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COPOLYMERS FOR LUMINESCENCE ENHANCEMENT IN
REFLECTIVE DISPLAY APPLICATIONS

5 BACKGROUND

A reflective display is a non-emissive device in which ambient light is
used for viewing the displayed information. Rather than modulating light from an
internal source, desired portions of the incident ambient light spectrum are re-

10 flecied from the display back {0 a viewer. Eleclronic paper {e-paper) technolo-
gies have evolved io provide single layer monochromatic displays that control
the reflection of ambient light. Luminescence-based materials provide alterna-
tive, more efficient pathways for utilizing ambient light in refleclive displays, thus

making bright, full color reflective displays possible.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a cross-sectional view of a luminescence-based sub-pixel in ac-

cordance with an example of the present disclosure.

20 FIG. 2 is a cross-sectional view of a luminescence-based pixel in accor-

dance with an example of the present disclosure.

FiG. 3 is a flow chart setling forth a method in accordance with an exam-

nle of the present disclosure.

25 DETAILED DESCRIPTION

it is to be understood that this disclosure is not limited o the particular
process steps and materials disclosed herein because such process steps and
materials may vary somewhat. it is also o be undersiood that the terminology

30 used herein is used for the purpose of describing particular examples only. The
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terms are not intended 1o be limiting because the scope of the present disclo-
sure is intended (o be limiled only by the appended claims and equivalents the-

recf,

it is noted that, as used in this specification and the appended dlaims, the
singular forms "a,” “an,” and “the” include plural referents unless the context

clearly dictates otherwise.

As used herein, “alkyl” refers 1o a branched, unbranched, or cyclic satu-
rated hydrocarbon group, which typically, although not necessarily, includes
from 1 to 50 carbon atomns, or 1 1o 30 carbon atoms, or 1 1o 6 carbons, for ex-
ample. Alkyls include, but are not limited to, methyl, ethyl, n-propyl, isopropyl, n-
butvl, isobutyl, t-butyl, octyl, and decyl, for example, as well as cycloalkyl groups

such as cyclopentyl, and cyciohexyl, for example.

As used herein, “aryl” refers {0 a group including a single aromatic ring or
muitiple aromatic rings that are fused logether, directly inked, or indirectly linked
{such that the different aromatic rings are bound 1o a common group such as a
methylene or ethylene molely). Aryt groups described herein may include, but
are not limited to, from & to about 50 carbon atoms, or 5 to about 40 carbon
atomns, or 5 {o 30 carbon atoms or more. Aryl groups include, for example,
phenyi, naphthyl, anthryl, phenanthryl, biphenyl, diphenylether, diphenylamine,
and benzophenons. The term “substituied an” refers {0 an arvt group compris-
ing one or more substiluent groups. The term “helercaryl” refers to an aryl group
in which at least one carbon atom is replaced with a heleroatom. If not other-
wise indicated, the term “aryl” includes unsubstituled aryl, substituted anyl, and

heteroaryl.

As used herein, “substituted” means that a hydrogen atom of a com-
pound or moiely is replaced by another atom such as a carbon atom or g hele-
roatom, which is part of a group referred {0 as a substituent. Substituenis in-
chlude, for example, alkyl, alkoxy, aryl, aryloxy, alkenyl, alkenoxy, atkynyl, alky-

noxy, thioalkyl, thioalkenyl, thicalkynyl, and thicaryl.
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The terms “hale” and “halogen” refer to a fluore, chioro, bromo, or iodo

substituent.

As used herein, “alcohol” means a lower alkyl chain alcohol, such as me-

thanol, ethanol, and iso-propanol, as well as their perfluorinated analogs.

As used herein, a plurality of items, struclural elements, compositional
slements, and/or materials may be presented in a common list for convenience,
However, these lists should be construed as though each member of the list is
individually identified as a separate and unigue member. Thus, no individual
member of such list should be construed as a de facfo equivalent of any other
member of the same list solely based on their presentation in a common group

without indications o the confrary.

