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A polymer comprising repeat units of formula (I) and one or
more co-repeat units:

)
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Ar' in each occurrence independently represent an aryl or
heteroaryl group;

R' and R? in each occurrence independently represent a sub-
stituent;

p independently in each occurrence is O or a positive integer;

Sp represents a spacer group comprising at least one carbon or
silicon atom spacing the two groups Ar® apart; and

each group Ar' is bound to an aromatic group of a co-repeat
unit.

The polymer may form a charge-transporting layer of an

OLED or may be a host material used with a luminescent

dopant in a light-emitting layer of an OLED.
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POLYMER AND ORGANIC ELECTRONIC
DEVICE

RELATED APPLICATIONS

[0001] This application claims Foreign priority benefits
under 35 U.S.C. §119(a)-(d) or 35 U.S.C. §365(b) of British
application number 1221624.8, filed Nov. 30, 2012, the
entirety of which is incorporated herein.

BACKGROUND OF THE INVENTION

[0002] Electronic devices containing active organic mate-
rials are attracting increasing attention for use in devices such
as organic light emitting diodes (OLEDs), organic photore-
sponsive devices (in particular organic photovoltaic devices
and organic photosensors), organic transistors and memory
array devices. Devices containing active organic materials
offer benefits such as low weight, low power consumption
and flexibility. Moreover, use of soluble organic materials
allows use of solution processing in device manufacture, for
example inkjet printing or spin-coating.

[0003] An OLED may comprise a substrate carrying an
anode, a cathode and one or more organic light-emitting
layers between the anode and cathode.

[0004] Holes are injected into the device through the anode
and electrons are injected through the cathode during opera-
tion of the device. Holes in the highest occupied molecular
orbital (HOMO) and electrons in the lowest unoccupied
molecular orbital (LUMO) of a light-emitting material com-
bine to form an exciton that releases its energy as light.
[0005] A light emitting layer may comprise a semiconduct-
ing host material and a light-emitting dopant wherein energy
is transferred from the host material to the light-emitting
dopant. For example, J. Appl. Phys. 65,3610, 1989 discloses
ahost material doped with a fluorescent light-emitting dopant
(that 1s, a light-emitting material in which light is emitted via
decay of a singlet exciton).

[0006] Phosphorescent dopants are also known (that is, a
light-emitting dopant in which light is emitted via decay ofa
triplet exciton).
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[0007] A hole-transporting layer may be provided between
the anode and light-emitting layer of an OLED.

[0008] Suitable light-emitting materials include small mol-
ecule, polymeric and dendrimeric materials. Suitable light-
emitting polymers include poly(arylene vinylenes) such as
poly(p-phenylene vinylenes) and polymers containing
arylene repeat units, such as fluorene repeat units. Blue light-
emitting fluorene homopolymer is disclosed in WO
97/05184.

[0009] WO 00/53656 discloses a method of forming a con-
jugated polymer by reacting a monomer carrying halide reac-
tive functional groups and a monomer carrying boron deriva-
tive reactive functional groups in the presence of a palladium
catalyst.

[0010] WO 2005/013386 discloses an organic light-emit-
ting device comprising a host polymer material and a lumi-
nescent metal complex wherein the polymer material may
comprise non-planar repeat units or partially or fully non-
conjugated repeat units in order to reduce conjugation of the
polymer.

[0011] WO2011/141709 discloses a light-emitting compo-
sition comprising a host polymer and a light-emitting dopant
wherein the host polymer comprises conjugating repeat units
and non-conjugating repeat units in a backbone of the poly-
mer. The non-conjugating repeat units comprise an at least
partially saturated ring having at least one ring atom that
breaks any conjugation path between repeat units linked to
the non-conjugating repeat units.

[0012] WO 2010/085676 discloses host materials for elec-
trophosphorescent devices. A copolymer formed by copoly-
merization of 1,6-bis(3-(4,4,5,5-tetramethyl-[1,3,2]-diox-
aborolan-2-yl)phenoxyl)hexane and 2-(4-(3-(3,6-
dibromocarbazol-9-yl)propyl)phenyl)-4,6-di(3-
methylphenyl)-1,3,5-triazine is disclosed.

