q
{;:5 E“ e R;g
¥ |
Rig

FORMULAR

wherein R; i3 8 hydrogen, a Ci-Cs alky! group, a halogen, s hydroxyl, or—
CHCHRSCHOCOR;,

Rz s a hydrogen, C;-Cs alkyl group, or a halogen;

R 15 ~C{CH ) H, or a hydrophobic polvmer having 8 molecular weight between 3
D and 100 kD3; and

Ry s -0 or ~C{CHLCHCHOCOC(CHNCHYOLH, and 15 an integer from o
is.

2. The pigment of claim 1, wherein the hydrophobic polymer is a polymer
comprising lavwryl acrylate, lauryl methacrviate, Z-ethythexyl acrylate, 2-ethythewyl
methacrylate, hexyl acrylate, hexyl methacrylate, n-octyl acrylate, n-octyl methacrylate, n-

octadecyl acrylate, n-octadecyl methacrylate, or a combination theresf

3 The pigment of claim 1, comprising Formula II:
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FORMULA H

4, The pigment of claim 1, comprising Formula HE

Li

S

HCEHCIO . OHyC HiC

Formuia Ii}

wherein m and n are independently integers between 10 and 200.

5. The pigment of claim 1, compnising Formula IV
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HACIHLCly 1@_

TERNREE S
£

IS

Chig mg Hs Oiﬁ\@"iC?‘ﬁz)i 1CHg

FORMULA LY

wherein m and n are jndependently integers between 10 and 200,

6. The pigment of claim 1, wherein Ry is -H or By is -CHs.

-k

An electrophoretic medivm comprising a pigment of any of claims 1-6.

& An electo-optic display comprising a pigment of any of claims 1-6..
g, A front planc laminate comprising a pigment of any of claims -6,
10, A method for making a functionalized pigment, comprising:

providing a pigment comprising Formula V:

FORMULA Y

wherein R s a hydrogen, Ci-Cs alkyi group, or a halogen; and
reacting the pigment with glycidyl methacrylate, maleic anhydride, or 4-

methacryloxyethyl irimellitic anhydride monomers to create a functionalized pigment.
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11, The method of claim 10, wherein the pigment is dispersed in toluene and
reacted with methacrylate, maleic anfiydride, or 4-methacrvioxysthyl trimellitic anhydride at

a teraperature greater than 44 °C.

12, The methed of claim 10, further comprising reacting the functionalized

pigment with a hydrophobic polymer,

13, The method of claim 12, wherein the functionalized pigment and the

hydrophobic polymer are ball milled together prior to reacting,

4, The method of claims 12 or 13, wherein the hydrophobic polviner is a polymer
comprising lauryl acrylate, lauryl methacrylate, 2-cthythexyl acrylate, 2-ethylhexyl
methacrylate, hexyl acrylate, hexy! methacrylate, n-octyl acrylate, n-goly! methacrylate, n-

octadecy! acrylate, n-octadecyl methacryvlate, or a combination thereof,

5. The method of claim 1{, wherein the pigment is a magents pigment.

16. A prgment comprising Formula VI

FORMULA VI

wherein Ry 18 a hydrogen, a C-Cs alky! group, a halogen, a hydroxyl, or —
COCRCRCOOH,
Ro is a hydrogen, C~Cs alkyl group, or a halogen;
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R is hydrogen or a hydrophobic polymer having a molecular weight between § kD
and 100 kD; and
R4 is hydrogen or 8 hydrophobic polymer baving a molecular weight between 5 ki)

and 100 kD,

17.  The pigment of claim 16, wherein the hydrophobic polymer is a polymer
comprising laoryl acrylate, lauryl methacrylate, 2-cthylhexy! acrvlate, 2-ethythexyl
methacrylate, hexyl acrylate, hexyl methacrylate, n-octyl acrylate, n-octyl methacrylate, n-

octadecyl acrylate, n-ootadecyl methacrviate, or a combination thereof.

18.  The pigment of claim 16, comprising Forrmils VI

O N TO{CH)CHy

!
A
!
:
'

Formula VI

wherein m and n are independently integers between 10 and 200,

19, The pigment of claim 16, comprising Formula VL
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e
S LI
O . T\\% * D{CH?}1 1 CHS

HaCH G0 8] 7 N7

2
; o
!!

e A LOH
HCHLONOL b ] ]
g
FORMULA VI
wherein m and n are independently integers between 106 and 204,

20, The pigment of claim 16, wherein Ro i1s -H or Ry is -CHa,

21 An electrophoretic medinm comprising a pigment of any of claims 16-20.

An electo-optic display coraprising a pigraent of any of claims 16-20,

]
n

23 A front plane laminate comprising a pigment of any of clatms 16-20.
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