Maost currenily used red-emitling conjugated polymers are based on
MEH-PPV {poly[2-methoxy-5-(2'-ethythexyioxy}-p-phenylene vinylene]) or CN-
PPV {(cyano-polyphenyt vinviene) and their analogs, but these polymer types
may have inadequate photoluminescence emission efficiencies and therefore
may not be suitable for use by themselves in enhancing the brighiness of reflec-
tive displays. There are also red-emitting small molecules, but their absorption
tends 1o be inadeguate to absorb most of the desired ambient spectrum within a
reasonably thin film unless their conceniration is very high. However, with the
high concentration, they suffer from concentration quenching, making it difficult
to use them for both absorption and emission in reflective display applications.
1o date, there are no existing material combinations that provide the desired
combination of thin-film absorption and emission at wavelengths required for

boosting the brightness of reflective displays.

Luminescent enhancement has the potential to significantly boost the
brighiness of refleclive displays. However, this requires materials that absorb
over a broad spectrum of wavelengths below the desired emission wavelength
and efficiently emit the absorbed energy at the desired wavelength. A promising
method for accomplishing this is to disperse highly efficient luminescent dyes in-

to broadly absorbing polymaers that can transfer the energy they absorb 1o the
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dyes through processes such as Férster exchange. Unfortunately, many of the
dyes that would be useful for this purpose are fairly polar so that they are not so
compatible with many polymers that are of interest, which tend to be less polar.
Methods are disclosed hergin for creating polymers that are more compatible
with dyes and solvents useful for creating broadly absorptive, highly efficient lu-
minescent composites for reflective display applications. |t should be noted that
the increased compatibility of polymer and dye resulis in betier dispersion of the
dye molecules and fewer dimers, trimers, or larger aggregates of dye molecules

that lead to concentration quenching.

In accordance with various aspects of the teachings herein, novel water-
soluble and/or alcohol-soluble red or green emissive polymers for luminescence
enhancement in reflective display applications are provided. These types of red
or green emissive polymers are copolymers based on substituted flucrene and
heterocyclic ring systems that bear water-soluble and/for alcohol-soluble func-
tional groups. These emissive copolymers can be well-mied with relatively po-
far commercially available highly-efficient luminescent dyes such as sulforho-
damine 640, some BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)} dyes,
and Alexa Fluor® dyes {Alexa Fluor is a trademark for fluorescent dyes of Invi-
trogen Corp., Carishad, CA} to form a uniform film. With the synthetic variations,
the ratio of fluorene and heterocychic ring unil can be uned and the emissive
wavelength and quantum efficiency can be adjusied over the ranges of 620 nm

to 450 nm and & to 95%, respectively.

Green emissive polymers would also be useful in cases where they are
combined with dyes that absorb in the green. i, for example, one uses a dve
that luminesces in the red bul absorbs strongly in the green, then the polymer
host-absorber can emit in the green and transfer its collected energy to the red-

amitling dve via a process such as Firster exchange.

When mixed with photoluminescent dyes, the copolymers disclosed here-
in may act as radiation absorbers. A radiation absorber can absorb energy in

the form of electromagnelic radiation and transfer the energy o the dye via a
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resonant energy transfer mechanism; e.q., via Forster exchange. In one exam-
ple, the electromagnetic radiation can be ultraviolet (UV), infrared (IR}, and/or
visible electromagnetic radiation. The terms “luminescent” and "flugrescent” and
their cognates are used interchangeably herein, but it should be noted that the
effect described above, namely, the emitted light having a longer wavelength,
and therefore {ower energy, than the absorbed radiation, is most closely asso-

ciated with fluorescence.

While the description herein is presented in terms of red emissive copo-
fymers, the same considerations may apply for providing green and sven blue
smissive copolymers. For red emissive copolymers, the emission energy is the
fowest for the three colors, and it is possible to convert all shorter wavelengths
to red. In most ambient environments, less light energy is available for conver-
sion o green or blue than to red. This is because there are no efficient
processes for converting longer wavelengths to shorter wavelengths. Thus, a
blue- and/or UV- emilling composite can only make efficient use of shorter wa-

velength blue and ultraviolet ambient light.