[0013] JP 2005/158561 discloses non-conjugated poly-

mers containing an electron transporting compound.
[0014]

US 2011/095269 discloses the following polymer:
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[0015] WO 2012/048778 discloses polymers formed by
polymerization of the following monomers:

O/\/O\O/

3

50% (M2)

0
Br I I Br

50% (M4)
%
[
Bug
® *
O<p

>§/5

50% (M3)

50% (M4)

50% (M3)

0
“ )
Br Br

25% (M4)

Jun. 5,2014

-continued

N

25% (M5)

[0016] U.S. Pat. No. 7,898,163 discloses a monomer hav-
ing the following formula:

Cg Cg Cq

Cg Ce Cg

SUMMARY OF THE INVENTION

[0017] In a first aspect the invention provides a polymer
comprising repeat units of formula (I) and one or more co-
repeat units:

)
R,  ®),

Arl Ar!
ﬂ< \C C/
1 13

[0018] wherein Ar' in each occurrence independently rep-
resents an aryl or heteroaryl group;

[0019] R!and R? in each occurrence independently repre-
sent a substituent;

[0020] pindependently ineach occurrence is 0 or a positive
integer;
[0021] Sp represents a spacer group comprising at least one

carbon or silicon atom spacing the two groups Ar' apart; and

[0022] each group Ar' is bound to an aromatic group of a
co-repeat unit.
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[0023] 1In a second aspect the invention provides a mono-
mer of formula (Im):

i (Im)
R, ®Y,

1 1

LG c@*sp ‘@c LG
C o
| I
R! R!

[0024] wherein LG is a leaving group capable of leaving in
a coupling reaction to form a carbon-carbon bond between
Ar" and an aromatic or heteroaromatic group, and Ar', R',R?,
p and Sp are as described in the first aspect.

[0025] In athird aspect the invention provides a method of
forming a polymer according to the first aspect, the method
comprising the step of polymerising a monomer according to
the second aspect and one or more co-monomers for forming
the one or more respective co-repeat units.

[0026] In a fourth aspect the invention provides a compo-
sition comprising a polymer according to the first aspect and
at least one light-emitting dopant.

[0027] Inafifthaspecttheinvention provides a formulation
comprising a polymer according to the first aspect or a com-
position according to the fourth aspect and at least one sol-
vent.

[0028] In a sixth aspect the invention provides an organic
light-emitting device comprising an anode, a cathode and one
or more organic layers between the anode and cathode includ-
ing a light-emitting layer wherein at least one of the one or
more organic layers comprises a polymer according to the
first aspect.

[0029] In aseventh aspect the invention provides a method
of forming an organic light-emitting device according to the
sixth aspect, the method comprising the step of forming the
light-emitting layer over one of the anode and the cathode and
forming the other of the anode and the cathode over the
light-emitting layer

DESCRIPTION OF THE DRAWINGS

[0030] The invention will now be described in more detail
with reference to the drawings in which:

[0031] FIG.1illustrates an OLED according to an embodi-
ment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0032] FIG. 1 illustrates an OLED 100 according to an
embodiment of the invention comprising an anode 101, a
cathode 105 and a light-emitting layer 103 between the anode
and cathode. The device 100 is supported on a substrate 107,
for example a glass or plastic substrate.

[0033] One or more further layers may be provided
between the anode 101 and cathode 105, for example hole-
transporting layers, electron transporting layers, hole block-
ing layers and electron blocking layers. The device may con-
tain more than one light-emitting layer.

[0034] Preferred device structures include:

[0035] Anode/Hole-injection layer/Light-emitting layer/
Cathode

[0036] Anode/Hole transporting layer/Light-emitting

layer/Cathode
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[0037] Anode/Hole-injection
layer/Light-emitting layer/Cathode
[0038] Anode/Hole-injection layer/Hole-transporting
layer/Light-emitting layer/Electron-transporting layer/Cath-
ode.

[0039] Preferably, at least one of a hole-transporting layer
and hole injection layer is present. Preferably, both a hole
injection layer and hole-transporting layer are present.
[0040] Light-emitting materials include red, green and blue
light-emitting materials.

