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DOPING CONJUGATED POLYMERS AND
DEVICES

RELATED APPLICATIONS

[0001] This application claims priority to U.S. provisional
application 61/333,657 filed May 11, 2010 which is hereby
incorporated by reference in its entirety for all purposes. This
application also claims priority to U.S. provisional applica-
tion 61/446,974 filed Feb. 25, 2011 which is also hereby
incorporated by reference in its entirety for all purposes.

BACKGROUND

[0002] Although useful advances are being made in energy
saving devices such as, for example, organic-based organic
light emitting diodes (OLEDs), polymer light emitting diodes
(PLEDs), phosphorescent organic light emitting diodes
(PHOLED:s), and organic photovoltaic devices (OPVs), fur-
ther improvements are still needed in providing better pro-
cessing and performance for commercialization. For
example, one promising type of material are the conducting
polymers including, for example, polythiophenes. However,
problems can arise with doping, purity, solubility, processing,
and instability. Also, it is important to have very good control
over the solubility of alternating layers of polymer (e.g.,
orthogonal or alternating solubility properties among adja-
cent layers). In particular, for example, hole injection layers
and hole transport layers can present difficult problems in
view of competing demands and the need for very thin, but
high quality, films.

[0003] A need exists for a good platform system to control
properties of hole injection and transport layers such as solu-
bility, thermal stability, and electronic energy levels such as
HOMO and LUMO, so that the materials can be adapted for
different applications and to function with different materials
such as light emitting layers, photoactive layers, and elec-
trodes. In particular, good solubility, intractability, and ther-
mal stability properties are important. The ability to formu-
late the system for a particular application and provide the
required balance of properties are also important.

SUMMARY

[0004] Embodiments described herein include, for
example, compositions, methods of making the composi-
tions, and methods of using the compositions, including uses
in devices and articles. Compositions include, for example,
polymers, monomers, blends, films, dispersions, solutions,
powders, and ink formulations. Other embodiments include
methods of making and methods of using devices.

[0005] For example, one embodiment provides a composi-
tion comprising: a reaction product of: (i) at least one conju-
gated polymer, wherein the conjugated polymer comprises at
least one polythiophene comprising an alkoxy substituent at
either the 3-position or the 4-position, or both; and

[0006] (ii)at least one dopant for polymer (i) comprising an
ionic compound, wherein the cation of the ionic compound is
V, Cr, Mn, Fe, Co, Ni, Cu, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Ta, W,
Re, Os, Ir, Pt, or Au; and an anion of the ionic compound is
represented by at least one of the following structures:
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wherein independently, each of R, to R, is H, an alkyl, a
perfluoroalkyl (C1-C10), a polyether, F, Cl, Br, I, CN, an
optionally substituted phenyl, or an optionally substituted
naphthyl; “A” is boron, gallium, phosphorous, antimony, SO,
or CO,; X'is F, Cl, Br, I or CN; nis 0 to 6; and m is =6-n;
wherein the composition further optionally comprises at least
one matrix material different than (i). In one embodiment, n
can be 1 to 6. In one embodiment, the matrix material is
present.

[0007] Another embodiment provides a composition com-
prising: a reaction product of (i) at least one hole transport
material, and (ii) at least one silver tetrakis(halogenatedaryl)
borate dopant. In one embodiment, a matrix material is also
present.

[0008] Another embodiment provides a composition com-
prising at least one solid powder, wherein the solid powder
comprises a reaction product of: (i) at least one conjugated
polymer, wherein the conjugated polymer comprises at least
one polythiophene comprising an alkoxy substituent at either
the 3-position or the 4 position or both; and (ii) at least one
dopant for polymer (i) comprising an ionic compound,
wherein the cation of the ionic compound compound is V, Cr,
Mn, Fe, Co, Ni, Cu, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Ta, W, Re,
Os, Ir, Pt, or Au; and an anion of the ionic compound is
represented by at least one of the following structures:

g
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wherein independently, each of R, to R, is H, an alkyl, a
perfluoroalkyl (C1-C10), a polyether, F, Cl, Br, I, CN, an
optionally substituted phenyl, or an optionally substituted
naphthyl; “A” is boron, gallium, phosphorous, antimony, SO,
or CO,; X is F, Cl, Br, T or CN; nis 0 to 6; and m is =6-n;
wherein the composition further optionally comprises at least
one matrix material different than (i). In one embodiment, nis
0 to 6. In one embodiment, a matrix material is also present.
[0009] Another embodiment provides a composition com-
prising at least one solid powder, wherein the solid powder
comprises a reaction product of (i) at least one hole transport
material, and (ii) at least one silver tetrakis(halogenatedaryl)
borate dopant. In one embodiment, a matrix material is also
present.

[0010] Ink compositions and devices can be prepared from
these compositions.

[0011] One embodiment provides, for example, a device
comprising: at least one cathode, at least one anode, at least
one light emission layer disposed between the cathode and
anode, at least one hole injection layer disposed between the
light emission layer and the anode, wherein the hole injection
layer comprises a composition comprising: (i) at least one
conjugated polymer, wherein the conjugated polymer is a
3-substituted alkoxypolythiophene or a 3.4-substituted

Nov. 17,2011

dialkoxy polythiophene; (ii) optionally, at least one matrix
material different than (i); and (iii) at least one dopant for
polymer (i), wherein the dopant does not substantially dope
optional matrix material (ii), and the dopant comprises an
ionic compound; wherein a cation of the ionic compound is
gold, molybdenum, rhenium, iron, silver, or combinations
thereof; and an anion of the ionic compound is represented by
at least one of the following structures:
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perfluoroalkyl (C1-C10), a polyether, F, Cl, Br, I, CN, an R Ry ,
optionally substituted phenyl, or an optionally substituted R, R, R, R,

naphthyl; “A” is boron, gallium, phosphorous, or antimony;
and n is 1 to 6 in each of the twelve structures.

[0012] Another embodiment provides, for example, a
device comprising: at least one cathode, at least one anode, at
least one light emission layer disposed between the cathode
and anode, at least one hole injection layer disposed between
the light emission layer and the anode, wherein the hole
injection layer comprises a composition comprising: (i) at
least one conjugated polymer, (ii) optionally, at least one
matrix material different than (i); and (iii) at least one dopant
for polymer (i), wherein the dopant does not substantially
dope optional matrix material (ii), and the dopant increases
the thermal stability of the HIL layer.

[0013] Still further, another embodiment provides a com-
position comprising: (i) at least one conjugated polymer,
wherein the conjugated polymer is a 3-substituted alkoxy-
polythiophene or a 3,4-substituted dialkoxy polythiophene;
(i1) optionally, at least one matrix material different than (i);
and (iii) at least one dopant for polymer (i), wherein the
dopant does not substantially dope optional matrix material
(i1), and the dopant comprises an ionic compound; and (iv) at
least one solvent; wherein a cation or the ionic compound is
gold, molybdenum, rhenium, iron, or silver; and an anion of
the ionic compound is at least one organic structure repre-
sented by:

R3 R,

Ry
N)\N
Ry Rg
Ry Rs
wherein independently, each of R, to R, is H, an alkyl, a
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wherein independently, each of R, to R, is H, an alkyl, a
perfluoroalkyl (C1-C10), a polyether, F, Cl, Br, I, CN, an
optionally substituted phenyl, or an optionally substituted
naphthyl; “A” is boron, gallium, phosphorous, or antimony;
andnis 1to6.

[0014] Another embodiment is a composition comprising:
(i) at least one conjugated polymer, wherein the conjugated
polymer is a 3-substituted alkoxypolythiophene or a 3,4-
substituted dialkoxy polythiophene; (ii) optionally, at least
one matrix material different than (i); and (iii) at least one
dopant for polymer (i), wherein the dopant does not substan-
tially dope optional matrix material (ii), and the dopant com-
prises an ionic compound; and wherein a cation of the ionic
compound is gold, molybdenum, rhenium, iron, or silver; and
an anion of the ionic compound is at least one organic struc-
ture represented by:
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R,

Rs

wherein independently, each of R, to R, is H, an alkyl, a
perfluoroalkyl (C1-C10), a polyether, F, Cl, Br, I, CN, an
optionally substituted phenyl, or an optionally substituted
naphthyl; “A” is boron, gallium, phosphorous, or antimony;
andnis 1to 6.

[0015] Furthermore, one embodiment provides, for
example, a device comprising at least one cathode, at least
one anode, at least one light emission layer disposed between
the cathode and anode, at least one hole injection layer (HIL)
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disposed between the light emission layer and the anode,
wherein the hole injection layer comprises a composition
comprising: (i) at least one conjugated polymer, wherein the
conjugated polymer is a 3-substituted alkoxypolythiophene
ora3,4-substituted dialkoxy polythiophene, (ii) optionally, at
least one matrix material different than (i), and (iii) at least
one dopant for polymer (i), wherein the dopant does not
substantially dope the optional matrix material (ii), and the
dopant comprises an ionic compound, including for example
ionic compound compositions described herein. In another
embodiment, the HIL layer does not comprise iodonium salt.
[0016] Another embodiment provides, for example, a
device comprising at least one HIL that comprises at least one
poly(3,4-dialkoxythiophene) doped with at least silver tetrak-
is(pentafluorophenyl)borate  (anion: TPFB). Another
embodiment provides, for example, a device comprising at
least one HIL that comprises at least one poly(3-alkox-
ythiophene) doped with at least silver tetrakis(pentafluo-
rophenyl)borate.

[0017] Another embodiment provides, for example, a com-
position comprising: (i) at least one conjugated polymer,
wherein the conjugated polymer is a 3-substituted alkoxy-
polythiophene or a 3,4-substituted dialkoxy polythiophene,
(ii) at least one matrix material different than (i), and (iii) at
least one dopant for polymer (i), wherein the dopant does not
substantially dope matrix material (ii), and the dopant com-
prises an ionic compound, and (iv) at least one solvent. In
another embodiment, the at least one solvent may be optional.
In another embodiment, the at least one dopant does not
comprise an iodonium salt.

[0018] Another embodiment provides, for example, a com-
position comprising at least one poly(3,4-dialkoxythiophene)
doped with at least silver tetrakis(pentafluorophenyl)borate.
Another embodiment provides, for example, a composition
comprising at least one poly(3-alkoxythiophene) doped with
at least silver tetrakis(pentafluorophenyl)borate.

[0019] Other embodiments provide coated substrates. The
substrate can be a flexible substrate, such as a polymer, or a
rigid substrate, such as glass.

[0020] Other embodiments provide methods of making
dopants, including, for example, silver tetrakispentafluo-
rophenylborate by metathesis reaction.

[0021] At least one advantage from at least one embodi-
ment described herein includes improvement in operational
stability including, for example, long term stability and over-
all increased lifetime of an organic electronic device such as
for example an OLED, PHOLED, or OPV device. In particu-
lar, improvements can be realized compared to use of
PEDOTY/PSS controls. In particular, properties such as cur-
rent density and luminescence can be improved.

[0022] At least one additional advantage for at least one
embodiment includes more flexibility in the formulation and
building of an organic electronic device, such as for example
an LED, OLED, PHOLED, OPV, electrochromic device,
metal-metal oxide capacitors, supercapacitor, an actuator or
transistor, seed-layer for printed circuit boards. In particular,
films made from the compositions described herein, upon
casting and annealing, can be intractable to toluene. In par-
ticular, the compositions described herein can be used when it
is desirable to cast subsequent layers of emissive layers. Addi-
tionally, the intractability to toluene or other solvents can
enable orthogonal compatibility necessary for all solution
processed devices, and can be used to create solution pro-
cessed devices.

Nov. 17,2011

[0023] At least one additional advantage for at least one
embodiment includes doping of soluble conjugated polymers
in a solvent system while maintaining the ability to process
them from the same solution.

[0024] At least one additional advantage for at least one
embodiment includes the doping of polythiophenes in solu-
tion which has been previously precluded because of its lim-
ited solubility in its doped form.

[0025] Another benefit of at least some embodiments
described herein is the ability to form thick layers that allow
for planarizing underlying transparent conducting oxides
while maintaining overall transparency.

[0026] Another benefit of at least some embodiments
described herein include improved thermal stability proper-
ties, such as improved thermochromism, or improved lack of
thermochromism.

[0027] Another benefit of at least some embodiments
described herein include the minimization or elimination of
free radical generation during doping, which would other-
wise lead to undesirable side-reactions that cause degrada-
tion.

[0028] Another benefit of at least some embodiments
described herein include production of pure, doped conju-
gated polymers devoid of non-volatile residues.

[0029] Still further, another benefit for at least some
embodiments can be that better dopant preparations, and
more stable dopants, can be achieved.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] FIG. 1 illustrates thermogravimetric analysis of six
exemplary samples, AgTPFB, and a comparative samples of
LiTPFB.

[0031] FIG. 2 illustrates a non-limiting metathesis reaction
for forming Ag(TPFB)

[0032] FIG. 3 illustrates IV Curve comparison of an exem-
plary unipolar device (solid line) and a comparative unipolar
device (dashed line)

DETAILED DESCRIPTION

Introduction

[0033] All references cited herein are incorporated by ref-
erence in their entireties.

[0034] US Patent Publication 2009/0256117, filed Apr. 10,
2009 (assignee: Plextronics, Inc.) describes a series of poly-
mers, doping systems, and devices, and is hereby incorpo-
rated by reference including its working examples, figures,
conjugated polymers, dopants, and claims.

[0035] U.S. provisional application Ser. No. 61/287,977
filed Dec. 18, 2009 describes other useful embodiments for
conjugated polymers, copolymers, and dopants.

[0036] U.S. Pat. No. 7,569,159 describes hole injection
layer and hole transport layers and associated devices.
[0037] US Patent Publication 2008/0248313 (filed Jul. 13,
2007) described sulfonated materials used in hole injection
layer and hole transport layers and associated devices.
[0038] US Patent Publications 2006/0078761 and 2006/
0076050 (filed Sep. 26, 2005) describe conjugated polymers
used in electroluminescent and photovoltaic devices.

[0039] Conjugated polymers used in organic electronic
devices are also described in, for example, WO 2009/152,165
(published Dec. 17, 2009); WO 2009/111,675 (published
Sep. 11,2009); WO 2009/111,339 (published Sep. 11, 2009).
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[0040] OLED displays and materials are described in, for
example, Organic Light-Emitting Materials and Devices, Li
and Meng (Eds.), 2006.

[0041] Other examples of organic materials and/or dopants
include: EP 1725079; US 2007/0207341; WO 2009/102027;
WO 2009/158069; U.S. Pat. No. 5,853,906; U.S. Pat. No.
5,999,780, and Nielsen et al., J. Am. Chem. Soc., 2008, 130,
9734-9746.

[0042] Doping of conjugated polymers, for example, poly-
thiophenes in solution has often been precluded because of'its
limited solubility in its doped form. One solution is the use of
a composition comprising a conjugated polymer and a metal
salt dopant in which a spontaneous electron transfer from the
polymer to the metal salt occurs. The result is a doped con-
jugated polymer, for example a polymer in its oxidized form,
or a p-type conjugated polymer, with an associated anion and
a free metal. Such a system can show increased thermochro-
mic stability. While not being limited to any particular theory,
the extent of color neutrality for the conjugated polymer in
doped form, as a function of temperature, appears to be
dependent on the anion part of the silver salt. For example,
embodiments described herein, including tetrakis(pentafluo-
rophenyl)borate anion, show marked improvement over other
anions such as tetrafluoroborate, hexafluorophosphate, bis
(trifluvoromethanesulfonimide).