Copolymer 1 llusirates an exampile of these types of new water- and/or al-
cohol-soluble copolymers, based on substituted fluorene (left portion) and substi-

tuted carbazole derivatives (right portion):

Co polymer 1

whearein:
the substituents Ry, Ry, and R; are each independently selaected from one
or more groups of COOZ, 80:Z, POZ, NR3'Y", and (CH:CH»0).CHs, where Z

is independently selected from hydrogen, a monovalent metal ion, and NRy"T R
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is independently selected from hydrogen, an alkyl group and an aryl group; Y is
an anion selected from one of a halogen, sulfate, sulfonate or other negative
species, such as nitrate, phosphate or borate {e.g., tetraflucroborate, tetraphe-
nythorate, ete.); mis an integer ranging from 1 to 500; x and y are inlegers in-
dependently ranging from 1 t0 5,000; and n is an integer ranging from 1 to 30.
The substituenis Ry t0 Ry confer water and/or alcohot solubility to the copoly-

mer.

Copolymer 1 may have one or more additional substituents on any of the

phenvyi rings, as shown below:

where Ry 1o Ry may either be hydrogen {as shown above for copolymer 1) or

any of the groups listed for Ry to Ra.

Copolymer 2 illustrates another example of these types of new water-
and/or alcohol-soluble copolymers based on functionalized fluorene (left portion)

and substituted benzothiadiazole derivatives (right portion):
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Co polymer 2

wherein:

the substituents Ry, Ry, R, and R4 are each independently selected from
one of more groups of COO0Z, SO:Z, PO3Z, NR3Y", and {CHoCHOMOHs,
where Z is independently selected from hydrogen, a monovalent metal ion, and
NRs™: R is independently selected from hydrogen, an alkyl group and an aryi
group; Y is an anion selecled from one of a halogen, sulfate, sulfonate or other
negative species, such as nitrate, phosphate or borate {e.g., tetrafluoroborats,
tetraphenylborate, etc.); mis an integer ranging from 1 to 300; x and y are in-
tegers independently ranging from 1 1o 5,000; and n is an integer ranging from 1
to 30. The substituents Ry to Ry confer water and/or alcohol solubility to the co-

polymer,

Copolymer £ may have one or more additional substituents on any of the

phenyl rings, as shown below:

where Rs 1o Ry may either be hydrogen (as shown above for copolymer 2) or

any of the groups listed for Ry to R,
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Copolymer 3 gives ancther example of these types of new water- and/or
alcohol-soluble copolymers based on functionalized flucrene (left portion) and

substituted phencthiazine derivatives (right portion):

5 Co polymer 3

wherein,
the substifuenis Ry, Ry, Rs, Ry, Rs, Rg, and Ry are each independently
selected from one or more water soluble groups of CO0Z,.80:Z, PO:Z, NRy'Y",
10 and (CHCHOCH3, where Z is independenily selected from hydrogen, a mo-
novalent metal ion, and NR,"; R is independently selected from hydrogen, an
atkyl group and an aryl group: Y is an anion selected from one of g halogen,
suliate, sulionate or other negative species, such as nitraie, phosphate or bo-
rate {e.g., tetrafiuoroborate, tetraphenyiborate, elc.); X is oxygen or sulfur, mis
15 aninteger ranging from 1 to 500; x and y are integers independently ranging
from 110 5,000; and n is an inleger ranging from 1 1o 30. The subsiiiuents Ry to

Ry confer water and/or alcohol solubility {o the copolymer.

Copolymer 3 may have one or more additional substituents on any of the

nhenyt rings, as shown below:

Rs Rg
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where Hg to Ry may either be hydrogen (as shown above for copolymer 3) or

any of the groups listed for Ry to Ry,

As noted above, the ratio of fluorene and heterocyclic ring unit (specifical-
ly, the values of X and y) can be tuned to permit adjustment to the desired emis-

5 sive wavelength and quanium efficiency.

In some examples, these copolymers may be useful for luminescence
enhancement in reflective display applicalions where they may be "compatible”
with high efficiency luminescent dyes such as sulforhodamine 640. This means

that the copolymers may have the following properties:

10 The copolymers may be soluble in water and/or alcohol. By
“soluble” is meant that the solubility of the copolymer in water
and/or alcohol may be at least 5 mg/mi.

The emission wavelengths of the copolymer may overlap
with the absorption spectrum of the dve {for example, the absorp-

15 tion peak is at ~585 nm for sulforhodamine 640). The overlap be-
iween the maximum emission wavelength and the maximum ab-

sorption wavelength may be up 1o 50 nm.