[0041] A blue emitting material may have a photolumines-
cent spectrum with a peak in the range 0£400-490 nm, option-
ally 420-490 nm.

[0042] A green emitting material may have a photolumi-
nescent spectrum with a peak in the range of more than 490
nm up to 580 nm, optionally more than 490 nm up to 540 nm.
[0043] A red emitting material may optionally have a peak
in its photoluminescent spectrum of more than 580 nm up to
630 nm, optionally 585-625 nm.

[0044] Light-emitting layer 103 may contain a polymer of
the invention. The polymer may be doped with one or more
luminescent dopants. The light-emitting layer 103 may con-
sist essentially of the polymer and the one or more lumines-
cent dopants, or may contain one or more further materials,
for example one or more charge-transporting materials or one
or more further light-emitting materials. When used as a host
material for one or more light-emitting dopants, the singlet or
triplet energy level of the host material is preferably no more
than 0.1 eV below that of the light-emitting material, and is
more preferably about the same or higher than that of the
light-emitting material in order to avoid quenching of lumi-
nescence from the light-emitting dopant.

[0045] Inapreferred embodiment, light-emitting layer 103
contains a polymer of the invention and at least one of green
and blue phosphorescent light-emitting materials.

[0046] A charge-transporting layer adjacent to a phospho-
rescent light-emitting layer preferably contains a charge-
transporting material having a T, excited state energy level
that is no more than 0.1 eV lower than, preferably the same as
or higher than, the T, excited state energy level of the phos-
phorescent light-emitting material(s) of the invention in order
to avoid quenching of triplet excitons migrating from the
light-emitting layer into the charge-transporting layer.
Accordingly, a polymer of the invention may be used as a
charge-transporting material in a charge-transporting layer.
In one preferred arrangement, a hole-transporting layer com-
prises or consists essentially of the polymer.

[0047] Triplet energy levels may be measured from the
energy onset of the phosphorescence spectrum measured by
low temperature phosphorescence spectroscopy (Y. V.
Romaovskii et al, Physical Review Letters, 2000, 85 (5), p
1027, A. van Dijken et al, Journal of the American Chemical
Society, 2004, 126, p 7718).

[0048] The polymer contains non-conjugating repeat units
of formula (I)

layer/Hole-transporting

O
R, R

Arl Arl
1 7
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[0049] The repeat units of formula (T) contain aromatic or
heteroaromatic groups Ar' spaced apart by a spacer group Sp.
The spacer group does not provide any conjugation path
between the two groups Ar', and therefore does not provide
any conjugation path between repeat units on either side of
the non-conjugating repeat units of formula (I).

[0050] However the groups Ar' are capable of conjugating
to aromatic or heteroaromatic groups of repeat units adjacent
to the repeat unit of formula (T). The present inventors have
found that even this relatively limited extent of conjugation
between the repeat unit of formula (I) and an adjacent repeat
unit can result in poor device performance, particularly when
the polymer is used as a host for a dopant with a high excited
state energy level, such as a phosphorescent green or blue
light-emitting material.

[0051] Without wishing to be bound by any theory, it is
believed that this poor device performance may be due to a
reduction in singlet and triplet excited state energy levels
upon conjugation. By providing substituents R on the groups
Ar" adjacent to the positions through which the repeat units of
formula (I) are linked to adjacent repeat units, steric hin-
drance may be created between the groups Ar' and the aro-
matic groups bound of adjacent repeat units that are bound to
Ar', creating a twist between repeat units of formula (I) and
adjacent repeat units and reducing the extent of conjugation
therebetween. The relatively high triplet excited state energy
level may make the polymers of the invention suitable foruse
as hosts for phosphorescent light-emitting materials, includ-
ing red, green and blue phosphorescent light-emitting mate-
rials, and/or as charge-transporting materials adjacent to
light-emitting layers containing phosphorescent light-emit-
ting materials

[0052] The polystyrene-equivalent  number-average
molecular weight (Mn) measured by gel permeation chroma-
tography of the polymers described herein may be in the
range of about 1x10° to 1x10% and preferably 1x10* to
5%x10°. The polystyrene-equivalent weight-average molecu-
lar weight (Mw) of the polymers described herein may be
1x10% to 1x10%, and preferably 1x10* to 1x107.