[0043] Conventional organic oxidants such as hypervalent
iodonium, sulfonium or oxonium salts are not desirable for
doping of conjugated polymers because they can generate
free radical reactive species, which can lead to undesirable
side-reactions and degradation. The use of dopants of at least
one embodiment described herein yields only benign zero
valent silver, which can be removed via simple filtration or
sequestering process. Additionally, dopants of at least one
embodiment described herein are aprotic and do not require
additional acid to initiate doping of conjugated polymers.
[0044] Doping conjugated polymers with ammoniumyl
salts like tris(4-bromophenyl)ammoniumyl hexachloroanti-
monate, as described in, for example, Kido et al., Polymers for
Advanced Technologies, 2002, 13(8), 601, provide polymers
with non-volatile residues such as tri(4-bromophenyl)amine,
which may affect the performance of the HIL. These non-
volatile residues remain in films formed from the doped con-
jugated polymers. However, the use of dopants of at least one
embodiment described herein to dope conjugated polymers
provides pure doped conjugated polymer devoid of non-vola-
tile residues.

Hole Transporting Materials

[0045] Hole transporting materials are known in the art and
are commercially available. They can be, for example, low
molecular weight materials or high molecular weight mate-
rials. They can be conjugated polymers. For example, hole
transporting materials can be linear conjugated polymers,
conjugated polymer brushes, polymers which comprise hole
transporting moieties in the main-chain or side chain, and
cross-linkable and non-crosslinked small molecules. The
structures described and illustrated herein can be incorpo-
rated into a polymer backbone or side chain.

[0046] Examples of hole transporting and/or conjugated
polymers include, for example, polythiophenes, polypyr-
roles, polyfurans, polyselenophenes, polytellurophenes,
polyanilines, polyarylamines, and polyarylenes (e.g.,
polyphenylenes, polyphenylene vinylenes, and polyfluo-
renes).

Nov. 17,2011

[0047] The number average molecular weight can be, for
example, about 1,000 to about 500,000, or about 5,000 to
about 100,000, or about 10,000 to about 50,000.

[0048] Some examples of polymeric hole transporting
materials include:

~ N
[\

O/_<S

/\

I
O/_\O OP‘\O
/\ /\

[0049] In the above structures, the groups R1 and R2 can
be, independently of each other, known side groups includ-
ing, for example, optionally substituted C1-C25 groups, or
C2-C10 groups, including alkyl, alkoxy, and polyether
groups. Other descriptions for the groups R1 and R2 are
provided hereinbelow. The groups can be electron-withdraw-
ing or electron-releasing groups. They also can be hydrogen.
The side groups can provide solubility. The value ofn can be,
for example, 5-10,000, or 10-5,000, or 20-1,000.

[0050] Additional examples of hole transport materials
include:

ADSOIHTM

CH;
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-continued -continued
' @ N N ‘@inf '

C4Hy C4Hy

1,3-Bis(N-carbazolyl)benzene

[0052] (Currently available from American dye Source,
Inc.

Other examples include:

/@\ 1,4-Bis(diphenylamino)benzene
N N
1,3,5-Tris(diphenylamino)benzene

R
/@\ 4,4"-Bis(N-carbazolyl)-1,1'-biphenyl
R R

1,3,5-Tris(2-(9-ethylcabazyl-3)ethylene)benzene

R=
4,4"-Bis(N-carbazolyl)-1,1'-biphenyl
i N CHj
H;C f

1,3,5-Tris[(3-methylphenyl)phenylamino Jbenzene 4-(Dibenzylamino)benzaldehyde-N,N-diphenylhydrazone
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N/\CH3

CH;
4-(Diethylamino)benzaldehyde diphenylhydrazone

N_N/\Q\
CH;

4-(Dimethylamino)benzaldehyde diphenylhydrazone
N—N /\@\ /@
O |

4-(Diphenylamino)benzaldehyde diphenylhydrazone

o

9-Ethyl-3-carbazolecarboxaldehyde diphenylhydrazone

hi%es
SO

Copper(Il) phthalocyanine
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N
S X
\ N\ /N( \é
N Cu N
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N

Copper(Il) phthalocyanine

N,N'-Bis(3-methylpheny!)-N,N'-diphenylbenzidine

N,N'-Di-[(1-naphthy!)-N,N'-diphenyl]-1,1'-biphenyl)-4,4'-diamine

L

N,N'-Dipheny!-N,N'-di-p-tolylbenzene- | ,4-diamine
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Poly(copper phthalocyanine)
CH; 7]
3C i CH;
N, :

L BN

Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]

&%f

Tetra-N-phenylbenzidine

5034
b

Titanyl phthalocyanine Dye content

Sye

/
/

=
\f
N

e

A\
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-continued
H

/O/ N\©\
i CH;

Tri-p-tolylamine

@NO

Tris(4-carbazoyl-9-ylphenyl)amine

H;C/\N/\CH3

N

iC N N/\CH3

N

CH;
Tris[4-(diethylamino)phenyl]amine

[0053] (Commercially available from Sigma-Aldrich).
[0054] Hole transport materials are also described in, for
example, US Patent Publications 2010/0292399 published
Nov. 18, 2010; 2010/010900 published May 6, 2010; and
2010/0108954 published May 6, 2010.

[0055] One example of a hole transporting material is poly
(9,9-dioctylfluorene-co-N-(4-butylphenyl)diphenylamine)
(TFB).

Conjugated Polymer

[0056] One particular example of hole transporting mate-
rial is a conjugated polymer, and the composition can com-
prise at least one conjugated polymer. Conjugated polymers
are known in the art including their use in organic electronic
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devices. See for example Friend, “Polymer LEDs,” Physics
World, November 1992, 5,11, 42-46; see for example Kraft et
al., “Electroluminescent Conjugated Polymers-Seeing Poly-
mers in a New Light,” Angew. Chem. Int. Ed. 1998, 37, 402-
428. In addition, electrically conductive or conjugated poly-
mers are described in The Encyclopedia of Polymer Science
and Engineering, Wiley, 1990, pages 298-300, including
polyacetylene, poly(p-phenylene), poly(p-phenylene sul-
fide), polypyrrole, and polythiophene, including families of
these polymers and derivatives in these polymer systems,
which is hereby incorporated by reference in its entirety. This
reference also describes blending and copolymerization of
polymers, including block copolymer formation.

[0057] The conjugated polymer can be any conjugated
polymer, including polythiophenes, and can be homopoly-
mers, copolymers, or block copolymers. Synthetic methods,
doping, and polymer characterization, including regioregular
polythiophenes with side groups, is provided in, for example,
U.S. Pat. No. 6,602,974 to McCullough et al. and U.S. Pat.
No. 6,166,172 to McCullough et al., which are hereby incor-
porated by reference in their entirety. Additional description
can be found in the article, “The Chemistry of Conducting
Polythiophenes,” by Richard D. McCullough, Adv. Mater.
1998, 10, No. 2, pages 93-116, and references cited therein,
which is hereby incorporated by reference in its entirety.
Another reference which one skilled in the art can use is the
Handbook of Conducting Polymers, 2" Ed. 1998, Chapter 9,
by McCullough et al., “Regioregular, Head-to-Tail Coupled
Poly(3-alkylthiophene) and its Derivatives,” pages 225-258,
which is hereby incorporated by reference in its entirety. This
reference also describes, in chapter 29, “Electroluminescence
in Conjugated Polymers” at pages 823-846, which is hereby
incorporated by reference in its entirety.

[0058] Polythiophenes are further described, for example,
in Roncali, J., Chem. Rev. 1992, 92, 711; Schopf et al., Poly-
thiophenes: Electrically Conductive Polymers, Springer:
Berlin, 1997. See also for example U.S. Pat. Nos. 4,737,557
and 4,909,959.

[0059] Polymeric semiconductors are described in, for
example, “Organic Transistor Semiconductors” by Katz et
al., Accounts of Chemical Research, vol. 34, no. 5,2001, page
359 including pages 365-367, which is hereby incorporated
by reference in its entirety.

[0060] Conjugated polymers can be, for example, copoly-
mers including block copolymers. Block copolymers are
described in, for example, Block Copolymers, Overview and
Critical Survey, by Noshay and McGrath, Academic Press,
1977. For example, this text describes A-B diblock copoly-
mers (chapter 5), A-B-A triblock copolymers (chapter 6), and
-(AB),,-multiblock copolymers (chapter 7), which can form
the basis of block copolymer types in the present invention.
[0061] Additional block copolymers, including poly-
thiophenes, are described in, for example, Francois et al.,
Synth. Met. 1995, 69, 463-466, which is incorporated by
reference in its entirety; Yang et al., Macromolecules 1993,
26, 1188-1190; Widawski et al., Nature (London), vol. 369,
Jun. 2, 1994, 387-389; Jenekhe et al., Science, 279, Mar. 20,
1998, 1903-1907; Wang et al., J. Am. Chem. Soc. 2000, 122,
6855-6861; Li et al., Macromolecules 1999, 32, 3034-3044,
Hempenius et al., J. Am. Chem. Soc. 1998, 120, 2798-2804.
[0062] Substituents which can be used to solubilize con-
ducting polymers with side chains include alkoxy and alkyl
including for example C1 to C25 groups, as well as heteroa-
tom systems which include for example oxygen and nitrogen.
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In particular, substituents having at least three carbon atoms,
or it least five carbon atoms can be used. Mixed substituents
can be used. The substituents can be nonpolar, polar or func-
tional organic substitutents. The side group can be called a
substituent R which can be for example alkyl, perhaloalkyl,
vinyl, acetylenic, alkoxy, aryloxy, vinyloxy, thioalkyl, thio-
aryl, ketyl, thioketyl, and optionally can be substituted with
atoms other than hydrogen.

[0063] Conjugated polymers can comprise heterocyclic
monomer repeat units, and heterocyclic polymers are particu-
larly preferred. A particularly preferred system is the poly-
thiophene system, regioregular polythiophene system, the
3-substituted polythiophene system, and the 3,4-disubsti-
tuted polythiophene system. In some embodiments, the con-
jugated polymer comprises at least one polythiophene com-
prising an alkoxy substituent at either the 3-position or the 4
position or both. Polymers can be obtained from Plextronics,
Inc., Pittsburgh, Pa. including for example polythiophene-
based polymers such as for example PLEXCORE, Plexcoat,
and similar materials.

3-Substituted Polythiophene

[0064] One important example of a conjugated polymer,
and formulations and devices using the polymer, is a 3-sub-
stituted polythiophene. Preferable, the 3-substituted poly-
thiophene may be a poly(3-alkoxythiophene). In a poly(3-
alkoxythiophene), as used herein, the alkoxy side group is
bonded to the thiophene via the oxygen atom and additional
atoms can be present in the substituent such that the alkoxy
group can be, for example, a polyether. For example, as used
herein, an alkoxy group can be, for example, a methoxy-
ethoxyethoxy group.

[0065] The conjugated polymer can be a regiorandom or a
regioregular material. The degree of regioregularity can be,
for example, about 0 to 100%, or about 25 to 99.9%, or about
50 to 98%.

[0066] In particular, another important example of a con-
jugated polymer, and formulations and devices using the
polymer, is a regioregular polythiophene. Preferably, regio-
regularity of the polythiophene may be, for example, at least
about 85%, or at least about 95%, or at least about 98%. In
some embodiments, the degree of regioregularity can be at
least about 70%, or at least about 80%. In yet other embodi-
ments, the regioregular polythiophene has a degree of regio-
regularity of at least about 90%, or a degree of regioregularity
of at least about 98%.

[0067] One example of a poly(3-alkoxythiophene) can be
represented by:

O(CH2CH20)2C4H9-n

[\

S

n

3,4-Disubstituted Polythiophene

[0068] One important example of a conjugated polymer,
and formulations and devices using the polymer, is a 3,4-
disubstituted polythiophene. Preferably, the 3,4-disubstituted
polythiophene may be a poly(3,4-dialkoxythiophene)
wherein as described above the alkoxy side group can com-
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prise a plurality of heteroatoms, and the poly(3,4-dialkox-
ythiophene) can be, for example, a poly(3,4-di-polyether)-
thiophene. A polyether is a molecule with more than one ether
group. The alkoxy and polyether side groups can donate
electrons to the polymer backbone chain.

[0069] The 3,4-disubstituted polythiophene may have a
symmetrical monomer repeating unit. Often times, the 3,4-
disubstituted polythiophene comprises a 3,4-substituted
thiophene as the repeating unit, with an oxygen atom directly
attached to the 3- and 4-positions of the disubstituted
thiophene and polymerized through the 2- and 5-positions.
Substituents can be used to solubilize the 3,4-substituted
thiophene with side chains that can include alkoxy and poly-
ether, including for example, straight or branched carbon
chains, for example, C1 to C25 groups, wherein one, two,
three, four, five, or six of the carbon atoms in the chains may
be replaced by heteroatoms, such as, oxygen and/or nitrogen.
[0070] The conjugated polymer may be prepared by poly-
merization of a monomer unit, such as 2,5-dibromo-3,4-bis
(2-(2-butoxyethoxy)ethoxy)thiophene, or 2,5-dibromo-3,4-
bis(2-(2-ethoxyethoxy)ethoxy)thiophene; 2,5-dibromo-3,4-
bis(2-(2-methoxyethoxy )ethoxy)thiophene; 2,5-dibromo-3,
4-bis(2-(2-butoxyethoxy)ethoxy)thiophene; 2,5-dibromo-3,
4-bis(2-(2-butoxybutoxy ))butoxy)thiophene; and  2,5-
dibromo-3,4-bis(2-(2-methoxymethoxy)methoxy)
thiophene.

[0071] Any known methods of polymerization may be used
to obtain the 3,4-disubstituted polythiophene. Typically, the
polymer itself can be obtained by GRIM polymerization of
the 2,5-dibromo derivative of the dialkoxythiophene or
dipolyetherthiophene using a Nickel catalyst.

[0072] GRIM polymerization of a symmetrical monomer is
described in, for example, Campos et al., Photovoltaic Activ-
ity of a PolyProDOT Derivative in a Bulk Heterojunction
Solar Cell, Solar Energy Materials & Solar Cells, August
2006.

[0073] The conjugated polymer can be a 3,4-disubstituted
polythiophene, such as poly(3,4-bis(2-(2-butoxyethoxy)
ethoxy)thiophene)-2,5-diyl, poly(3,4-bis(2-(2-ethoxy-
ethoxy)ethoxy)thiophene)-2,5-diyl; poly(3,4-bis(2-(2-meth-
oxyethoxy )ethoxy)thiophene)-2,5-diyl;  poly(3,4-bis(2-(2-
butoxyethoxy )ethoxy)thiophene)-2,5-diyl;  poly(3,4-bis(2-
(2-butoxybutoxy )butoxy )thiophene)-2,5-diyl; and poly(3,4-
bis(2-(2-methoxymethoxy)methoxy)thiophene)-2,5-diyl.
[0074] Typically, the conjugated polymer can be a 3,4-
disubstituted polythiophene represented by:

R R,

[\

S s

wherein independently R, can be an optionally substituted
alkoxy group or an alkoxy heteroatom group, such as, for
example, an alkoxyalkoxyalkoxy moiety, and independently
R, can be an optionally substituted alkoxy group alkoxy het-
eroatom group, such as, for example, an alkoxyalkoxyalkoxy
moiety; or

[0075] wherein independently R, can be optionally substi-
tuted alkyl, and optionally substituted aryloxy, and indepen-
dently R, can be optionally substituted alkyl, and optionally
substituted aryloxy. Examples of substituents for the optional
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substitution include hydroxyl, phenyl, and additional option-
ally substituted alkoxy groups. The alkoxy groups can be in
turn optionally substituted with hydroxyl, phenyl, or alkoxy
groups; or

[0076] wherein independently R, can be an optionally sub-
stituted alkylene oxide, and independently R, can be an
optionally substituted alkylene oxide. Substituents can be for
example hydroxyl, phenyl, or alkoxy groups; or

[0077] wherein independently R, can be optionally substi-
tuted ethylene oxide or optionally substituted propylene
oxide or other lower alkyleneoxy units, and independently R,
can be optionally substituted ethylene oxide or optionally
substituted propylene oxide or other lower alkyleneoxy units.
Substituents can be for example hydroxyl, phenyl, or alkoxy
groups; or

[0078] wherein independently R, can be an optionally sub-
stituted alkylene such as for example methylene or ethylene,
with substituents being for example optionally substituted
alkyleneoxy such as ethyleneoxy or propyleneoxy; substitu-
ents can be for example hydroxyl, phenyl, or alkoxy, and
independently R, can be an optionally substituted alkylene
such as for example methylene or ethylene, with substituents
being for example optionally substituted alkyleneoxy such as
ethyleneoxy or propyleneoxy; substituents can be for
example hydroxyl, phenyl, or alkoxy.