The dye may be dispersed in the copolymer at a concentra-
tion sufficient to collect all of the energy absorbed by the polymer
20 within a reasonably thin film but low enough o avoid concentration
quenching of the dye’s photoluminescent efficiency {typically a few
tenths of a percent to few percent). Specifically, the concentration
may be in the range of about 0.1 to 3 wi%. The term “a reasonably
thin film” depends on parameters such as the in-plane dimensions
25 of the pixel. The film thickness may be small compared to the pixel
dimeansions to avold issues with, e.g., parallax. In some cases, it
may also be thin enough o permit the formation of electrical vias
through i, In most cases, the luminescent layer thickness may be

below 10 to15 um, and even thinner.
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fn some cases, the copolymer may absorb at all wave-
lengths below g cutoff wavelength that is fairly close to the copo-
lvmer's peak emission wavelength (i.e., the copolymer may have a
small Stokes shift and a sharp absorption edge). As used herein, a

“‘emall Stokes shift” means a Stokes shif of less than 50 nm.

The copolymer may have a broad absorption, a small
Stokes shift, and a high internal emission efficiency. For red emis-
sion, the absorption may range from about 200 to 570 nm. For
green emission, the absorption may range from aboul 200 to 520
rwn. For blue/UV emission, the absorption may range from about
200 1o 450 nm. The intermnal emission efficiency may be grealer
than 50% in some examples and greater than 80% in other exam-

ples.

In summary, novel water- and/or alcohol-soluble red emissive copoly-

mers for luminescence enhancement in reflective display applications are pro-

vided. These types of emissive polymers are copolymers based on substituted

fluorene and heterocyclic ring systems that bear water-soluble and/or alcohol-

soluble functional groups. These emissive polymaers can form a uniform film with

commercially-available dyes such as sulforhodamine 640. The synthelic varia-

tions available with the copolymer permit tuning the ratic of fluorene and hetero-

cyclic ring unit to thereby adjust the emissive wavelength and guanium efficien-

cy.

Advantages of the polymaers disclosed herein may include:

the ability to provide adequate absorption in thinner layers
while maintaining emission efficiency (thereby avoiding concentra-
fion quenching);

improved robustness, particularly to UV radiation;

easier processing; and

lower cost.
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Compositions, devices, and methods described herein may include pho-
toluminescent dyes dispersed in the copolymer matrix that can emit various wa-
velengths of light. Such matrices may be used in luminescence-based sub-
pixels and luminescence-based reflective pixels. It is noted that when discussing
the present compositions, devices and methods, each of these discussions can
be considered applicable o gach of these examples, whether or not they are

explicitly discussed in the context of that example.

A luminescence-based sub-pixel may comprise a light shutter with ad-
justable transmission and a luminescent layer disposed below the light shutler,
the luminescent layer including a composite material comprising a lumines-
cent/flucrescent dye and the copolymer. The sub-pixel may also comprise a mir-
ror disposed below the luminescent layer for reflecting light emitted from the
dye. The mirror can also be used o reflect light that is not absorbed by the dye,
including those wavelengths that are not infended to be absorbed by the dye as
well as reflecting wavelengths that are intended to be absorbed during a second

pass through the luminescent layer.

Further, a luminescence-based pixel may comprise three luminescent-
hased sub-pixels, including any of those described herein, wherein each lumi-
nescence-based sub-pixel corresponds to a different color of emiifed light such
that the luminescence-based pixel may emit light over a spectrum of 300 to 800

.

Various modifications and combinations may be derived from the present
disclosure and dlustrations, and as such, the following figures should not be

considered limiting.

Turning now to FIG. 1, a luminescence-based sub-pixel 100 may com-
prise a shutter 102, a luminescent layer 104, and a mirror 106. The shutter may
form the top layer of the sub-pixel, and ambient light for llumination may enter
the sub-pixel through the shutler. The shutter may have a light transmission that
is adjustable. The shutter may modulate the intensity of ambient light entering

the sub-pixel and also the light leaving the sub-pixel. In this way, the shutter
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may control the amount of light produced by the sub-pixel to achieve the desired
brighiness. In some examples, the shutter may comprise an electro-oplic shut-
ter, the transparency of which may be modulated from mostly transparent o
mostly opaque, over some range of wavelengths and with some number of in-
termediaie gray levels. There are a number of possible choices for the electro-
optic shutier, including, but not limited to, black/clear dichroic-liguid crystal (LC)
guest-host systems, and in-plane electrophoretic (EP) sysiems. Other options
include cholesteric Hguid crystal cells, in-plane electrophoretic devices, or elec-

trowetting layers.