[0053] Polymers as described herein are suitably amor-
phous polymers.

[0054]

[0055] Polymers as described herein may be formed by a
polymerisation carried out in the presence of a metal catalyst.

[0056] One method of forming conjugated or partially con-

jugated polymers is Suzuki polymerisation, for example as
described in WO 00/53656 or U.S. Pat. No. 5,777,070 which
allows formation of C—C bonds between two aromatic or
heteroaromatic groups, and so enables formation of polymers
having conjugation extending across two or more repeat
units. Suzuki polymerisation takes place in the presence of a
palladium complex catalyst and a base.

[0057] As illustrated in Scheme 1, in the Suzuki polymeri-
sation process a monomer for forming repeat units RU1 hav-
ing leaving groups LG1 such as boronic acid or boronic ester
groups undergoes polymerisation with a monomer for form-
ing repeat units RU2 having leaving groups LG2 such as
halogen, preferably bromine or iodine; sulfonic acid; or sul-
fonic ester to form a carbon-carbon bond between Arylene 1
and Arylene 2:

n LG1-RUI-LG1+n LG2-RU2-LG2—-(RU1-RU2), -

Polymer Synthesis

Scheme 1
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[0058] Exemplary boronic esters have formula (TV):
OR®
*—B
OR®
[0059] (IV)

[0060] wherein R® in each occurrence is independently a
C, 50 alkyl group, * represents the point of attachment of the
boronic ester to an aromatic ring of the monomer, and the two
groups R® may be linked to form a ring. In a preferred embodi-
ment, the two groups R® are linked to form the pinacol ester of
boronic acid:

[0061] It will be understood by the skilled person that a
monomer LG1-RU1-LG1 will not polymerise to form a direct
carbon-carbon bond with another monomer LG1-RU1-LG1.
A monomer LG2-RU2-LG2 will not polymerise to form a
directcarbon-carbon bond with another monomer LG2-RU2-
LG2.

[0062] Preferably, one of LG1 and LG2 is bromine or
iodine and the other is a boronic acid or boronic ester.
[0063] This selectivity means that the ordering of repeat
units in the polymer backbone can be controlled such that all
or substantially all RU1 repeat units formed by polymerisa-
tion of LG1-RU1-LG1 are adjacent, on both sides, to RU2
repeat units.

[0064] In the example of Scheme 1 above, an AB copoly-
mer is formed by copolymerisation of two monomersinal:1
ratio, however it will be appreciated that more than two or
more than two monomers may be used in the polymerisation,
and any ratio of monomers may be used.

[0065] The base may be an organic or inorganic base.
Exemplary organic bases include tetra-alkylammonium
hydroxides, carbonates and bicarbonates. Exemplary inor-
ganic bases include metal (for example alkali or alkali earth)
hydroxides, carbonates and bicarbonates.

[0066] The palladium complex catalyst may be a palladium
(0) or palladium (IT) compound.

[0067] Particularly preferred catalysts are tetrakis(triph-
enylphosphine)palladium (0) and palladium (1) acetate
mixed with a phosphine.

[0068] A phosphine may be provided, either as a ligand of
the palladium compound catalyst or as a separate compound
added to the polymerisation mixture. Exemplary phosphines
include triarylphosphines, for example triphenylphosphines
wherein each phenyl may independently be unsubstituted or
substituted with one or more substituents, for example one or
more C, s alkyl or C,_ alkoxy groups.

[0069] Particularly preferred are triphenylphospine and tris
(ortho-methoxytriphenyl) phospine.

[0070] The polymerisation reaction may take place in a
single organic liquid phase in which all components of the
reaction mixture are soluble. The reaction may take placeina
two-phase aqueous-organic system, in which case a phase
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transfer agent may be used. The reaction may take place in an
emulsion formed by mixing a two-phase aqueous-organic
system with an emulsifier.