[0079] Inaddition, the substituent groups R, and R, can be
linked to the thiophene by an oxygen atom such as alkoxy or
phenoxy, wherein the substituent can be characterized by the
corresponding alcohol or phenol, respectively. The alcohol,
for example, can be linear or brandied, and can have C2-C20,
or C4-C18, or C6to C14 carbon atoms. The alcohol can be for
example an alkyl alcohol, or an ethylene glycol, or a propy-
lene glycol, or a dicthylene glycol, or a dipropylene glycol, or
a tripropylene glycol. Additional examples can be monoeth-
ylene glycol ethers and acetates, diethylene glycol ethers and
acetates, triethylene glycol ethers and acetates, and the like.
Examples of alcohols which can be linked to the thiophene
ring through the oxygen atom include hexy! cellosolve, Dow-
anol PnB, ethyl carbitol, Dowanol DPnB, phenyl carbitol,
butyl cellosolve, butyl carbitol, Dowanol DPM, diisobutyl
carbinol, 2-ethylhexyl alcohol, methyl isobutyl carbinol,
Dowanol Eph, Dowanol PnP, Dowanol PPh, propyl carbitol,
hexyl carbitol, 2-ethylhexyl carbitol, Dowanol DPnP, Dow-
anol TPM, methyl carbitol, Dowanol TPnB. The trade names
are well known in this art. Polythiophene substituents, includ-
ing various alkoxy and polyether substituents, and formula-
tions are described in for example U.S. patent application Ser.
No. 11/826,394 filed Jul. 13, 2007 (US publication 2008/
0248313).

[0080] The degree of polymerization, ‘n’is not particularly
limited but can be for example 2 to 500,000 or 5 to 100,000 or
10 to 10,000, or 10 to 1,000, 10 to 500, or 10 to 100. In many
cases, and polymer has a number average molecular weight
between approximately 5,000 and 100,000 g/mol. In some
embodiments, R can be a monoalkoxy, dialkoxy, trialkoxy, or
tetraalkoxy group and the conjugated polymer is a poly(3,4-
dialkoxythiophene) or poly(3,4-dipolyetherthiophene).
[0081] An example of side groups is the butoxyethoxy
(ethoxy) group and the polymer can be poly(3,4-bis(2-(2-
butoxyethoxy )ethoxy)thiophene-2,5-diyl).

Optional Matrix Material

[0082] In at least one embodiment, a matrix material may
be incorporated into a composition for forming a transparent
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hole injection layer (HIL) or hole transport layer (HTL).
Transmission of light is important, and good transmission at
higher film thicknesses is particularly important. For
example, an HIL or HTL can be prepared that can transmit
about 85% to about 90% or greater (i.e., % T>85-90%) of
light having a wavelength of about 400-800 nm.

[0083] In one embodiment, the HIL layer has a thickness
of, for example, about 5 nm to about 500 nm, or about 5 nm to
about 150 nm, or about 20 nm to about 100 nm, or about 20
nm to about 60 nm. Another range for thickness is, for
example, about 60 nm to about 200 nm.

[0084] Thus, an additional advantage of the present
embodiments can be the formation of substantially transpar-
ent HILs or HTLs having moderately high thicknesses. Thick
HILs or HTLs can also be used to eliminate shorts in semi-
conductor devices without adversely impacting operating
voltage.

[0085] In some embodiments, the composition comprises
at least one matrix material. The matrix material can be a
lower or higher molecular weight material. The matrix mate-
rial can be, for example, a synthetic polymer that is different
from the conjugated polymer. See, for example, US Patent
Publication No. 2006/0175582 published Aug. 10, 2006. The
synthetic polymer can comprise, for example, a carbon back-
bone. In some embodiments, the synthetic polymer has at
least one polymer side group comprising an oxygen atom or
a nitrogen atom. The synthetic polymer may be a Lewis base.
Typically, the synthetic polymer comprises a carbon back-
bone and has a glass transition temperature of greater than 25°
C. The synthetic polymer may also be a semi-crystalline or
crystalline polymer that has a glass transition temperature
equal to or lower than 25° C. and a melting point greater than
25° C. The synthetic polymer may comprise acidic groups.
Additionally, the conjugated polymer may comprise acidic
groups. In some embodiments, both the conjugated polymer
and the second polymer comprise acidic groups.

[0086] The matrix material, which can be the second poly-
mer can be a planarizing agent. A matrix material or a pla-
narizing agent may be comprised of, for example, a polymer
or oligomer such as an organic polymer such as poly(styrene)
or poly(styrene) derivatives, poly(vinyl acetate) or derivatives
thereof, poly(ethylene glycol) or derivatives thereof, poly
(ethylene-co-vinyl acetate), poly(pyrrolidone) or derivatives
thereof (e.g., poly(1-vinylpyrrolidone-co-vinyl acetate)),
poly(vinyl pyridine) or derivatives thereof, poly(methyl
methacrylate) or derivatives thereof, poly(butyl acrylate),
poly(aryl ether ketones), poly(aryl sulfones), poly(aryl ether
sulfones), poly(esters)or derivatives thereof, or combinations
thereof

[0087] More generally, a matrix material or a planarizing
agent can be comprised of polymers or oligomers built from
monomers such as CH,CH Ar, where Ar— any aryl or func-
tionalized aryl group, isocyanates, ethylene oxides, conju-
gated dienes, CH,CHR |R (where R, =alkyl, aryl, or alkyl/aryl
functionalities and R—H, alkyl, Cl, Br, F, OH, ester, acid, or
ether), lactam, lactone, siloxanes, and ATRP macroinitiators.
A planarizing agent can also be a polymer comprising option-
ally substituted fused aromatic rings or optionally substituted
polycyclic aromatic hydrocarbon side groups. Additionally,
the hole-transporting compounds described below can also be
planarizing agents.

[0088] In other embodiments, the matrix material or a pla-
narizing agent may be comprised of, for example, at least one
semiconducting matrix component. The semiconducting
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matrix component is different from the conjugated polymer
described above. The semiconducting matrix component can
be a semiconducting small molecule, such as a hole transport-
ing compound, or a semiconducting polymer that is typically
comprised of repeat units comprising hole transporting units
in the main-chain and/or in a side-chain. The semiconducting
matrix component may be in the neutral form or may be
doped, and is typically soluble in organic solvents, such as
toluene, chloroform, Tiff, acetonitrile, cyclohexanone, ani-
sole, chlorobenzene, o-dichlorobenzene, ethyl benzoate and
mixtures thereof.

[0089] Examples of semiconducting small molecules, hole
transport materials, and polymers suitable for use as matrix
components are described by Marks et al., in U.S. Patent
Application Pub. No. 2005/0147846 Al, entitled “Hole
Transport Layer Compositions and Related Diode Devices;”
and by Mathai et al., in U.S. patent application Ser. No.
12/605,768 tiled on Oct. 26, 2009, which are hereby incor-
porated by reference in their entireties.

Dopant

[0090] Dopants are known in the art and can react with
conjugated polymers in doping reactions. The dopant can be
an ionic compound. The dopant can comprise a cation and an
anion.

[0091] The cation of the ionic compound can be, for
example, V, Cr, Mn, Fe, Co, Ni, Cu, Nb, Mo, Tc, Ru, Rh, Pd,
Ag, Ta, W, Re, Os, Ir, Pt, or Au.

[0092] The cation of the ionic compound can be, for
example, gold, molybdenum, rhenium, iron, and silver cat-
ion.

[0093] The anion of the ionic compound can be, for
example, a whole aromatic or heteroaromatic anion includ-
ing, for example, an optionally substituted tetraarylborate, or
a halogenatedtetraarylborate, or tetrakispentafluorophe-
nylborate (TPFB).

[0094] Examples of an anion include structures represented
by:
R, S
| Y, A
R3
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-continued

[0095] wherein independently, each of R; to R, is H, an
alkyl, a perfluoroalkyl (C1-C10), a polyether, F, Cl, Br, I, CN,
an optionally substituted phenyl, or an optionally substituted
naphthyl; “A” is boron, gallium, phosphorous, antimony, SO,
or CO,; X is F, Cl, Br,Ior CN; nis 0 to 6; and m is =6-n. In
one embodiment, n can be 1 to 6.

[0096] In other embodiments, the anion can be at least one
of'the structures represented by:

<Rl N[ X

R
S /< i Se
| A
ey /
R3
R;
n
R
e
R
)Rl\ ’
N 7z N
R, Rs
R, R,
- Rs A
Ry Rs
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wherein independently, R, to R, can be, for example, H, an
alkyl, a perfluoroalkyl (C1-C10), a polyether, F, Cl, Br, I, CN,
an optionally substituted phenyl, or an optionally substituted
naphthyl; “A” can be boron, gallium, phosphorous, or anti-
mony; and n can be n=1 to 6. For example: if A is boron or
gallium, then n is 4; if A is phosphorous or antimony, then n
is 6.

[0097] In additional embodiments, the dopant can be a
sulfonate or a carboxylate including alkyl, aryl, and het-
eroaryl sulfonates and carboxylates. For example, the A in the
above twelve structures can be, in addition, to boron, gallium,
phosphorous, or antimony, a sulfonate or carboxylate group.
For the sulfonate and carboxylate embodiments of these
twelve structures, the value of n can be 1.

[0098] Examples of sulfonate and carboxylate dopants
include benzoate compounds, bis(trifluoromethanesulfonyl)
imide, heptafluorobutyrate, hexafluoroantimonate, hexafluo-
roarsenate, hexafluorophosphate, tetrafluoroborate, meth-
anesulfonate, trifluoromethanesulfonate, p-toluenesulfonate,
pentafluoropropionate, tetrafluoroborate, and/or trifluorobo-
rates. Examples include (2-nitrophenyl)trifluoroborate, ben-
zofurazan-5-trifluoroborate,  pyrimidine-5-trifluoroborate,
pyridine-3-trifluoroborate, and 2,5-dimethylthiophene-3-tri-
fluoroborate.

19

Nov. 17,2011

[0099] In other embodiments, the anion may comprise
more than one aryl group. For example, an anion comprising
more than one aryl group can be represented by:

/ :
R,
S Se
R, 4 \
= \ R 4-n
B- 2
R3 7 R
3
n=1-3

n=1-3

[0100] wherein independently, R, to R3 can be H, an alkyl,
a perfluoroalkyl (C1-C10), a polyether, F, Cl, Br, I, CN, an
optionally substituted phenyl, or an optionally substituted
naphthyl; and n can be n=1 to 3.

[0101] Inone preferred embodiment, the dopant comprises
silver tetrakis(pentafluorophenyl)-borate, and is represented
by:

[0102] The conjugated polymer can be mixed with the
dopant. A reaction can occur upon mixing as known in the art.
In particular, the conjugated polymer can be doped with a
dopant. A dopant can be, for example, a material that will
undergo one or more electron transfer reaction(s) with, for
example, a conjugated polymer, thereby yielding a doped
conjugated polymer. The dopant can be selected to provide a
suitable charge balancing counter-anion. For example, the
dopant may undergo spontaneous electron transfer from the
polymer to a cation-anion dopant such as a metal salt, leaving
behind a conjugated polymer in its oxidized form with an
associated anion and free metal. See, for example, Lebedev et
al., Chem. Mater., 1998, 10, 156-163. As discussed herein, the
conjugated polymer and the dopant, can refer to components
that will react to form a doped polymer. The doping reaction
can be a charge transfer reaction, wherein charge carriers are
generated, and the reaction can be reversible or irreversible.
Dopants are known in the art. See, for example, U.S. Pat. No.
or Publication No. 7,070,867; 2005/0123793; and 2004/
0113127.

[0103] The anion TPFB is known in the art. See, for
example, Hijazi et al., European J. Inorganic Chemistry,
2008, 18, 2892-2898; Ogawa et al., Organometallics, 2005,
24(20), 4842-4844; Kuprat et al., Organometallics, 2010,
29(6), 1421-1427 (suggesting AgTPFB is less stable than
LiTPFB). TPFB can complex with a variety of cations,
including monovalent and divalent cations, and can also be
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coordinated or complexed with polar and nonpolar ligands
such as acetonitrile, methylene chloride, diethyl ether, pen-
tane, benzene, or toluene.

[0104] In one embodiment the dopant may be a silver salt,
such as silver tetrakis(pentafluorophenyl)borate. Silver ions
may undergo electron transfer to or from silver metal and the
conducting polymer. See, for example, Lebedev et al., Chem.
Mater., 1998, 10, 156-163.

[0105] In the final formulation, the composition can be
distinctly different from the combination of original compo-
nents (i.e., conjugated polymer and/or dopant may or may not
be present in the final composition in the same form before
mixing).

[0106] Some embodiments allow for removal of reaction
byproducts from the doping process. For example, the metals
such as silver can be removed by filtrations.

[0107] Cations such as iodonium salts and other dopant
cations described in EP 1725079 and/or US 2007/0207341
can be excluded from the compositions. Anions can be
excluded such as, for example, anions which are not wholly
aromatic anions such as, for example, [BF,], [PF¢], and bis
(trifluvoromethanesulfonimide).

[0108] Anadditional embodiment for dopant comprises the
compounds and salts, including anions, found in U.S. Pat. No.
7,785,740 (“Overcharge Protection for Electrochemical
Salts), which is incorporated by reference herein in its
entirety. M, Q overcharge protection salts are described com-
prising (as Q) borate and heteroborate clusters, wherein M are
cations and a can be an integer like 1 or 2. In additional
embodiments, anions of salts can be represented as
(B,oF.Z,0..)* and (B,,F.Z,, )*” wherein Z canrepresent H,
Cl, Br, or OR, where R can be, for example, H, C,_; alkyl or
fluoroalkyl, or C, 5 alkyl or fluoroalkyl. The value for x can
be, for example, 4-12, or 7-12, or 7-11. Mixtures of salts can
be used.

Thermal Stability

[0109] Thermal stability of the film layer and devices com-
prising the film layers is important. Some dopants such as
silver salt dopants, for example, silver tetrakis(pentafluo-
rophenyl)borate (AgTPFB), can provide increased thermal
stability. Lithium salts are not desired because lithium pro-
vides decreased or no doping of conjugated polymers. The
reduction potential of a lithium salt is much lower than that of
a silver salt. Thus, in the present embodiments, a silver salt is
preferred, for example AgTPFB.