The luminescent layer 104 may include a photoluminescent dye, or fumi-
nophore, dispersed in one of the copolymers described above (o form a polymer
matrix. Additionally, other non-polymer compounds can be present, including
additional radiation absorbers, eic. These radiation absorbers can either be UV
absorbers included to extend the material’s lifetime or color filler materials de-
signed to remove undesirable wavelengths not absorbed by the dyes that trans-
fer energy o the emitters. An example of the latter includes red-absorbing mate-
rials incorporated in a green-emitting laver. incident red wavelengths cannot be
{efficiently)} converted to green but must be removed in order for the sub-pixel to

appear green,

As mentioned above, the radiation absorbers may absorb energy in the
form of electromagnetic radialion and transfer the energy to the dye via a reso-
nant energy transfer mechanism. The copolymers disclosed herein comprise
radiation absorbers. Additional radiation absorbers may include emissive poly-
mers, dyes, or other radiation-absorbing materials. For example, the additional
radiation absorbers may be emissive polymers including, without limilatlion,
noly{8.9 -dioctyliluorene-co-benzothiadiazole); poly[2-methoxy-5-(2°-ethyi-
hexyloxy}-1,4-phenyiene vinviene]; polyfluorenes; substituted polyflucrenes; po-

tycarbazoles; substituted polycarbazoles; and mixiures thereof,

Further, the luminescent layer 104 may include anti-oxidants or yet addi-

tional radiation absorbers, e.g., UV absorbers, used o protect the luminescent
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dyes from photo-oxidation, thereby making them more robust and photofast.
Examples of anti-oxidanis may include sterically hinderad amines, substituted
phenols, and nitro substituted aromatic compounds such as N-methylmorphine,
N-methyl morphine oxide, nitrobenzene, S-nitroanthracene, 2,2 -dinitrobiphenvyi,
2,2,6,8-tetramethylipiperidine, N-phenyl-1-naphthalene, and 2,4,6-
tertbutylphenol. Examples of UV absorbers may include 2-[2-hydroxy-3,5-di(1,1-
dimethylbenzyiphenvh}-2H-benzotriazole, 2-(2-hydroxy-3',5-di-t-butyiphenyl)
henzotriazole, 2-hydroxy-4-n-octoxybenzophenone, and N-H type polymeric
hindered amine light stabilizers, e.g. SONGLIGHT® 8940 (SONGLIGHT is a
registered trademark of Songwon Industrial Co., Lid., Ulson, Korea, for hindered

aminic light stabilizers).

These various additional radiation absorbers may be present in the lumi-
nescent layer from about $.01% to about 93.88% by weight. in one example,
the radiation absorbers may be present in the luminescent layer from about
(.05% to about 2% by weight.

The luminescent dye may include organic dyes, inorganic phosphors,
and/or semiconducting nanocrystals. in one aspect, the luminophore may in-
clude, without limitation, BODIFY dyes, perylenes, pyromethenes, rhodamines,
sulforhodamines, coumarins, aluminum quinoline complexes, porphyrins, por-
phins, indocyanine dyes, phenoxazine derivatives, phthalocyanine dyes, poly-
methyl indolium dyes, polymethine dyes, guaiazulenyl dyes, croconium dyes,
nolymethine indolium dyes, metal complex IR dyes, cyanine dyes, squarylium
dyves, chalcogeno-pyryloarylidene dyes, indolizine dyes, pyrylium dyes, quinoid
dyes, quinone dyes, azo dyes, and mixtures and derivatives thereof. Non-
fimiting examples of specific porphyrin and porphyrin derivalives may include
atioporphyrin 1 (CAS 448-71-5), deuteroporphyrin 1X 2,4 bis ethylene giycol
{B630-8) available from Frontier Scientific, and octaethyi porphrin (CAS 2683-
82-1), azo dyes such as Mordant Orange CAS 2243-76-7, Methyl Yellow {60-
11-7), 4-phenylazoaniline {CAS 80-08-3), Alcian Yellow (CAS 61968-76-1),

available from Aldrich chemical company, and mixtures thereof. In one aspect,
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the luminophore may include, without imitation, quincline dyes, porphyrins, por-

phins, and mixtures and derivatives thereof.