[0071] The polymer may be end-capped by addition of an
end-capping reactant. Suitable end-capping reactants are aro-
matic or heteroaromatic materials substituted with only one
leaving group. The end-capping reactants may include reac-
tants substituted with a halogen for reaction with a boronic
acid or boronic ester group at a polymer chain end, and
reactants substituted with a boronic acid or boronic ester for
reaction with a halogen at a polymer chain end. Exemplary
end-capping reactants are halobenzenes, for example bro-
mobenzene, and phenylboronic acid. End-capping reactants
may be added during or at the end of the polymerisation
reaction.

[0072] Non-Conjugating Repeat Units

[0073] Ar' of formula (I) is preferably an aryl group, more
preferably phenylene. Phenylene groups Ar' may be 1,2-, 1,3-
or 1,4-linked phenylene, preferably 1,4-linked phenylene.
[0074] Exemplary groups R' and (where present) R>
include C,_,, hydrocarbyl, —OR'', —SR*!, —NR'',, and
—SiR"", wherein R'' in each occurrence is a substituent,
preferably C,_,, hydrocarbyl.

[0075] Optionally,R*isa C,_,, hydrocarbyl, which may the
same or different in each occurrence.

[0076] Exemplary hydrocarbyl groups R', R* and R'!
include C,_,,, alkyl; unsubstituted phenyl; phenyl substituted
with one or more C,_,, alkyl groups; and a branched or linear
chain of phenyl groups wherein each phenyl is unsubstituted
or substituted with one or more C, _,, alkyl groups. C, _,, alkyl
is preferred.

[0077] One or more non-adjacent C atoms of R* and, where
present, R?> may independently be replaced with —O—,
—S—,—NR,,—, —SiR,,>—, C(=0) or —CO0—.
[0078] Alkyl groups as described anywhere herein includes
linear, branched and cyclic alkyl groups. In the case of R', a
C;_5 branched alkyl group, including alkyl groups contain-
ing one or more C atoms selected from secondary and tertiary
carbon atoms, may provide more steric hindrance and there-
fore a greater degree of twisting than a corresponding linear
alkyl group.

[0079] Sp of formula (T) is optionally a C,_,, alkyl group
wherein one or more non-adjacent C atoms of the alkyl group
may be replaced with O, S, —NR,—, —SiR,,*—,
—C(=0)— or —COO— and wherein R'! in each occur-
rence is independently H or a substituent.

[0080] Sp of formula (I) may contain a single non-conju-
gating atom only between the two groups Ar', or Sp may
contain non-conjugating chain of at least 2 atoms separating
the two groups Ar’.

[0081] A non-conjugating atom may be, for example,
—CR*,— or —SiR*,— wherein R* in each occurrence is H
or a substituent, optionally a substituent R*! as described
above, for example C, ,, alkyl.

[0082] A spacer chain Sp may contain two or more atoms
separating the two groups Ar', for examplea C, _,, alkyl chain
wherein one or more non-adjacent C atoms of the chain may
be replaced with O, S, —NR,,—, —SiR, ,*—, —C(=0)—
or —COO—. Preferably, the spacer chain Sp contains at least
one sp>-hybridised carbon atom separating the two groups
Ar.

[0083] Preferred groups Sp are selected from C, _,, alkyl
wherein one or more non-adjacent C atoms are replaced with
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O. An oligo-ether chain, for example a chain of formula
—O(CH,CH,0),— may be provided, wherein n is from 1-5.

[0084] Repeat units of formula (I) may be provided in an
amount in the range of 1-50 mol %, optionally 20-50 mol %.
The polymer may contain two or more different repeat units
of formula (I).

[0085]
or (Ib):

The repeat unit of formula (I) may have formula (Ia)

(Ta)

N\

R

%
=y
Q\w_

(Ib)

~ l \
y / b

R! R?

[0086] Exemplary repeat units of formula (I) include the
following:
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[0087] wherein R in each occurrence is independently H
or a substituent.
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[0088] Co-Repeat Units

[0089] Polymers of the invention contain repeat units of
formula (T) and one or more co-repeat units. Some or all of the
co-repeat units contain an aromatic or heteroaromatic group
that is bound to Ar" of repeat units of formula (I).