[0110] The stability of a silver salt may depend on process-
ing methods. For example, AgTPFB is preferably prepared by
a metathesis of lithium tetrakis(pentafluorophenyl)-borate
(LiTPFB) and silver nitrate by dissolving in acetonitrile fol-
lowed by precipitation in water. Without being limited to a
particular theory, in such a metathesis reaction, the acetoni-
trile may complex to the silver thereby improving its pho-
tolytic stability.

[0111] In one aspect, stability may be considered as pho-
tolytic stability or stability against discoloration. The stable
AgTPFB prepared by a metathesis of the LiTPFB and dis-
solving in acetonitrile may be obtained as a white powder that
does not change color in ambient conditions. On the other
hand, unstable AgTPFB prepared without acetonitrile begins
browning within 24 hours and continues to do so.

[0112] In another aspect, stability may be considered as
thermal stability and can be measured by thermogravimetric
analysis. Six exemplary samples (numbered EX 1 through
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EX 6) of a stable AgTPFB were prepared by a metathesis of
the LiTPFB and dissolving in acetonitrile, followed by pre-
cipitation in water as described above. A comparative
example (numbered CE-1) of LiTPFB was also prepared. As
shown in FIG. 1, samples EX 1 to EX 6 shows better thermal
stability across a wider temperature range. For example, EX
1to EX 6 experience a change in weight of less than about 5%
across a temperature range of 0 to 150T. On the other hand,
sample CE-1 is less thermally stable as it exhibits thermal
instability character at a lower temperature, for example at
about 25° C.

[0113] Accordingly, for silver salt dopants of the embodi-
ments, the amount of lithium can be reduced to levels below
detection limits.

Solvent System

[0114] The solvent system can be adapted for use and pro-
cessing with other layers in the device such as the anode or
light emitting layer. Aqueous and non-aqueous solvent sys-
tems can be used.

[0115] Different solvents can be used in the current solvent
system. Typically, the solvents used are organic non-polar
solvents. More typically, the solvents used are aprotic non-
polar solvents. Use of aprotic non-polar solvents can provide,
in at least some examples, the additional benefit of increased
life-times of devices with emitter technologies which are
sensitive to protons. Examples of such devices include
PHOLED:s.

[0116] Common solvents used in the present solvent sys-
tem include, for example, aromatic. Solvents such as tetrahy-
drofuran, chloroform, or aromatic hydrocarbons forms are
used. Additional solvents include tetrahydropyran (THP),
chloroform, alkylated benzenes, halogenated benzenes,
NMP, DMF, DMAc, DMSO, methyl ethyl ketone, cyclohex-
anone, chloroform, dichloromethane, acetonitrile, acetone,
THF, dioxane, dioxanes, ethyl acetate, ethyl benzoate, dim-
ethyl carbonate, ethylene carbonate, propylene carbonate,
3-methoxypropionitrile, 3-ethoxypropionitrile or combina-
tions thereof. The conjugated polymer is typically highly
soluble and highly processable in these solvents.

[0117] For environmental compliance, one or more nonha-
logenated solvents may be selected. Halogenated solvents
can be substantially or totally excluded (e.g., used in less than
10%, or less than 5%, or less than 1%, or less than 0.1% by
volume of total solvent carrier. In weighing such additional
factors, it may be helpful to consult references such as, for
example, Chereinisnoff, N. P, Industrial Solvents Handbook,
2R, (Marcel Dekker, New York, 2003); Ash, M, Handbook
of Solvents, 2% Ed. (Syapse Information Resources, 2003);
Wypych, G., Handbook of Solvents (Chemical) (Noyes Pub-
lications, 2000); Hansen, C. M., Durkee, J. and Kontogeorgis,
G, Hanson Solubility Parameters: A User’s Handbook (Tay-
lor and Francis, 2007); all of which are incorporated by ref-
erence in their entireties. For a more detailed discussion
regarding selection of solvent systems comprising two or
more solvents, see U.S. 61/090,464, filed Aug. 20, 2008,
(043419-0256) which is incorporated by reference it its
entirety.

[0118] Alternatively, it may be useful to select more than
one solvent to use in the solvent system.

[0119] Other solvents might also be considered, that solu-
bilize the conjugated polymer, that swell the conjugated poly-
mer, or that even act as non-solvents for the polymer. The
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latter may be included in the solvent system in varying quan-
tities to modify ink properties such as wetting, viscosity,
morphology control.

[0120] Solvents to be considered may include ethers (op-
tionally substituted with C1-C10 alkyl chains) such as ani-
sole, ethoxybenzene, dimethoxy benzenes and glycol ethers,
such as: ethylene glycol diethers such as 1,2-dimethoxy
ethane, 1,2-diethoxy ethane, 1,2-dibutoxy ethane; diethylene
glycol diethers such as diethylene glycol dimethyl ether,
diethylene glycol diethyl ether; propylene glycol diethers
such as propylene glycol dimethyl ether, propylene glycol
diethyl ether, propylene glycol dibutyl ether; dipropylene
glycol diethers such as dipropylene glycol dimethyl ether,
dipropylene glycol diethyl ether, dipropylene glycol dibutyl
ether; also, higher analogs (tri- and tetra-) of the ethylene
glycol and propylene glycol ethers mentioned above.

[0121] Still other solvents can be considered, such as eth-
ylene glycol monoether acetates and propylene glycol mono-
ether acetates, wherein the ether can be selected, for example,
from: methyl, ethyl, n-propyl, iso-propyl, n-butyl, sec-butyl,
tert-butyl, cyclohexyl. Also, higher glycol ether analogs of
above list such as di-, tri- and tetra-. Examples include, but are
not limited to, propylene glycol methyl ether acetate,
2-ethoxyethyl acetate, 2-butoxyethyl acetate.

[0122] Yet other possible solvents include aliphatic and
aromatic ketones such as acetonyl acetone, methyl isobutyl
ketone, methyl isobutenyl ketone, 2-hexanone, 2-pentanone,
acetophenone, ethyl phenyl ketone, cyclohexanone, cyclo-
pentanone, methylethyl ketone. In some embodiments, these
solvents are avoided. In some embodiments, ketones with
protons on the carbon located alpha to the ketone are avoided
such as cyclohexanone, methylethylketone, and acetone.
[0123] Additional possible solvents include N,N-dimethyl
formamide, N,N-dimethyl acetamide, N-methyl pyrrolidone,
dimethy! sulfoxide, tetramethylene sulfoxide, acetonitrile,
benzonitrile, ethylene carbonate, propylene carbonate, and
the like.

[0124] Other examples include cyclic ethers such as, for
example, tetrahydropyran (THP). Solvent can be used such
that polymerization of the solvent can be avoided. Another
example is methoxypropionitrile.

[0125] A preferred group of solvents is toluene, xylene(s),
tetralene, mesitylene, phenetole, 4-methylanisole, anisole,
tetrahydropyran, 3-methoxypropionitrile, 3-ethoxypropioni-
trile, methyl benzoate ethyl benzoate, propyleneglycolmethyl
ether acetate, 1,2-dimethoxyethane, and diethyleneglycoldi-
ethylether, and combinations thereof. Other preferred solvent
combinations are shown in the working examples section.
[0126] The one or more solvents can be used in varying
proportions to improve the ink characteristics such as sub-
strate wettability, ease of solvent removal, viscosity, surface
tension, and jettability.

[0127] The composition comprising the conjugated poly-
mer, dopant and solvent can be cast and annealed as a film on
a substrate optionally containing an electrode or additional
layers used to improve electronic properties of the final
device. The Films may be intractable to an organic solvent,
which can be the solvent in the ink for subsequently coated or
deposited layers during fabrication ofa device. The films may
be intractable to toluene, which can be the solvent in the ink
for subsequently coated or deposited layers during fabrica-
tion of a device.

[0128] In one embodiment, the HIL layer is thermally
annealed. In one embodiment, the HIL layer is thermally
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annealed at temperature of about 25° C. to about 250° C. In
one embodiment, the HIL layer is thermally annealed at tem-
perature of about 25° C. to about 250° C. and at reduced
pressures of 107¢ to 760 torr. In one embodiment, the HIL
layer is thermally annealed at temperature of about 90° C. to
about 170° C. for about 5 to about 15 minutes. In one embodi-
ment, the HIL layer is heated to remove solvent.

[0129] Film formation can be carried out by methods
known in the art including for example spin casting, dip
casting, dip coating, slot-dye coating, ink jet printing, gravure
coating, doctor blading, and any other methods known in the
art for fabrication of, for example, organic electronic devices.

Amounts

[0130] In one embodiment, the composition comprises
between about 40% and 75% by weight of the conjugated
polymer and between about 25% and 55% by weight of the
dopant. In another embodiment, the composition comprises
between about 50% and 65% for the conjugated polymer and
between about 35% and 50% of the dopant. Typically, the
amount by weight of the conjugated polymer is greater than
the amount by weight of the dopant. The conjugated polymer
can be any conjugated polymer as described above. Typically,
the repeat unit is 3-substituted polythiophene or a 3,4-disub-
stituted polythiophene. Typically, the dopant can be a silver
salt, such as silver tetrakis(pentaflouorophenyl)borate in an
amount of about 0.25 to 0.5 m/ru, wherein m is the molar
amount of s salt and ru is the molar amount of conjugated
polymer repeat unit.

[0131] Insome embodiments, the composition comprises a
solvent or a solvent carrier. Typically, in embodiments com-
prising a solvent or solvent carrier, the composition com-
prises at least 95 wt % solvent or solvent carrier, and the
composition is characterized by a percent solids of 5 wt % or
less.

[0132] Inone embodiment, the amount of solids content is
about 0.1 wt. % to 100 wt. %, wherein 100 wt. % represents
a dry material such as a dry powder. In one embodiment, the
solids content is about 0.3 wt. % to about 10 wt. %. In another
embodiment, the solids content is about 0.5 wt. % to about 5
wt. %.

[0133] In one embodiment, a dry powder is prepared by
removal of solvent. The result can be a dry or substantially dry
material such as a powder. The amount of residual solvent can
be, for example, 10 wt. % or less, or 5 wt. % or less, or 1 wt.
% or less. The dry or substantially powder can be redispersed
or redissolved in a new solvent system.

[0134] The amount of the optional matrix material can be
controlled and measured as a weight percentage relative to the
amount of the hole transport material and dopant combined
For example, the amount can be 0 to 99.5 wt. %, or about 10
wt. to about 98 wt. %, or about 20 wt. % to about 95 wt. %. In
the embodiment with 0 wt. %, the matrix material is not used.
[0135] Materials can be purified to remove, for example,
halogens and metals. Halogens include, for example, bromine
and iodine. Metals include, for example, the cation of the
dopant, including the reduced form of the cation of the
dopant, or metals left from catalyst or initiator residues. Met-
als include, for example, silver, nickel, and magnesium. The
amounts can be less than, for example, 100 ppm, or less than
10 ppm, or less than 1 ppm.

[0136] Metal can be removed. In one embodiment, the
amount of metal (for example, silver) content can be, for
example, 0-10% in dry powder, and/or 0-0.5% in solution. In
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another embodiment, the amount of metal (for example, sil-
ver) content can be, for example, 0-1% in dry powder, and/or
0-0.05% in solution. In another embodiment, the amount of
metal (for example, silver) content can be, for example, 0-0.
5% in dry powder, and/or 0-50 ppm in solution

[0137] Metal content, including silver content, can be mea-
sured by ICP-MS, particularly for concentrations greater than
50 ppm.

[0138] Unreacted dopant can be also present or removed,
including unreacted cation, including unreacted silver ion.

Method of Making Steps

[0139] The devices described herein can be made by meth-
ods known in the art including, for example, solution process-
ing. Inks can be applied and solvents removed by methods
known in the art.

[0140] Purification methods can be carried out. For
example, the dopant, such as a metal salt, in particular a silver
salt, for example, silver tetrakis(pentafluorophenyl)borate,
may undergo spontaneous electron transfer from the conju-
gated polymer to the metal salt leaving behind a conjugated
polymer in its oxidized form, for example, as a p-type conju-
gated polymer, with an associated anion and free metal. The
metal may be scavenged from the formulation, for example,
by passing through a bed of celite or at least one glass fiber
filter (stacked or unstacked; 0.5 micron). For example, about
50 mL of the dopant in solution may be passed through a
celite bed (packed dry; 26 mm diameter, 15 mm thick) in a
glass syringe. Slight pressure may be applied to increase the
solution flow rate.

[0141] Also provided is an embodiment for a method of
making a metal salt including, for example, a silver tet-
raarylborate salt such as AQTPFB. For example, a metathesis
reaction can be carried out with a water soluble silver salt and
a tetraarylborate salt. For example, the reaction can be repre-
sented by:

M X\ +M>Xo—-—M X, (insoluble)+M>.X (soluble)

[0142] The precipitation of M, X, can facilitate, for at least
some cases, driving the reaction to the right to produce rela-
tively high yields. M, can be a metal such as, for example,
silver, and M, can be a metal such as, for example, lithium. X,
can provide water solubility such as, for example, nitrate. X,
can be a non-coordinating anion such as tetraarylborate.
M, X, can be insoluble in water, and M,X, can be soluble in
water.

[0143] For example, as shown in FIG. 2, AgTPFB can be
preferably prepared by a metathesis of lithium tetrakis(pen-
tafluorophenyl)-borate (LiTPFB) and silver nitrate by dis-
solving in acetonitrile followed by precipitation in water. For
example, a solution of silver nitrate in acetonitrile (e.g., 3 wt.
% to 25 wt. %, or 5 wt. % to 15 wt. %, or 10 wt. %) can be
mixed with, for example, LiTPFB (e.g., 3 wt. % to 25 wt. %,
or5Swt. % to 15 wt. %, 10 wt. %) ata temperature of about 25°
C. The reaction product which is desired can precipitate with
the mixture of solutions and can be, in particular, precipitated
into a large excess of water (e.g., ten fold excess, deionized
water) and can be collected by, for example, filtration (e.g.,
fritted, medium porosity glass funnel). The reaction product
can be precipitated, whereas the undesired reaction product
(e.g., lithium nitrate) can be water soluble and, hence, remain
in aqueous solution. The amount of the lithium in the reaction
product can be, for example, undetectable by methods such as
ICP-MS. For example, the amount of undesired metal such as
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lithium can be less than 1 wt. %, or less than 0.1 wt. %, or less
than 0.01 wt. %, or less than 0.001 wt. %. In this method,
elaborate extraction procedures can be avoided. For example,
Soxhlett extraction can be avoided. The yield of silver salt
product can be, for example, at least about 70%, or at least
80%, or at least 85%, such as for example, 80% to 85%.
[0144] Hence, one embodiment comprises a method com-
prising: (i) providing at least one tetraarylborate salt, option-
ally in a solution, (ii) providing at least one silver salt different
from the tetraarylborate salt, optionally in a solution, wherein
either the tetraaryl borate salt, or the silver salt, or both are in
solution, (iii) combining the tetraarylborate salt with the sil-
ver salt to precipitate a silver tetraarylborate salt from a pre-
cipitation medium, and (iv) collect the silver tetraarylborate
salt to separate it from the precipitation medium. The method
can comprise a metathesis exchange reaction, wherein the
desired product is not soluble in the precipitation medium
(e.g., not water soluble) and the undesired product is soluble
in the precipitation medium (e.g., is water soluble

[0145] Another embodiment comprises a method compris-
ing: (i) providing at least one first solution of at least one
tetraarylborate salt, (ii) providing at least one second solution
of at least one silver salt different from the tetraarylborate salt,
(iii) combining the first and second solutions to precipitate a
silver tetraarylborate salt from a precipitation medium, and
(iv) collect the silver tetraarylborate salt to separate it from the
precipitation medium.