The copolymers disclosed herein are compatible with polar solvents such
as water, alcohols {e.q., iso-propancl and iso-hexafiuoropropanot), ethyl ace-

tate, dimethyiformamide, dimethyl sulfoxide, N-methylpyrrolidone, etc.

Below the luminescent layer 104, the sub-pixel 100 may include a mirror
106 that reflects a selected portion of the optical spectrum. This mirror may be,
for example, a Bragg stack, a cholesteric liquid crystal film, an absorbing dye
over a broadband mirror, or a layer of oplical scatferers such as plasmonic par-
ticles. The latter two options may be beneficial in terms of the ease with which
mirrors with different reflection bands can be manufaciured in a side-by-side
sub-pixel configuration (as shown in FIG. 2). The mirror also may be chosen for

its reduced dependence on the angle of incidence of the ambient light.

The mirror 106 may be wavelength-selective in that i reflects only light in
a selected bandwidth. The reflection bandwidth may be chosen so that the mir-
ror reflects light of the primary color of the sub-pixel but does not reflect other
wavelengths. in other cases, the mirror may reflect wavelengths that are ab-
sorbed by the luminsscent laver as well as wavelengths that contribute to the
desired color of the sub-pixel. For example, the mirror for a green sub-pixel may
reflect green and blue light but may not reflect any red portion of the incident
fight. Similarly, the mirror for a blue sub-pixel may reflect blue, and perhaps near
UV wavelengths, but not red or green wavelengths. The mirror may enhance the

nerformance of the color sub-pixel in the following three regards.

First, it can re-direct light that is emitted by the dyes away from the view-
ing surface 108. By reflecling the emitted light back toward the viewing surface,
the total amount of light from the sub-pixel available for viewing can be signifi-
cantly increased. In this regard, with a reasonable Stokes shift {Asmis-Asps) S€pa-
rating the absorption edge and the emission wavelength of the luminescent
layer, the dye will not significantly re-absorb the reflected emitted light as it

passes back through the luminescent layer and out of the viewing surface. Here,
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Aermie 18 the wavelength at which the emission of the lowest energy dye is maxi-
mum and Ags is typically the wavelength at which the absorption of the lowest
anergy dye is maximum. Any re-absorption that does occur is not a significant

problem if the internal emission efficiency of the dyes is high.

Second, the wavelength-selective mirror can enable one {o take oplimum
advantage of the portion of incident ambient light not significantly absorbed by
the luminescent layer butl with wavelengths that coniribule o the creation of the
desired color. This portion, which, in general, includes light with wavelengths be-
tween Agpss and Aemis { 1.2, within the Stoke shift range} and somewhat beyond
Aeris, Will reach the mirror. Some of this light may then be reflected back toward
the viewing surface so that it coniribules o the overall output of the sub-pixel.
Without the mirror, this light is wasted. In some exampiles, the reflection band of
the mirror can be chosen such that it stards at a cut-off wavelength longer than
the emission wavelength, and extends to shorter wavelengths that include the
absorption edge wavelength Aupe of the luminescent layer. The long-wavelength
cut-oif of the mirror reflection may be set at the long-wavelength edge of the
color band assigned to that sub-pixel. For example, for a red sub-pixel, the ref-
lection band may reach or even go beyond the long-wavelength edge of the
standard range of red, as it may be desirable to reflect red out {o the limits of
human perception. In some examples, a diffusive mirror may be used to ran-
domize the direction of propagation of the emitted light each time it is reflecied
by the mirror. Diffusive mirrors can be made that scatter the reflected light within

a desired characteristic angular range.

The luminescent layers may be configured to emit a specific color of light.
The color may be any color including, without imitation, red, blueg, green, cyan,

yellow, elc.