[0090] Exemplary co-repeat units include arylene or het-
eroarylene repeat units that may be unsubstituted or substi-
tuted with one or more substituents, and charge-transporting
repeat units containing aromatic or heteroaromatic groups.
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[0091] Co-repeat units include repeat units that may be
directly adjacent to repeat units of formula (I) and repeat units
that may be spaced apart from repeat units of formula (T). The
copolymer may contain repeat units of formula (I) and adja-
cent co-repeat units only in the form of a regioregular AB
copolymer of repeat units of formula (I) and adjacent co-
repeat units, or it may contain repeat units of formula (1),
co-repeat units adjacent to repeat units of formula (I), and one
or more further co-repeat units

[0092] Exemplary co-repeat units include arylene repeat
units, for example 1,2-, 1,3- and 1,4-phenylene repeat units,
3,6- and 2,7-linked fluorene repeat units, indenofluorene,
naphthalene, anthracene and phenanthrene repeat units, and
stilbene repeat units, each of which may be unsubstituted or
substituted with one or more substitutents, for example one or
more C, ;, hydrocarbyl substituents.

[0093] One preferred class of arylene repeat units is phe-
nylene repeat units, such as phenylene repeat units of formula
:

(1)
®)

3)q
_R
4

/

[0094] wherein q in each occurrence is independently 0, 1,
2,3 or 4, optionally 1or2;nis 1, 2 or 3; and R* independently
in each occurrence is a substituent.

[0095] Where present, each R® may independently be
selected from the group consisting of:

[0096] alkyl, optionally C,_, alkyl, wherein one or more
non-adjacent C atoms may be replaced with optionally
substituted aryl or heteroaryl, O, S, substituted N, C—=0
or —COO—, and one or more H atoms may be replaced
with F;

[0097] aryl and heteroaryl groups that may be unsubsti-
tuted or substituted with one or more substituents, pref-
erably phenyl substituted with one or more C, ,, alkyl
groups;

[0098] a linear or branched chain of aryl or heteroaryl
groups, each of which groups may independently be
substituted, for example a group of formula —(Ar’),
wherein each Ar” is independently an aryl or heteroaryl
group and r is at least 2, preferably a branched or linear
chain of phenyl groups each of which may be unsubsti-
tuted or substituted with one or more C, _,, alkyl groups;
and

[0099] a crosslinkable-group, for example a group com-
prising a double bond such and a vinyl or acrylate group,
or a benzocyclobutane group.

[0100] Inthe case where R® comprises an aryl or heteroaryl
group, or a linear or branched chain of aryl or heteroaryl
groups, the or each aryl or heteroaryl group may be substi-
tuted with one or more substituents R’ selected from the
group consisting of:

[0101] alkyl, for example C, ,, alkyl, wherein one or
more non-adjacent C atoms may be replaced with O, S,
substituted N, C=0 and —COO— and one or more H
atoms of the alkyl group may be replaced with F;

[0102] NR?,, OR®, SR®, SiR®, and

[0103] fluorine, nitro and cyano;
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[0104] wherein each R® is independently selected from the
group consisting of alkyl, preferably C, _,, alkyl; and aryl or
heteroaryl, preferably phenyl, optionally substituted with one
or more C, _,, alkyl groups.

[0105] Substituted N, where present, may be —NR"—
wherein R® is as described above.

[0106] Preferably, eachR?, where present, is independently
selected from C, ,, hydrocarbyl, and is more preferably
selected from C, _,, alkyl; unusubstituted phenyl; phenyl sub-
stituted with one or more C,_,, alkyl groups; a linear or
branched chain of phenyl groups, wherein each phenyl may
be unsubstituted or substituted with one or more substituents;
and a crosslinkable group.

[0107] Ifnis 1 then exemplary repeat units of formula (I1T)
include the following:

PN ) =
{<\ />% @ \

[0108] A particularly preferred repeat unit of formula (I1II)
has formula (111a):

®3),

(Illy)
R3

R3

[0109] Substituents R* of fornmla (I1la) are adjacent to
linking positions of the repeat unit, which may cause steric
hindrance between the repeat unit of formula (Il1a) and adja-
cent repeat units, resulting in the repeat unit of formula (Il1a)
twisting out of plane relative to one or both adjacent repeat
units.