[0146] The method can comprise a metathesis exchange
reaction, wherein the desired product is not soluble in the
precipitation medium (e.g., not water soluble) and the undes-
ired product is soluble in the precipitation medium (e.g. is
water soluble).

[0147] At least one polar organic solvent can be used such
as, for example, acetonitrile for the metathesis reaction. The
solvent can be miscible with water. The polar organic solvent
can be also selected to complex with silver salts and form
complexes. For example, some complexes of silver may be
more stable than other complexes. For example, some com-
plexes may provide more photolytic stability and provide for
white complexes which remain white over time.

Devices (and Methods of Using)

[0148] Methods known in the art can be used to fabricate
organic electronic devices including, for example, OLED and
OPV devices. Methods known in the art can be used to mea-
sure brightness, efficiency, and lifetimes. OLED patents
include for example U.S. Pat. Nos. 4,356,429 and 4,539,507
(Kodak). Conducting polymers which emit light are
described in, for example, U.S. Pat. Nos. 5,247,190 and
5,401,827 (Cambridge Display Technologies). See also Kraft
et al., “Electroluminescent Conjugated Polymers—Seeing
Polymers in a New Light,” Angew. Chem. Int. Ed., 1998, 37,
402-428, including device architecture, physical principles,
solution processing, multilayering, blends, and materials syn-
thesis and formulation, which is hereby incorporated by ref-
erence in its entirety.

[0149] Light emitters known in the art and commercially
available can be used including various conducting polymers
as well as organic molecules, such as materials available from
Sumation, Merck Yellow, Merck Blue, American Dye
Sources (ADS), Kodak (e.g, A1Q3 and the like), and even
Aldrich such as BEHP-PPV. Examples of such organic elec-
troluminescent materials include:
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[0150] (i) poly(p-phenylene vinylene) and its derivatives
substituted at various positions on the phenylene moiety;
[0151] (ii) poly(p-phenylene vinylene) and its derivatives
substituted at various positions on the vinylene moiety;
[0152] (iii) poly(p-phenylene vinylene) and its derivatives
substituted at various positions on the phenylene moiety and
also substituted at various positions on the vinylene moiety;
[0153] (iv) poly(arylene vinylene), where the arylene may
be such moieties as naphthalene, anthracene, furylene, thie-
nylene, oxadiazole, and the like;

[0154] (v) derivatives of poly(arylene vinylene), where the
arylene may be as in (iv) above, and additionally have sub-
stituents at various positions on the arylene;

[0155] (vi)derivatives of poly(arylene vinylene), where the
arylene may be as in (iv) above, and additionally have sub-
stituents at various positions on the vinylene;

[0156] (vii) derivatives of poly(arylene vinylene), where
the arylene may be as in (iv) above, and additionally have
substituents at various positions on the arylene and substitu-
ents at various positions on the vinylene;

[0157] (viii) co-polymers of arylene vinylene oligomers,
such as those in (iv), (v), (vi), and (vii) with non-conjugated
oligomers; and

[0158] (ix) polyp-phenylene and its derivatives substituted
at various positions on the phenylene moiety, including lad-
der polymer derivatives such as poly(9,9-dialkyl fluorene)
and the like;

[0159] (%) poly(arylenes) where the arylene may be such
moieties as naphthalene, anthracene, furylene, thienylene,
oxadiazole, and the like; and their derivatives substituted at
various positions on the arylene moiety;

[0160] (xi) co-polymers of oligoarylenes such as those in
(x) with non-conjugated oligomers;

[0161] (xii) polyquinoline and its derivatives;

[0162] (xiii) co-polymers of polyquinoline with p-phe-
nylene substituted on the phenylene with, for example, alkyl
or alkoxy groups to provide solubility; and

[0163] (xiv) rigid rod polymers such as poly(p-phenylene-
2,6-benzobisthiazole), poly(p-phenylene-2,6-benzobisox-

azole), polyp-phenylene-2,6-benzimidazole), and their
derivatives.
[0164] (xv) polyfluorene polymers and co-polymers with

polyfluorene units

[0165] Preferred organic emissive polymers include
SUMATION Light Emitting Polymers (“LEPs”) that emit
green, red, blue, or white light or their families, copolymers,
derivatives, or mixtures thereof; the SUMATION LEPs are
available from Sumation KK. Other polymers include
polyspirofluorene-like polymers available from Covion
Organic Semiconductors GmbH, Frankfurt, Germany (now
owned by Merck®).

[0166] Alternatively, rather than polymers, small organic
molecules that emit by fluorescence or by phosphorescence
can serve as the organic electroluminescent layer. Examples
of small-molecule organic electroluminescent materials
include: (i) tris(8-hydroxyquinolinato) aluminum (Alq); (ii)
1,3-bis(N,N-dimethylaminophenyl)-1,3,4-oxidazole (OXD-
8); (iii) -oxo-bis(2-methyl-8-quinolinato)aluminumy; (iv) bis
(2-methyl-8-hydroxyquinolinato) aluminum; (v) bis(hy-
droxybenzoquinolinato) beryllium (BeQ.sub.2); (vi) bis
(diphenylvinyl)biphenylene (DPVBI); and (vii) arylamine-
substituted distyrylarylene (DSA amine).

[0167] Such polymer and small-molecule materials are
well known in the art and are described in, for example, U.S.
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Pat. No. 5,047,687 issued to VanSlyke; and Bredas, J.-L.,
Silbey, R., eds., Conjugated Polymers, Kluwer Academic
Press, Dordrecht (1991).

[0168] Examples of HIL in devices include:

[0169] 1) Hole injection in OLEDs including PLEDs and
SMOLEDs; for example, for HIL in PLED, all classes of
conjugated polymeric emitters where the conjugation
involves carbon or silicon atoms can be used. For HIL in
SMOLED, the following are examples: SMOLED containing
fluorescent emitters; SMOLED containing phosphorescent
emitters; SMOLEDs comprising one or more organic layers
in addition to the HIL layer; and SMOLEDs where the small
molecule layer is processed from solution or aerosol spray or
any other processing methodology. In addition, other
examples include HIL in dendrimer or oligomeric organic
semiconductor based OLEDs; HIL in ambipolar light emit-
ting FET’s where the HIL is used to modify charge injection
or as an electrode;

[0170] 2) Hole extraction layer in OPV:
[0171] 3) Channel material in transistors
[0172] 4) Channel material in circuits comprising a combi-

nation of transistors such as logic gates

[0173] 5) Electrode material in transistors
[0174] 6) Gate layer in a capacitor
[0175] 7) Chemical sensor where modification of doping

level is achieved due to association of the species to be sensed
with the conductive polymer.

[0176] A variety of photoactive layers can be used in OPV
devices. Photovoltaic devices can be prepared with photoac-
tive layers comprising fullerene derivatives mixed with for
example conducting polymers as described in for example
U.S. Pat.No. 5,454,880 (Univ. Cal.); U.S. Pat. No. 6,812,399;
and 6,933,436. See also, for example, Wienk et al., Applied
Physics Letters, 88, 153511 (2006); Campos et al., Solar
Energy Materials & Solar Cells, 90 (2006) 3531-3546. Also,
photoactive layers may comprise blends of conducting poly-
mers, blends of conducting polymers and semiconducting
nanoparticles, and bilayers of small molecules such as ptha-
locyanines, fullerenes, and porphyrins.

[0177] Common electrode materials and substrates, as well
as encapsulating materials can be used.

[0178] In one embodiment, the cathode comprises Au, Ca,
Al, Ag, or combinations thereof. In one embodiment, the
anode comprises indium tin oxide. In one embodiment, the
light emission layer comprises at least one organic com-
pound.

[0179] Interfacial modification layers and optical spacer
layers can be used.

[0180] Electron transport layers can be used.

[0181] A method of making a device typically comprises
the steps of providing a substrate; layering a transparent con-
ductor on the substrate; providing an HIL or HTL ink com-
position comprising a conjugated polymer doped with a
dopant in a solvent as described herein; layering the compo-
sition on the transparent conductor to form a hole injection
layer or hole transport layer; layering an active layer on the
hole injection layer or hole transport layer; and layering a
cathode on the active layer.

[0182] In another embodiment, a method of making a
device comprises applying an HIL or HTL ink composition
comprising a conjugated polymer doped with a dopant in a
solvent as described herein as part of an HIL or HTL layer in
an OLED, a photovoltaic device, an ESD, a SMOLED, a
PLED, a sensor, a supercapacitor, a cation transducer, a drug
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release device, an electrochromic device, a transistor, a field
effect transistor, an electrode modifier, an electrode modifier
for an organic field transistor, an actuator, or a transparent
electrode.

Properties of Composition and Devices

[0183] An important property is thermal stability. Thermal
stability can be measured by one or more thermal analysis
methods such as, for example, thermal gravimetric analysis

(TGA).
Additional Embodiment

[0184] To a solution of a polymer such as, for example,
poly(3,4-(dibutoxyethoxyethoxy)thiophene)) in a solvent
such as, for example, tetrahydropyran, a metal such as, for
example, a silver powder (e.g., 5-8 microns, 0.5 g 120 mL)
can be added. The appropriate amount of dopant such as, for
example, silver tetrakis(pentafluorophenyl)borate can be dis-
solved in solvent such as tetrahydropyran and then added
(e.g., dropwise) until completion of addition with very good
agitation. The mixture can be further agitated at, for example,
room temperature for an additional time such as, for example,
30 min. Following this, a second solvent or solvent mixture
with a boiling point higher than the first solvent, e.g., tetrahy-
dropyran, can be added to the mixture and the contents further
stirred overnight at room temperature. The formulation can be
then filtered to get rid-off the silver powder using, for
example, a glass filter (e.g., 0.45 micron pore size). The
solvent, e.g., tetrahydropyran, can be then pumped out under
reduced pressure while maintaining the temperature below,
for example, 30° C.

[0185] The following non-limiting working examples fur-
ther illustrate different embodiments.

WORKING EXAMPLES
Working Example 1

[0186] Exemplary compositions, for example, ink compo-
sitions of the present embodiments were prepared according
to general procedures 1A-1F below as follows:

General Procedure 1A

[0187] A solution of poly(3,4-(dibutoxyethoxyethoxy)
thiophene)) was prepared in the select solvent by stirring at
room temperature for 30-60 min. Silver tetrakis(pentafluo-
rophenyl)borate was dissolved in the same solvent and then
added dropwise to the solution with agitation. The mixture
was stirred for 30-60 min at room temperature and then fil-
tered through a bed of celite.

General Procedure 1B

[0188] A solution of poly(3,4-(dibutoxyethoxyethoxy)
thiophene)) was prepared in tetrahydropyran at 0.5% solids
by stirring at room temperature for 30-60 min. Silver tetrakis
(pentafluorophenyl)-borate dissolved in tetrahydropyran at
0.5% solids was added dropwise with agitation. The mixture
was stirred at room temperature for an additional 30 min and
then filtered through a bed of celite as described above. The
solid content at this point is between 0.35 and 0.45%. The
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solution was then concentrated to the desired concentration
(example, 1.25%) at low pressure while keeping the tempera-
ture below 25° C.

General Procedure 1C

[0189] A solution of poly(3,4-(dibutoxyethoxyethoxy)
thiophene)) was prepared in tetrahydropyran at 0.5% solids
by stirring at room temperature for 30-60 min. About 0.5 g of
silver powder (5-8 micron) was added per 20 mL of solution.
Silver tetrakis(pentafluorophenyl)borate dissolved in tetrahy-
dropyran at 0.5% solids was added to the solution dropwise
with agitation. The mixture was stirred at room temperature
for an additional 30 min and filtered through a bed of celite.
The solid content at this point was between 0.35 and 0.45%.
The solution was then concentrated to the desired concentra-
tion (example, 1.25%) at low pressure while keeping the
temperature below 25° C.

General Procedure 1D

[0190] A solution of poly(3,4-(dibutoxyethoxyethoxy)
thiophene)) was prepared in tetrahydropyran at 0.5% solids
by stirring at room temperature for 30-60 min. About 0.5 g of
silver powder (5-8 micron) was added per 20 mL of solution.
Silver tetrakis(pentafluorophenyl)borate dissolved in tetrahy-
dropyran at 0.5% solids was added to the solution dropwise
with agitation. The mixture was stirred at room temperature
for an additional 30 min and filtered through two to three
stacked 0.5 micron glass fiber filters. The solid content at this
point was between 0.35 and 0.45%. The solution was then
concentrated to the desired concentration (example, 1.25%)
at low pressure while keeping the temperature below 25° C.

General Procedure 1E

[0191] The tetrahydropyran of procedures 1B, 1C or 1D
may be substituted with a higher boiling solvent shown in
Table 1, and further concentrated at low pressure while main-
taining the temperature <25° C. from an initial 1% solution.
The final concentration of the solution in the higher boiling
solvent may be selected from 1. 1.25. 1.5. 1.75 or 2.0%.

TABLE 1
Tetrahydronaphthalene 66.67% 3- 33.33%
Methoxypropionitrile
4-Methylanisole 66.67% 3- 33.33%

Methoxypropionitrile

Alternatively, the tetrahydronaphthalene can be replaced with
o-xylene, mesitylene, or other alkylbenzenes.

General Procedure 1F: Addition of Matrix Materials

[0192] Matrix material may be added to the compositions.
For example, a stock solution of a matrix polymer or small
molecule additives may be prepared in the same solvent as the
doped ink prepared via method 1A-1E. The matrix material
may then be added to the doped ink with or without stirring.
Alternatively, the matrix material may be prepared in a sol-
vent different than that of the doped ink, for example, a
solvent comprising 3-methoxy propionitrile.

General Procedure 1G: Re-Dissolution of Dried Polymer

[0193] The doped ink may be formed into a dry powder
comprising the doped polymer by solvent evaporation, pre-
cipitation in non-solvent, or by spray drying. The dry powder
can be easier to transport and to store than its corresponding
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ink solution. The dry powder may then be added to various
solvents depending on the application. For example, the dry
powder may be added to solvents appropriate for coating
applications such as gravure, ink jet, and slot die.

[0194] In one example, a dry powder comprising a doped
polymer may be redissolved. For example, a 9.755 g of doped
polymer ink prepared via procedure 1D was placed in a one
necked 50 mL round bottomed flask. The solvent was evapo-
rated at 25° C. on a rotary evaporator under vacuum. The dry
solids were exposed to a vacuum 1 torr) for 1 minute.
[0195] The net weight of the flask at this stage was 0.047 g.
Then, about 3.086 g of a mixture of 1,2,3,4-tetrahydronaph-
thalene and 3-methoxypropionitrile in a 2:1 wt/wt ratio was
added to the flask and the contents mixed using a stirbar for
about 10-15 min. A dark colored solution was then filtered
through a 0.45 pm PTFE syringe filter. No resistance or hang-
up in the filter was observed during the filtration.

Example 1H

[0196] To a stock solution of poly(3,4-(dibutoxyethoxy-
ethoxy)thiophene)) in tetrahydropyran (1.75% total solids),
about 0.5 gms of silver powder (5-8 micron) was added. To
the above solution, 9.886 gm of silver tetrakis(pentafluo-
rophenyl)borate dissolved in tetrahydropyran (1.75% total
solids) was then added dropwise until completion of addition
while stirring the solution vigorously. Upon completion of
addition of dopant, the mixture was further agitated at room
temperature for an additional 30 min. Following this, 20 gms
of a mixture of tetralin and 3-methoxypropionitrile (2:1
wt/wt) was added and continued stirring overnight at room
temperature. The formulation was then filtered using a 2.7
micron glass fiber filter and then again using a 2.7 micron
glass filter and glass syringe filter (0.45 micron pore size).
The tetrahydropyran was then pumped out under reduced
pressure while maintaining the temperature below 30° C.