Turning now o FIG. 2, a luminescence-based pixel 200 may comprise
three colored sub-pixels, 202, 204, and 206 in a side-by-side architecture. Each
sub-pixel may correspond (o a specific color of light. For example, sub-pixel 202

may be a red sub-pixel, sub-pixel 204 may be a green sub-pixel, and sub-pixel
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206 may be a blue sub-pixel. Additionally, the luminescence-based pixel may
include additional sub-pixels. For example, the luminescence-based pixel may
include sub-pixel 208, corresponding to a white color. it is understood that the
number of sub-pixels may vary according to the needs of the respective applica-
tion. In one example, the luminescence-based pixel may be part of a reflective
display. Additionally, the luminescence-based pixel comprising three lumines-
cence-based sub-pixels, where each luminescence-based sub-pixel corres-
nonds o a different color of emitied light, may emit light over a spectrum of 300

nm o 800 nm.

Turning now to FIG. 3, a method 300 for luminating a display may com-
prise dispersing 302 g dye in a polymer matrix and exposing 304 the polymer
matrix {0 electromagnetic radiation. As previously discussed, the polymer may
he any of the copolymers described herein. Additionally, in one example, the
method may further comprise funing the polymer’s emission wavelength band o
maich the absorption band of a photoluminescent dyve dispersed within the po-
fymer mairix, as previously discussed. Further, in another example, the method

may comprise providing a shutier and a mirvor as described herein.

EXAMPLES

Example 1

An emissive co-polymer composition is prepared by admixing the emis-
stve co-polymer 1 (R4, Ry, and Ry are propyl sulfonate, R, through Ry, are all
hydrogen) and photoluminescent sulforhodamine 640 in poly{methyl acrylale) in
toluene, providing approximately 1% of the emissive co-polymer 1 and 1% of
sulforhodamine 640 in the polymer by weight. The mixture is then sonicated for
one hour. The composition is spin cast, followed by evaporation of the solvent,

to form a copolymer-dye composite film.



WO 2012/099607 PCT/US2011/022130
17

Example 2

An emissive co-polymer composition is prepared by admixing the emis-
sive co-polymer 2 (R, and R; are propyl sulfonate, Ry through Rg are all hydro-
gen} and photoluminescent sulforhodamine 840 in poly(methyl acrylate} in tolu-

5 ene, providing approximately 1% of the emissive co-polymer 2 and 1% of sul-
forhodamine 840 in the polymer by weight. The mixiure is then sonicated for
one hour. The composition is spin cast, followed by evaporation of the solveny,

to form a copolymer-dye compaosite film.

10 Example 3

An emissive co-polymer composition is prepared by admixing the emis-
sive co-polymer 3 (R4, Ry, and Rs are propyt sulfonale, Ry Ry, and R; through
R, are all hydrogen) and photoluminescent sufforhodamine 640 in poly{methyl

acrylate) in toluene, providing approximately 1% of the emissive co-polymer 3

[y

and 1% of sulforhodamine 640 in the polymer by weight. The midure is then
sonicated for one hour. The composition is spin cast, followed by evaporation of

the solvent, to form a copolymer-dye composite film.

While the disclosure has been described with reference (o certain exam-
20 ples, those skilled in the art will appreciate that various modifications, changes,
omissions, and substitutions can be made without departing from the spirit of

the disclosure.
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CLAIMS

What is claimed is:

1. Copolymers for luminescent enhancement in reflective display
applications, comprising a funclionalized fluorene moisty that includes a
funclional group that is at least one of a waler-soluble functional group and an
alcohol-soluble functional group and a heterocyclic ring moiety selected from the
group consisting of substituted carbazole derivatives, substituted
benzothiadiazole derivatives, and substituted phenothiazine derivatives,
wherein the respeciive substituled derivatives include a functional group that is
at least one of a water-soluble functional group and an alcohol-soluble

functional group.

2. The copolymers of claim 1 wherein the fluorene moiety includes at least

two functional groups.

3. The copolymers of claim 1 wherein the alcohol-soluble funclional groups
are soluble in an alcohol selected from the group consisting of methanol, ethanol,

iso-propancl and their perfluorinated analogs.