Working Example 2
Making of the Dopant

[0197] 5.8 g of Lithium tetrakis(pentafluorophenyl) borate
diethyl ether complex was added to an Erlenmeyer flask cov-
ered with aluminum foil. 110.2 g of acetonitrile was added to
make a 5% solution. The contents were stirred for about 5
minutes at room temperature (RT) until all the solids were
dissolved. To this solution, 1.3619 g of AgNO, was added in
solid form. The reaction mixture was stirred at room tempera-
ture for 2 hrs and the solution was added drop-wise (very slow
addition—syringe and needle. Rate=200 mL./2.5 hrs) to 1300
mL of de-ionized (DI) water in an aluminum foil covered
vessel with vigorous stirring. The aqueous layer was stirred
for an additional 30 min and left to stand still for the precipi-
tate to settle over 24-36 hrs. Alternatively, the solution can be
centrifuged after standing overnight. The supernatant aque-
ous layer was decanted and a white precipitate was filtered
and washed with 15 m[.x2 DI water. The precipitated salt was
further stirred in 50 mL of DI water at RT for 30 min, filtered
and washed with 15 mLx2 DI water. In another example,
washing may be done with about 300 mL DI water in several
small portions while solids were in funnel. The slurry was
filtered and washed an additional 2 times before suction dry-
ing on a funnel, followed by overnight drying in vacuo. The
solids were pulverized and vacuum drying was continued for
another 24 hrs or until the sample remained at a relatively
constant weight.

Working Example 3
Unipolar Device Fabrication

[0198] The wunipolar, single charge-carrier devices
described herein were fabricated on indium tin oxide (ITO)
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surfaces deposited on glass substrates. The ITO surface was
pre-patterned to define the pixel area of 0.05 cm®. The device
substrates were cleaned by ultrasonication in a dilute soap
solution for 20 minutes each followed by distilled water
washes. This was followed by ultrasonication in isopropanol
for 20 minutes. The substrates were dried under nitrogen flow,
following which they were treated in a UV-Ozone chamber
operating at 300 W for 20 minutes.

[0199] The cleaned substrates were then coated with an
HIL ink and dried at 90-170° C. for 5-15 minutes to form an
HIL layer. Dry film thicknesses ranged from approximately
20 nm to 60 nm. The coating process was done on a spin
coater but can be similarly achieved with spray coating, ink-
jetting, contact printing or any other deposition method
capable of resulting in an HIL film of the desired thickness.
The substrates were then transferred to a vacuum chamber
where the remaining layers of the device stack were deposited
by means of physical vapor deposition.

[0200] In one example, N,N'(di naphthalen-1-yl)-N,N'-
diphenyl-benzidine (NPB) a hole transporting layer (HTL)
was deposited on top of the HIL followed by a Gold (Au)
cathode. This is a unipolar device wherein the hole only
injection efficiency of the HIL into the HTL is studied.
[0201] In this example, the cathode layer was prepared by
the deposition of a 200 nm gold metal layer, at about 0.5
nm/sec with the base pressure at 5x10-7 Torr.

[0202] The devices thus obtained were encapsulated with a
glass cover slip to prevent exposure to ambient conditions by
means of a UV-light curing epoxy resin cured at 80 W/cm?
UV exposure for 4 minutes.

Working Example 4
Unipolar Device Testing

[0203] The unipolar device comprise pixels on a glass sub-
strate whose electrodes extended outside the encapsulated
area of the device which contain the light emitting portion of
the pixels. The typical area of each pixel is 0.05 cm?. The
electrodes were contacted with a current source meter such as
aKeithley 2400 source meter with a bias applied to the indium
tin oxide electrode while the gold electrode was earthed. This
results in only positively charged carriers (holes) being
injected into the device (hole-only device). In this example,
the HIL assists the injection of charge carriers into the hole
transporting layer. This results in a low operating voltage of
the device (defined as the voltage required to run a given
current density through the pixel).

[0204] FIG. 3 shows IV curves of a hole only device with
NPB as the HTL and gold cathode. The solid line indicates
results for an exemplary device comprising HILs prepared
using Silver tetrakis(pentafluoro phenyl)borate (AgTPFB).
The dashed line indicates results for a comparative device
comprising an HIL prepared using with p-cumenyl(p-tolyl)
iodonium tetrakis(pentafluorophenyl)borate.

[0205] Clearly the hole currents observed with the AgTFPB
sample are much higher at the same voltage than its hyperva-
lent iodonium counter-part indicating much better hole-injec-
tion capabilities.

Example 5

Device Testing Using HIL Formulations Prepared in
Example 1

[0206] AnHIL layer according to working example 1C was
used in an OLED. OLEDs were prepared using the following
procedure: The OLED devices described herein were fabri-
cated on indium tin oxide (“ITO”) surfaces deposited on glass
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substrates. The ITO surface was pre-patterned to define the
pixel area of 0.09 cm>. The device substrates were cleaned by
ultrasonication in a dilute soap solution for 20 minutes each
followed by distilled water washes. This was followed by
ultrasonication in isopropanol for 20 minutes. The substrates
were dried under nitrogen flow, following which they were
treated in a UV-Ozone chamber operating at 300 W for 20
minutes.

[0207] The cleaned substrates were then coated with an
HIL ink and dried at 90-170° C. for 5-15 minutes to form an
HIL layer. Dry film thicknesses ranged from approximately
20 nm to 60 nm. The coating process was done on a spin
coater but can be similarly achieved with spray coating, ink-
jetting, contact printing or any other deposition method
capable of resulting in an HIL film of the desired thickness.
The substrates were then transferred to a vacuum chamber
where the remaining layers of the device stack were deposited
by means of physical vapor deposition.

[0208] In this example, the layers deposited on top of the
HIL include a hole transporting layer (HTL), an emissive
layer (EML), a hole blocking layer (HBL), an electron trans-
porting layer (ETL), and a metal cathode. The materials used
in this example were N,N'(di naphthalen-1-yl)-N,N'-diphe-
nyl-benzidine (NPB) as the HTL (30 nm), proprietary host
doped with Tris(2-phenylquinoline)iridium(III) (Ir(2-phq)3)
for the EML (30 nm), Bis(2-methyl-8-quinolinolato-N1,08)-
(1,1'-Biphenyl-4-olato)aluminum (BAlq) as the HBL (10
nm), and 4,7-Diphenyl-1,10-phenanthroline (BPhen) doped
with Cesium carbonate (CsCO3) as the ETL (45 nm) o
respectively.

[0209] Also in this example, the cathode layer was prepared
by thermal evaporation. The layer consisted of a single layer
of 200 nm thick aluminum (0.5 nm/sec) evaporated with a
base pressure of 5x10~7 Torr.

[0210] The devices thus obtained were encapsulated with a
glass cover slip to prevent exposure to ambient conditions by
means of a UV-light curing epoxy resin cured at 80 W/cm?
UV exposure for 4 minutes.

OLED Testing

[0211] The OLEDs comprised pixels on a glass substrate
whose electrodes extended outside the encapsulated area of
the device which contain the light-emitting portion of the
pixels. The typical area of each pixel is 0.09 cm®. The elec-
trodes were contacted with a current source meter such as a
Keithley 2400 source meter with a bias applied to the indium
tin oxide electrode while the aluminum electrode was
earthed. This resulted in positively charged carriers (holes)
and negatively charged carriers being injected into the device
which form excitons and generate light. In this example, the
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HIL assisted the injection of charge carriers into the light
emitting layer. This resulted in a low operating voltage of the
device (defined as the voltage required to run a given current
density through the pixel).

[0212] Simultaneously, another Keithley 2400 source
meter was used to address a large area silicon photodiode.
This photodiode was maintained at zero volts bias by the 2400
source meter. It was placed in direct contact with area of the
glass substrate directly below the lighted area of the OLED
pixel. The photodiode collected the light generated by the
OLED converting them into photocurrent which was in turn
read by the source meter. The photodiode current generated
was quantified into optical units (candelas/sq. meter) by cali-
brating it with the help of a Minolta CS-200 Chromameter.
[0213] During the testing of the device, the Keithley 2400
addressing the OLED pixel applied a voltage sweep to it. The
resultant current passing through the pixel was measured. At
the same time the current passing through the OLED pixel
results in light being generated which then results in a pho-
tocurrent reading by the other Keithley 2400 connected to the
photodiode. Thus the voltage-current-light or IVL data for the
pixel was generated. This in turn enabled the measurement of
other device characteristics such as the lumens per Watt of
electrical input power to the pixel and candelas per ampere of
pixel current.

[0214] The performance of different HILs in different
example OLED types is described. Note that typically per-
formance is quantified by a combination of different param-
eters such as operating voltage (should be low), brightness in
nits (should be bright), and luminous efficiency in units of
cd/A (reflecting how much electric charge is needed to obtain
light from the device). As such, the overall performance is
very important in a comparative evaluation of HIL perfor-
mance.

[0215] Inthe examples below, the voltages and efficiencies
that are provided were measured at a fixed current density of
10mA/cm?. Data collected for each device are shown in Table
2 below.

[0216] The comparative example used below in Table 2 is
an ink prepared from™:

Component Weight %
Poly(thiophene-3-[2-(2- 0.14
methoxyethoxy)ethoxy]-2,5-diyl), sulfonated
Poly(4-vinylphenol) 1.86
‘Water 63.7
Ethylene glycol monobutyl ether 343

*See, for example, US Patent Publication 2008/0248313 to Seshadri et al., published Oct. 9,
2008 (assignee: Plextronics).

TABLE 2

@ 1000 nits

@ 10 Life-time

mA/cm? Initial LTg, dv/dt@

Composition Voltage cd/A  lm/watt

EQE CIE(xy) V cd/A

luminance Vo (h) LT80

Comparative ~ 3.07 11.5 11.77
example
Example* 2.97 12.02 12.72

5.99 (0.59, 312 11.08 8121 0.5 5205
0.41)

6.18 0.59, 3.04 1118 8073 036 63 036
0.41)

*Hole injection layer was prepared using general procedures | A and 1C in tetrahydropyran at 1.25% total solids.
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[0217] Additional examples for ink formulations are dis-

Additional Examples

closed in Table 3 below.

TABLE 3
Composition
# Components wt %
1 poly(3,4-bis(2-(2- 1.682
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.318
Toluene 65.270
3-Methoxypropionitrile 32.730
2 poly(3,4-bis(2-(2- 1.451
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.549
Toluene 65.270
3-Methoxypropionitrile 32.730
3 poly(3,4-bis(2-(2- 1.276
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.724
Toluene 65.270
3-Methoxypropionitrile 32.730
4 poly(3,4-bis(2-(2- 1.138
butoxyethoxy)ethoxy)thiophene
Silver tetrakis(pentafluorophenyl)borate 0.862
Toluene 65.270
3-Methoxypropionitrile 32.730
5 poly(3,4-bis(2-(2- 1.028
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.972
Toluene 65.270
3-Methoxypropionitrile 32.730
6 poly(3,4-bis(2-(2- 0.788
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.462
o-xylene 65.827
3-Methoxypropionitrile 32923
7 poly(3,4-bis(2-(2- 0.701
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.549
o-xylene 65.827
3-Methoxypropionitrile 32.923
8 poly(3,4-bis(2-(2- 0.632
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.618
o-xylene 65.767
3-Methoxypropionitrile 32.983
9 poly(3,4-bis(2-(2- 0.575
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.675
o-xylene 65.767
3-Methoxypropionitrile 32.983
10 poly(3,4-bis(2-(2- 0.526
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0411
Poly(4-hexyloxystyrene-co-4-hydroxystyrene) 0.313
o-Xylene 65.833
3-Methoxypropionitrile 32917
11 poly(3,4-bis(2-(2- 0.351
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.274
Poly(4-hexyloxystyrene-co-4-hydroxystyrene) 0.625
o-Xylene 65.833
3-Methoxypropionitrile 32917
12 poly(3,4-bis(2-(2- 0.175
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.137
Poly(4-hexyloxystyrene-co-4-hydroxystyrene) 0.938
o-Xylene 65.833
3-Methoxypropionitrile 32917
13 poly(3,4-bis(2-(2- 1.403
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluoropheny!)borate 1.097
Tetrahydropyran 65.000
3-Methoxypropionitrile 32.500
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TABLE 3-continued

Composition
# Components wt %
14 poly(3,4-bis(2-(2- 0.631
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.494
Poly(4-hydroxystyrene) 0.375
Tetrahydropyran 65.603
3-Methoxypropionitrile 32.897
15 poly(3,4-bis(2-(2- 0421
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.329
Poly(4-hydroxystyrene) 0.750
Tetrahydropyran 65.603
3-Methoxypropionitrile 32.897
16 poly(3,4-bis(2-(2- 0.210
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.165
Poly(4-hydroxystyrene) 1.125
Tetrahydropyran 65.603
3-Methoxypropionitrile 32.897
17 poly(3,4-bis(2-(2- 0.175
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.137
N,N'-diphenyl-N,N'-bis(4- 0.938
triisopropylsilyloxyphenyl)benzene-1,4-diamine
o-Xylene 65.768
3-Methoxypropionitrile 32.983
18 poly(3,4-bis(2-(2- 0.351
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.274
N,N'-diphenyl-N,N'-bis(4- 0.625
triisopropylsilyloxyphenyl)benzene-1,4-diamine
o-Xylene 65.768
3-Methoxypropionitrile 32.983
19 poly(3,4-bis(2-(2- 0.526
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0411
N,N'-diphenyl-N,N'-bis(4- 0.313
triisopropylsilyloxyphenyl)benzene-1,4-diamine
o-Xylene 65.768
3-Methoxypropionitrile 32.983
20 poly(3,4-bis(2-(2- 0.510
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.399
N,N'-bis(trifluorovinyloxyphenyl)-N,N"- 2.726
diphenylbenzidine
o-Xylene 64.179
3-Methoxypropionie 32.186
21 poly(3,4-bis(2-(2- 0.624
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.488
N,N'-bis(trifluorovinyloxyphenyl)-N,N"- 1.111
diphenylbenzidine
o-Xylene 65.185
3-Methoxypropionie 32.593
22 poly(3,4-bis(2-(2- 0.673
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.527
N,N'-bis(trifluorovinyloxyphenyl)-N,N"- 0.400
diphenylbenzidine
o-Xylene 65.534
3-Methoxypropionie 32.866
23 poly(3,4-bis(2-(2- 0.460
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.540
Tetrahydropyran 66.000
3-Methoxypropionitrile 33.000
24 poly(3,4-bis(2-(2- 0.944
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.306
o-Xylene 65.833
3-Methoxypropionitrile 32917
25 poly(3,4-bis(2-(2- 0.758
butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.492
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TABLE 3-continued TABLE 3-continued
Composition Composition
# Components wt % # Components wt %
o-Xylene 65.833 Tetrahydropyran 65.350
3-Methoxypropionitrile 32917 3-Methoxypropionitrile 33.150
26 poly(3,4-bis(2-(2- 0.633 41 poly(3,4-bis(2-(2- 0.526
butoxyethoxy)ethoxy)thiophene) butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.617 Silver tetrakis(pentafluorophenyl)borate 0411
o-Xylene 65.833 Trifltuoromethyl methacrylate 0.313
3-Methoxypropionitrile 32917 Tetrahydropyran 65.770
27 poly(3,4-bis(2-(2- 0.544 3-Methoxypropionitrile 32.980
butoxyethoxy)ethoxy)thiophene) 42 poly(3,4-bis(2-(2- 0.351
Silver tetrakis(pentafluoropheny!)borate 0.706 butoxyethoxy)ethoxy)thiophene) .
o-Xylene 65.833 Silver tetrakis(pentafluorophenyl)borate 0.274
3-Methoxypropionitrile 32917 Trifluoromethyl methacrylate 0.625
28 poly(3,4-bis(2-(2- 0424 Tetrahydropyran 65.770
butoxyethoxy)ethoxy)thiophene) 3-Methoxypropionitrile 32.980
Silver tetrakis(pentafluorophenyl)borate 0.826 43 poly(3,4-bis(2-(2- 0.175
o-Xylene 65.833 butoxyethoxy)ethoxy)thiophene)
3-Methoxypropionitrile 32917 Silver tetrakis(pentafluorophenyl)borate 0.137
29 poly(3,4-bis(2-(2- 0.666 Triftuoromethyl methacrylate 0.938
butoxyethoxy)ethoxy)thiophene) Tetrahydropyran 65.770
Silver tetrakis(pentafluorophenyl)borate 0.521 3-Methoxypropionitrile 32.980
Triethylammonium pyrenesulfonate 0.063 44 poly(3,4-bis(2-(2- 1.011
o-Xylene 65.768 butoxyethoxy)ethoxy)thiophene)
3-Methoxypropionitrile 32.983 Silver tetrakis(pentafluorophenyl)borate 0.989
30 poly(3,4-bis(2-(2- 0.631 Tetrahydropyran 73.500
butoxyethoxy)ethoxy)thiophene) 3-Methoxypropionitrile 24.500
Silver tetrakis(pentafluorophenyl)borate 0.494 45 poly(3,4-bis(2-(2- 1.011
Triethylammonium pyrenesulfonate 0.125 butoxyethoxy)ethoxy)thiophene)
o-Xylene 65.768 Silver tetrakis(pentafluorophenyl)borate 0.989
3-Methoxypropionitrile 32.983 Tetrahydropyran 88.200
31 poly(3,4-bis(2-(2- 0.561 3-Methoxypropionitrile 9.800
butoxyethoxy)ethoxy)thiophene) 46 poly(3,4-bis(2-(2- 0.632
Silver tetrakis(pentafluoropheny!)borate 0.439 butoxyethoxy)ethoxy)thiophene)
Triethylammonium pyrenesulfonate 0.250 Silver tetrakis(pentafluorophenyl)borate 0.544
o-Xylene 65.768 Tetrahydropyran 99.000
3-Methoxypropionitrile 32.983 47 poly(3,4-bis(2-(2- 0.556
32 poly(3,4-bis(2-(2- 0.631 butoxyethoxy)ethoxy)thiophene)
butoxyethoxy)ethoxy)thiophene) Silver tetrakis(pentafluorophenyl)borate 0.544
Silver tetrakis(pentafluorophenyl)borate 0.494 Tetrahydropyran 98.900
Tetrahydropyran 98.875 48 poly(3,4-bis(2-(2- 0.632
33 poly(3,4-bis(2-(2- 0.631 butoxyethoxy)ethoxy)thiophene)
butoxyethoxy)ethoxy)thiophene) Silver tetrakis(pentafluorophenyl)borate 0.618
Silver tetrakis(pentafluorophenyl)borate 0.494 Tetrahydropyran 82.290
Tetrahydropyran 98.750 3-Methoxypropionitrile 16.460
Triethylammonium pyrenesulfonate 0.125 49 poly(3,4-bis(2-(2- 0.632
34 poly(3,4-bis(2-(2- 0.561 butoxyethoxy)ethoxy)thiophene)
butoxyethoxy)ethoxy)thiophene) Silver tetrakis(pentafluorophenyl)borate 0.618
Silver tetrakis(pentafluorophenyl)borate 0.439 Tetrahydropyran 92.825
Tetrahydropyran 98.750 3-Methoxypropionitrile 5.925
Triethylammonium pyrenesulfonate 0.250 50 poly(3,4-bis(2-(2- 0.950
35 poly(3,4-bis(2-(2- 0.421 butoxyethoxy)ethoxy)thiophene)
butoxyethoxy)ethoxy)thiophene) Silver tetrakis(pentafluorophenyl)borate 0.930
Silver tetrakis(pentafluorophenyl)borate 0.329 Poly(4-vinylpyridine-co-styrene) 0.620
Tetrahydropyran 98.750 Tetrahydropyran 81.250
Triethylammonium pyrenesulfonate 0.500 3-Methoxypropionitrile 16.250
36 poly(3.4-bis(2-(2- 0.788 51 poly(3,4-bis(2-(2- 0.584
butoxyethoxy)ethoxy)thiophene) butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.462 Silver tetrakis(pentafluorophenyl)borate 0.571
Tetrahydropyran 98.750 Poly(4-vinylpyridine-co-styrene) 1.155
37 poly(3,4-bis(2-(2- 0.632 Tetrahydropyran 81.41
butoxyethoxy)ethoxy)thiophene) 3-Methoxypropionitrile 16.28
Silver tetrakis(pentafluorophenyl)borate 0.618 52 poly(3,4-bis(2-(2- 0.948
Tetrahydropyran 98.750 butoxyethoxy)ethoxy)thiophene)
38 poly(3,4-bis(2-(2- 0.788 Silver tetrakis(pentafluorophenyl)borate 0.927
butoxyethoxy)ethoxy)thiophene) poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)- 0.625
Silver tetrakis(pentafluorophenyl)borate 0.462 diphenylamine)
Tetrahydropyran 98.750 Tetrahydropyran 97.5
39 poly(3,4-bis(2-(2- 0.632 53 poly(3,4-bis(2-(2- 0.632
butoxyethoxy)ethoxy)thiophene) butoxyethoxy)ethoxy)thiophene)
Silver tetrakis(pentafluorophenyl)borate 0.618 Silver tetrakis(pentafluorophenyl)borate 0.618
Tetrahydropyran 98.750 poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)- 1.25
40 poly(3,4-bis(2-(2- 0.593 diphenylamine)
butoxyethoxy)ethoxy)thiophene) Tetrahydropyran 97.5
Silver tetrakis(pentafluorophenyl)borate 0.907
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[0218] Finally, embodiments 1-67 were provided in U.S.
provisional Ser. No. 61/333,657 filed May 11, 2010. These -continued

additional embodiments include: Rz R,
[0219] Embodiment 1. A device comprising: at least one R, A

cathode, at least one anode, at least one light emission layer
disposed between the cathode and anode, at least one hole
injection layer disposed between the light emission layer and
the anode, wherein the hole injection layer comprises a com-
position comprising: (i) at least one conjugated polymer,
wherein the conjugated polymer is a 3-substituted alkoxy-
polythiophene or a 3,4-substituted dialkoxy polythiophene;
(i1) optionally, at least one matrix material different than (i);
and (iii) at least one dopant for polymer (i), wherein the
dopant does not substantially dope optional matrix material
(i1), and the dopant comprises an ionic compound; wherein a
cation of the ionic compound is gold, molybdenum, rhenium,
iron, silver, or combinations thereof; and an anion of the ionic
compound is represented by at least one of the following
structures:

<R5\/

R¢ R7 Rg Rof
R Ry
) C ) Ah
B /
R¢ Ro
Ry Rg

[0220] wherein independently, each of R, to R, is H, an
alkyl, a perfluoroalkyl (C1-C10), a polyether, F, Cl, Br, I, CN,
an optionally substituted phenyl, or an optionally substituted
naphthyl; “A” is boron, gallium, phosphorous, or antimony;
andnis 1to6.

[0221] Embodiment 2. The device according to embodi-
ment 1, wherein the anion is a tetrakis(halogenatedphenyl)
borate.

[0222] Embodiment 3. The device according to embodi-
ment 1 wherein the dopant comprises silver tetrakis(pen-
tafluorophenyl)borate.

[0223] Embodiment 4. The device according to embodi-
ment 1, wherein the conjugated polymer is a 3,4-substituted
dialkoxypolythiophene.

[0224] Embodiment 5. The device according to embodi-
ment 1, wherein the conjugated polymer is a 3-substituted
alkoxypolythiophene, wherein the alkoxy group comprises
one, two, three, four, or five oxygen atoms.

[0225] Embodiment 6. The device according to embodi-
ment 1, wherein the conjugated polymer is a regioregular
polythiophene.

[0226] Embodiment 7. The device according to embodi-
ment 1, wherein the conjugated polymer is a non-regioregular
polythiophene.
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[0227] Embodiment 8. The device according to embodi-
ment 1, wherein the matrix material is present.

[0228] Embodiment 9. The device according to embodi-
ment 1, wherein the matrix material is present and comprises
at least one synthetic organic polymer.

[0229] Embodiment 10. The device according to embodi-
ment 1, wherein the matrix material is present and comprises
an insulating or semiconducting planarizing agent.

[0230] Embodiment 11. The device according to embodi-
ment 1, wherein the composition comprises between about
40% and 75% by weight conjugated polymer and between
about 25% and 55% by weight dopant.

[0231] Embodiment 12. The device according to embodi-
ment 1, wherein the composition comprises between about
50% and 65% conjugated polymer and between about 35%
and 50% dopant.

[0232] Embodiment 13. The device according to embodi-
ment 1, wherein the cathode comprises Au, Ca, Al, or com-
binations thereof.

[0233] Embodiment 14. The device according to embodi-
ment 1, wherein the anode comprises indium tin oxide.
[0234] Embodiment 15. The device according to embodi-
ment 1, where n the light emission layer comprises at least one
organic compound.

[0235] Embodiment 16. The device according to embodi-
ment 1, wherein the HIL layer has a thickness of about 20 nm
to about 60 nm.

[0236] Embodiment 17. The device according to embodi-
ment 1, wherein the HIL layer is thermally annealed.

[0237] Embodiment 18. The device according to embodi-
ment 1, wherein the HIL layer is thermally annealed at tem-
perature of about 90° C. to about 170° C. for about 5 to about
15 minutes.

[0238] Embodiment 19. The device according to embodi-
ment 1, wherein the HIL layer does not comprise iodonium
salt.

[0239] Embodiment 20. The device according to embodi-
ment 1, wherein the dopant comprises silver tetrakis(pen-
tafluorophenylborate) and wherein the conjugated polymer is
the 3,4-substituted dialkoxypolythiophene polymer poly(3,4-
(dibutoxyethoxyethoxy)thiophene) or poly(3,4-methoxy-
ethoxyethoxy)thiophene).

[0240] Embodiment 21. A device comprising: at least one
cathode, at least one anode, at least one light emission layer
disposed between the cathode and anode, at least one hole
injection layer disposed between the light emission layer and
the anode, wherein the hole injection layer comprises a com-
position comprising: (i) at least one conjugated polymer, (ii)
optionally, at least one matrix material different than (i); and
at least one dopant for polymer (i), wherein the dopant does
not substantially dope optional matrix material (ii), and the
dopant increases the thermal stability of the HIL layer.
[0241] Embodiment 22. The device according to embodi-
ment 21, wherein the thermal stability is improved as mea-
sured by thermogravimetric analysis.

[0242] Embodiment 23. The device according to embodi-
ment 21, wherein the thermal stability is improved as mea-
sured by thermogravimetric analysis, wherein the dopant
experiences a change in weight of less than about 5% across
a temperature range between 0° C. and 150° C.

[0243] Embodiment 24. The device according to embodi-
ment 21, wherein the dopant comprises an ionic compound,
and wherein: a cation of the ionic compound is gold, molyb-
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denum, rhenium, iron, or silver; and an anion of the ionic
compound is at least one organic structure represented by:
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[0244] wherein independently, each of R, to R, is H, an
alkyl, a perfluoroalkyl (C1-C10), a polyether, F, Cl, Br, I, CN,
an optionally substituted phenyl, or an optionally substituted
naphthyl; “A” is boron, gallium, phosphorous, or antimony;
andnis 1to 6.

[0245] Embodiment 25. The device according to embodi-
ment 21, wherein the dopant comprises an ionic compound,
and wherein: a cation of the ionic compound is at least one
selected from the group consisting of gold, molybdenum,
rhenium, iron, and silver; and an anion of the ionic compound
is selected from the group consisting of a whole aromatic, a
heteroaromatic anion including an optionally substituted tet-
raarylborate, a halogenatedtetraarylborate, and tetrakispen-
tafluorophenylborate (TPFB).

[0246] Embodiment 26. The device according to embodi-
ment 21, wherein the dopant comprises silver tetrakis(pen-
tafluorophenyl)borate.

[0247] Embodiment 27. The device according to embodi-
ment 21, wherein the conjugated polymer comprises at least
one polythiophene.

[0248] Embodiment 28. The device according to embodi-
ment 21, wherein the conjugated polymer comprises at least
one polythiophene comprising alkoxy or alkyleneoxy side
groups.

[0249] Embodiment 29. The device according to embodi-
ment 21, wherein the matrix material comprises matrix mate-
rial comprises an insulating or semiconducting planarizing
agent.

[0250] Embodiment 30. The device according to embodi-
ment 21, wherein the composition comprises between about
40% and 75% by weight of the conjugated polymer and
between about 25% and 55% by weight of the dopant.
[0251] Embodiment 31. A composition comprising: (i) at
least one conjugated polymer, wherein the conjugated poly-
mer is a 3-substituted alkoxypolythiophene or a 3,4-substi-
tuted dialkoxy polythiophene; (i) optionally, at least one
matrix material different than (i); and (iii) at least one dopant
for polymer (i), wherein the dopant does not substantially
dope optional matrix material (ii), and the dopant comprises
an ionic compound; and (iv) at least one solvent; wherein a
cation of the ionic compound is gold, molybdenum, rhenium,
iron, or silver; and an anion of the ionic compound is at least
one organic structure represented by:
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[0252] wherein independently, each of R; to R, is H, an
alkyl, a perfluoroalkyl (C1-C10), a polyether, F, Cl, Br, I, CN,
an optionally substituted phenyl, or an optionally substituted
naphthyl; “A” is boron, gallium, phosphorous, or antimony;
andnis 1to 6.

[0253] Embodiment 32. The composition of embodiment
31, wherein the solvent (iv) comprises THP.

[0254] Embodiment 33. The composition of embodiment
31, wherein the solvent (iv) comprises a mixture of 1,2,3,4-
tetrahydronaphthalene and 3-methoxypropionitrile.

[0255] Embodiment 34. The composition of embodiment
31, wherein the composition comprises between about 40%
and 75% by weight of the conjugated polymer and between
about 25% and 55% by weight of the dopant.

[0256] Embodiment 35. The composition of embodiment
31, wherein the components (i) and (ii) and (iii) are soluble or
dispersible in solvent (iv).

[0257] Embodiment 36. The composition of embodiment
31, wherein the conjugated polymer comprises poly(3,4-
(dibutoxyethoxyethoxy)thiophene).

[0258] Embodiment 37. The composition of embodiment
31, wherein the matrix material comprises an insulating or
semiconducting planarizing agent.

[0259] Embodiment 38. The composition of embodiment
31, wherein the dopant comprises silver tetrakis(pentafluo-
rophenyl)borate.

[0260] Embodiment 39. The composition of embodiment
31, wherein the composition comprises at least 95 wt %
solvent, and the composition is characterized by a percent
solids of 5 wt % or less.

[0261] Embodiment 40. The composition of embodiment
31, wherein the composition is formulated to be an HIL layer
for a light emitting device.