4. The copolymers of claim 1 wherein the functional groups are selected
from the group consisting of COOZ, 8037, PO:Z, NR'Y", and (CH2CH20},CHs,
where Z is independently selected from the group consisting of hydrogen, a mo-
novalent metal ion, and NR4"; R is independently selected from the group con-
sisting of hydrogen, an alkyl group and an aryl group; Y is an anion selected
from the group consisting of a halogen, sulfate, sulfonate, nitrate, phosphale,

and borate; and m is an integer ranging from 1 1o 500.

5. The copolymers of claim 1 selected from the group consisting of:
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and

wherein:

the substituents Ry, Ry, Rs, Ry, Rs, R, and Ry are each independently
selected from the group consisting of COQ0Z, 8052, POLZ, NR:™Y", and
{CH,CH203,,CHs, where £ is independently selected from the group consisting
of hydrogen, a monovalent metal ion, and NR4": R is independently selected
from the group consisting of hydrogen, an alkyl group and an aryl group; Y is
selected an anion selected from the group consisting of halogen, sulfate, sulfo-

nate, nitrate, phosphate, and borate; X is oxygen or sulfur, m is an integer rang-
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ing from 1 to 500; x and y are integers independently ranging from 1 to 5,000,

and n is an integer ranging from 1 to 30.

6. The copolymers of claim 5 selected from the group consisting of:

i0

20

PN
FaNe]
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wherein:
additional R substituents are each independently selected from the group
consisting of H, COOZ, 8037, PO:Z, NR:"Y", and (CHCH03,.CHa.

7. Composite materials comprising a photoluminescent dye and the copo-

fymer of claim 1 for reflective display applications.

8. The composite material of claim 7 further including an additional radia-

tion absorber.

8. The composite material of claim 8 wherein the radiation absorber is an
emissive polymer selected from the group consisting of poiy(8,8 -dioctyifluorene-
co-benzothiadiazole); polyld-methoxy-5-{2"-ethyl-hexyloxy}-1,4-phenylene viny-
lenel; polyfiucrenes; substituted polyfluorenes; polyvcarbazoles; substituted po-

ycarbazoles; and mbdures thereof,

16, The composite material of claim 7 further including an anti-oxidant, a
UV absorber, or both.

11. The composile material of claim 10 wherein the anti-oxidant is se-
lected from the group consisting of sterically hindered amines, substituted phe-
nols, and nitro substiluted aromatic compounds such as N-methyimorphine, N-
methyl morphine oxide, nitrobenzene, S-nilroanthracene, 2,2'-dinitrobiphenyl,
2,2,8,6-tetramethyipiperidine, N-phenyl-1-naphthalene, and 2,4,6-
tertbutyiphenol.

12. The composite material of claim 10 wherein the UV absorber is se-
lected from the group consisling of 2-[2-hydroxy-3,5-di{1, 1-dimethylbenzyl-
phenyhi]-2H-benzotriazole, 2-(2-hydroxy-3',5'-di-t-butyiphenyl) benzotriazole, 2-
hydroxy-4-n-octoxybenzophenone, and N-H type polymeric hindered amine light

stabilizers.
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13. The composile material of claim 7 wherein the phololuminescent dye
is selected from the group consisting of organic dyes, inorganic phosphors,

and/or semiconducting nanoccrystals.

14. The composite material of claim 13 wherein the photoluminescent dye
is an organic dye selected from the group consisting of 4,4-difluoro-4-bora-
Jada-diaza-s-indacene (BODIPY) dyes, peryilenes, pyromethenes, rhodamines,
sulforhodamines, coumarins, aluminum quinoline complexes, porphyrins, por-
phins, indocyanine dyes, phenoxazine derivatives, phthalocyanine dyes, poly-
methyl indolium dyes, polymethine dyes, guaiazulenyl dyes, croconium dyes,
polymethine indolium dyes, metal complex IR dyes, cyanine dves, squarylium
dyes, chalcogeno-pyryloarylidens dyes, indolizine dyes, pyrylium dyes, quinoid

dyes, quinone dyes, azo dyes, and mixtures and derivatives thereof.

15. A luminescence-based sub-pixel (100), comprising:
a light shutter (102} with adjustable transmission;
a luminescent layer {104) disposed below the light shutter, the iu-
minescent layer containing the composite material of claim 7; and
a mirror {106} disposed below the luminescent layer for reflecting

light emitted from the luminescent layer.
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