[0262] Embodiment 41. A composition comprising: (i) at
least one conjugated polymer, wherein the conjugated poly-
mer is a 3-substituted alkoxypolythiophene or a 3,4-substi-
tuted dialkoxy polythiophene; (ii) optionally, at least one
matrix material different than (i); and (iii) at least one dopant
for polymer (i), wherein the dopant does not substantially
dope optional matrix material (ii), and the dopant comprises
an ionic compound; and wherein a cation of the ionic com-
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pound is gold, molybdenum, rhenium, iron, or silver; and an
anion of the ionic compound is at least one organic structure
represented by:
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[0263] wherein independently, each of R; to R, is H, an
alkyl, a perfluoroalkyl (C1-C10), a polyether, F, Cl, Br, I, CN,
an optionally substituted phenyl, or an optionally substituted
naphthyl; “A” is boron, gallium, phosphorous, or antimony;
andnis 1to6.

[0264] Embodiment 42. The composition according to
embodiment 41, wherein the dopant comprises an ionic com-
pound; wherein a cation of the ionic compound is gold,
molybdenum, rhenium, iron, or silver; and an anion of the
ionic compound is a wholly aromatic or heteroaromatic anion
including an optionally substituted tetraarylborate, a haloge-

natedtetraarylborate, or tetrakispentafluorophenylborate
(TPEB).
[0265] Embodiment 43. The composition according to

embodiment 41 wherein the dopant comprises silver tetrakis
(pentafluorophenylborate).

[0266] Embodiment 44. The composition according to
embodiment 41, wherein the conjugated polymer is a 3-sub-
stituted alkoxypolythiophene.

[0267] Embodiment 45. The composition according to
embodiment 41, wherein the conjugated polymer is a 3,4-
substituted dialkoxypolythiophene.

[0268] Embodiment 46. The composition according to
embodiment 41, wherein the conjugated polymer is a regio-
regular polythiophene.

[0269] Embodiment 47. The composition according to
embodiment 41, wherein the conjugated polymer is a non-
regioregular polythiophene.

[0270] Embodiment 48. The composition according to
embodiment 41, wherein the matrix material comprises at
least one synthetic polymer.

[0271] Embodiment 49. The composition according to
embodiment 41, wherein the matrix material comprises com-
prises an insulating or semiconducting planarizing agent.
[0272] Embodiment 50. The composition according to
embodiment 41, wherein the matrix material comprises at
least one of poly(styrene) or poly(styrene) derivatives, poly
(vinyl acetate) or derivatives thereof, poly(ethylene glycol) or
derivatives thereof, poly(ethylene-co-vinyl acetate), poly
(pyrrolidone) or derivatives thereof, poly(1-vinylpyrroli-
done-co-vinyl acetate), poly(vinyl pyridine) or derivatives
thereof, poly(methyl methacrylate) or derivatives thereof,
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poly(butyl acrylate), poly(aryl ether ketones), poly(aryl sul-
fones), poly(aryl ether sulfones), poly(esters)or derivatives
thereof.

[0273] Embodiment 51. The composition according to
embodiment 41, wherein the composition comprises between
about 40% and 75% by weight of the conjugated polymer and
between about 25% and 55% by weight of the dopant.
[0274] Embodiment 52. The composition according to
embodiment 41, wherein the composition comprises between
about 50% and 65% for the conjugated polymer and between
about 35% and 50% of the dopant.

[0275] Embodiment 53. The composition
embodiment 41, wherein the composition
annealed.

[0276] Embodiment 54. The composition according to
embodiment 41, wherein the composition is thermally
annealed at temperature of 90° C. to 170° C. for 5 minutes to
15 minutes.

[0277] Embodiment 55. The composition according to
embodiment 41, wherein the composition does not comprise
iodonium salt.

[0278] Embodiment 56. The composition of embodiment
41, wherein the dopant is present in an amount of about 0.3 to
0.5 m/ru, wherein m is the molar amount of dopant and ru is
the molar amount of conjugated polymer repeat unit

[0279] Embodiment 57. The composition of embodiment
41, wherein the composition is a powder and the polymer isa
doped.

according to
is thermally

[0280] Embodiment 58. The composition of embodiment
41, wherein the composition is an ink and the polymer is
doped.

[0281] Embodiment 59. The composition of embodiment

41, wherein the conjugated polymer is represented by:

O(CH2CH20)2C4H9-n

[\

S

[0282] Embodiment 60. The composition of embodiment
41, wherein the polymer is poly(3,4-(dibutoxyethoxyethoxy)
thiophene).

[0283] Embodiment 61. A device comprising the composi-
tion according to embodiment 41.

[0284] Embodiment 62. The device of embodiment 61,
wherein the device is an LED, an OLED, an OPV, an electro-
chromic device, a supercapicitor, a battery, an actuator, or a
transistor.

[0285] Embodiment 63. The device of embodiment 61,
wherein the composition is a transparent layer.

[0286] Embodiment 64. The device of embodiment 61,
wherein the composition is a transparent layer having a trans-
parency of at least 85% to about 100% at 400-800 nm wave-
length.

[0287] Embodiment 65. A coated substrate comprising at
least one substrate and at least one coating disposed on the
substrate, wherein the coating comprises the composition of
embodiment 41.

[0288] Embodiment 66. The coated substrate of embodi-
ment 65, wherein the coating is patterned or unpatterned.
[0289] Embodiment 67. The coated substrate of embodi-
ment 65, wherein the coating is patterned.



US 2011/0278559 Al Nov. 17,2011
34

[0290] This concludes embodiments 1-67 provided in U.S.

provisional Ser. No. 61/333,657 filed May 11, 2010. -continued

[0291] Priority U.S. provisional application Nos. 61/333, !
657 filedMay 11,2010 and 61/446,974 filed Feb. 25,2011 are )\
hereby incorporated by reference in their entireties for all R, R, N
purposes.

AX,

N

N \ AX, R, Rs

What is claimed is: —( /

1. A composition comprising: a reaction product of: R R, R R,

(i) at least one conjugated polymer, wherein the conjugated
polymer comprises at least one polythiophene compris-
ing an alkoxy substituent at either the 3-position or the 4
position or both; and

(i1) at least one dopant for polymer (i) comprising an ionic R3 AX,
compound, wherein the cation of the ionic compound is
V, Cr, Mn, Fe, Co, Ni, Cu, Nb, Mo, Tc, Ru, Rh, Pd, Ag,

Ta, W, Re, Os, Ir, Pt, or Au; and an anion of the ionic Ry Rs
compound is represented by at least one of the following
structures:
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wherein independently, each of R, to R is H, an alkyl, a
perfluoroalkyl (C1-C10), a polyether, F, CI, Br, I, CN, an
optionally substituted phenyl, or an optionally substi-
tuted naphthyl; “A” is boron, gallium, phosphorous,
antimony, SO; or CO,; X isF,Cl, Br,IorCN;nis 0 to 6;
and m is =6-n;

wherein the composition further optionally comprises at
least one matrix material different than (i).

2. The composition according to claim 1, wherein the anion

is represented by at least one of the following structures:

R,
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Ry

Rs

wherein independently, each of R, to R is H, an alkyl, a
perfluoroalkyl (C1-C10), a polyether, F, Cl, Br, I, CN, an
optionally substituted phenyl, or an optionally substi-
tuted naphthyl; “A” is boron, gallium, phosphorous, or
antimony; and n is 1 to 6.

3. The composition according to claim 1, wherein A is

boron, gallium, phosphorous, or antimony.

4. The composition of claim 1, wherein A is boron.

5. The composition of claim 1, wherein R, to R, is fluoro.
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6. The composition according to claim 1, wherein the anion
is a tetrakis(halogenatedphenyl)borate.

7. The composition of claim 1, wherein the cation is Au,
Mo, Re, Fe, or Ag.

8. The composition of claim 1, wherein the cation is silver.

9. The composition according to claim 1 wherein the
dopant is silver tetrakis(pentafluorophenyl)borate.

10. The composition of claim 1, wherein the alkoxy sub-
stituent is at the 3-position.

11. The composition of claim 1, wherein the alkoxy sub-
stituent is at the 4-position.

12. The composition of claim 1, wherein the alkoxy sub-
stituent is at the 3-position and the 4-position.

13. The composition according to claim 1, wherein the
conjugated polymer is a regioregular polythiophene.

14. The composition according to claim 1, wherein the
alkoxy group comprises one, two, three, four, or five oxygen
atoms.

15. The composition according to claim 1, wherein the
matrix material is present.

16. The composition according to claim 1, wherein the
matrix material is present and comprises at least one synthetic
organic polymer.

17. The composition according to claim 1, wherein the
reaction product is a product of between about 40% and 75%
by weight conjugated polymer and between about 25% and
55% by weight dopant.

18. The composition according to claim 1, wherein the
composition is in the form of a solid powder or is dissolved or
dispersed in a solvent ink carrier.

19. The composition according to claim 1, wherein the
composition is substantially free of zero valent metal.

20. The composition according to claim 1, wherein the
composition is dissolved or dispersed in a solvent ink carrier
without thermal or photo treatment to induce reaction.

21. A composition comprising: a reaction product of (i) at
least one hole transport material, and (ii) at least one silver
tetrakis(halogenatedaryl)borate dopant.

22. A composition according to claim 21, wherein the
silver tetrakis(halogenatedaryl)borate dopant is silver tetrakis
(pentafluorophenyl)borate dopant.

23. The composition according to claim 21, wherein the
hole transport material is a polymer.

24. The composition according to claim 21, wherein the
hole transport material is a polymer, wherein the polymer is a
conjugated polymer or an arylamine polymer, or wherein the
polymer is a main chain or side chain hole transporting poly-
mer.

25. The composition according to claim 21, wherein the
hole transport material is a conjugated polymer.

26. The composition of claim 21, wherein the hole trans-
port material is a polythiophene.

27. The composition according to claim 21, wherein the
hole transport material is a regioregular polythiophene.

28. The composition according to claim 21, wherein the
hole transport material is a conjugated polymer comprising at
least one polythiophene comprising an alkoxy substituent at
either the 3-position or the 4 position or both.

29. The composition according to claim 21, wherein the
composition further comprises a matrix material.

30. The composition according to claim 21, wherein the
composition further comprises at least one synthetic organic
polymer as matrix material.
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31. The composition according to claim 21, wherein the
composition further comprises at least one synthetic organic
polymer as matrix material, wherein the polymer is an insu-
lating or semiconducting polymer.

32. The composition according to claim 21, wherein the
reaction product is a product of between about 40% and 75%
by weight hole transport material and between about 25% and
55% by weight dopant.

33. The composition according to claim 21, wherein the
reaction product is a product of between about 50% and 65%
by weight hole transport material and between about 35% and
50% by weight dopant.

34. The composition according to claim 21, wherein the
composition is in the form of a solid powder or is dissolved or
dispersed in a solvent ink carrier.

35. The composition of claim 21, wherein the composition
is a solid powder.

36. The composition according to claim 21, wherein the
composition is dissolved or dispersed in a solvent ink carrier
without thermal or photo treatment to induce reaction.

37. The composition according to claim 21, wherein the
composition is dissolved or dispersed in a solvent ink carrier
which comprises at least one of toluene, xylene(s), tetralene,
mesitylene, phenetole, 4-methylanisole, anisole, tetrahydro-
pyran, 3-methoxypropionitrile,  3-ethoxypropionitrile,
methyl benzoate, ethyl benzoate, propyleneglycolmethyl
ether acetate, 1,2-dimethoxyethane, diethyleneglycoldiethyl-
ether, and combinations thereof.

38. The composition according to claim 21, wherein the
composition is dissolved or dispersed in a solvent ink carrier
which comprises THP, anisole, dimethoxyethane, ethylben-
zoate.

39. The composition according to claim 21, wherein the
composition has a zero valent metal content of 0.5 wt. % or
less.

40. The composition according to claim 21, wherein the
composition is substantially free of zero valent metal.

41. A composition comprising at least one solid powder,
wherein the solid powder comprises a reaction product of:

(1) atleast one conjugated polymer, wherein the conjugated

polymer comprises at least one polythiophene compris-
ing an alkoxy substituent at either the 3-position or the 4
position or both; and

(i1) at least one dopant for polymer (i) comprising an ionic

compound, wherein the cation of the ionic compound
compound is V, Cr, Mn, Fe, Co, Ni, Cu, Nb, Mo, Tc, Ru,
Rh, Pd, Ag, Ta, W, Re, Os, Ir, Pt, or Au; and an anion of
the ionic compound is represented by at least one of the
following structures:

R
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X
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wherein independently, each of R, to R is H, an alkyl, a
perfluoroalkyl (C1-C10), a polyether, F, Cl, Br, I, CN, an
optionally substituted phenyl, or an optionally substi-
tuted naphthyl; “A” is boron, gallium, phosphorous,
antimony, SO; or CO,; X is F, Cl, Br, Ior CN; nis O to 6;
and m is =6-n;

wherein the composition further optionally comprises at
least one matrix material different than (i).

42. The composition of claim 41, wherein A is boron.

43. The composition of claim 41, wherein the cation is Au,

Mo, Re, Fe, or Ag.

44. The composition of claim 41, wherein the cation is

silver.

45. The composition according to claim 41, wherein the

composition is substantially free of zero valent metal.

46. A composition comprising at least one solid powder,

wherein the solid powder comprises a reaction product of (i)



US 2011/0278559 Al

at least one hole transport material, and (ii) at least one silver
tetrakis(halogenatedaryl)borate dopant.

47. The composition according to claim 46, wherein the
hole transport material is a conjugated polymer.

48. The composition of claim 46, wherein the hole trans-
port material is a polythiophene.

49. The composition according to claim 46, wherein the
silver tetrakis(halogenatedaryl)borate dopant is silver tetrakis
(pentafluorophenyl)borate.

50. The composition according to claim 46, wherein the
composition is substantially free of zero valent metal.

51. A device comprising at least one cathode, at least one
anode, at least one light emission layer disposed between the
cathode and anode, at least one hole injection layer between
the light emission layer and the anode or cathode, wherein the
hole injection layer comprises a composition according to
claim 1 or 21.

52. The device of claim 51, wherein the device is an OLED
or OPV device.

53. The device of claim 51, wherein the device is an OLED
device.

54. The device of claim 51, wherein the device further
comprises a hole transport layer.

55. The device according to claim 51, wherein the HIL
layer has a thickness of about 5 nm to about 500 nm.

Nov. 17,2011

56. The device according to claim 51, wherein the HIL
layer has a thickness of about 5 nm to about 150 nm.

57. The device according to claim 51, wherein the HIL
layer has a thickness of about 20 nm to about 100 nm.

58. The device according to claim 51, wherein the HIL
layer is thermally annealed.

59. The device according to claim 51, wherein the HIL
layer is thermally annealed at temperature of about 25° C. to
about 250° C.

60. The device according to claim 51, wherein the HIL
layer is thermally annealed at temperature of about 25° C. to
about 250° C. and at reduced pressures of 107° to 760 torr.

61. The device according to claim 51; wherein the HIL
layer is thermally annealed at temperature of about 90° C. to
about 170° C. for about 5 to about 15 minutes.

62. The device according to claim 51, wherein the HIL
layer is heated to remove solvent.

63. The device according to claim 51, wherein the HIL
layer does not comprise iodonium salt.

64. A device comprising the composition of claim 1 or 21,
wherein the device is an OLED, OPV, transistor, sensor,
capacitor, or battery device.

65. An ink composition comprising the composition of
claim 1 or 21 and a solvent carrier.
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