[0110] Exemplary repeat units where nis 2 or 3 include the
following:
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[0111] A preferred repeat unit has formula (T1Tb):

(IIIb)
R3

R3

[0112] The two R groups of formula (IlIb) may cause
steric hindrance between the phenyl rings they are bound to,
resulting in twisting of the two phenyl rings relative to one
another.

[0113] A further class of arylene repeat units are optionally
substituted fluorene repeat units, such as repeat units of for-
mula (IV):

av)

R%), R®),

P =

! \_/
R* R

[0114] wherein R? in each occurrence is the same or differ-
ent and is a substituent as described with reference to formula
(III), and wherein the two groups R® may be linked to form a
ring; R® is a substituent; and dis 0, 1, 2 or 3.

[0115] The aromatic carbon atoms of the fluorene repeat
unit may be unsubstituted, or may be substituted with one or
more substituents R®. Exemplary substituents R® are alkyl,
for example C, ,, alkyl, wherein one or more non-adjacent C
atoms may be replaced with O, S, NH or substituted N, C—=0
and —COO—, optionally substituted aryl, optionally substi-
tuted heteroaryl, alkoxy, alkylthio, fluorine, cyano and aryla-
lkyl. Particularly preferred substituents include C, ,, alkyl
and substituted or unsubstituted aryl, for example phenyl.
Optional substituents for the aryl include one or more C,

alkyl groups.

[0116] Substituted N, where present, may be —NR’—
wherein R® is C, ,,, alkyl; unsubstituted phenyl; or phenyl
substituted with one or more C, ,, alkyl groups.

[0117] The extent of conjugation of repeat units of formula
(IV) to aryl or heteroaryl groups of adjacent repeat units may
be controlled by (a) linking the repeat unit through the 3-
and/or 6-positions to limit the extent of conjugation across the
repeat unit, and/or (b) substituting the repeat unit with one or
more substituents R® in or more positions adjacent to the
linking positions in order to create a twist with the adjacent
repeat unit or units, for example a 2,7-linked fluorene carry-
ing a C,_,, alkyl substituent in one or both of the 3- and
6-positions.
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[0118] Therepeatunit of formula (V) may be anoptionally
substituted 2,7-linked repeat unit of formula (IVa):

i)

R R’

(IVa)

[0119] Optionally, the repeat unit of formula (IVa) is not
substituted in a position adjacent to the 2- or 7-position.
Linkage through the 2- and 7-positions and absence of sub-
stituents adjacent to these linking positions provides a repeat
unit that is capable of providing a relatively high degree of
conjugation across the repeat unit.

[0120] Therepeatunit of formula (IV)may beanoptionally
substituted 3,6-linked repeat unit of formula (IVh)

i)

R} R3

(IVb)

[0121] The extent of conjugation across a repeat unit of
formula (IVb) may be relatively low as compared to a repeat
unit of formula (IVa).

[0122] Another exemplary arylene repeat unit has formula

V:

V)

[0123] whereinR? R® and d are as described with reference
to formula (I1T) and (IV) above. Any of the R? groups may be
linked to any other of the R* groups to form a ring. Aromatic
carbon atoms of the repeat unit of formula (V) may be unsub-
stituted, or may be substituted with one or more substituents.
[0124] Repeat units of formula (V) may have formula (Va)
or (Vb):

(Va)
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-continued
(Vb)

Rips  p3R’?

[0125] Further arylene co-repeat units include: phenan-
threne repeat units; naphthalene repeat units; anthracene
repeat units; and perylene repeat units. Each of these arylene
repeat units may be linked to adjacent repeat units through
any two of the aromatic carbon atoms of these units. Specific
exemplary linkages include 9,10-anthracene; 2,6-anthracene;
1,4-naphthalene; 2,6-naphthalene; 2,7-phenanthrene; and
2,5-perylene. Each of these repeat units may be substituted or
unsubstituted, for example substituted with one or more C, _,,
hydrocarbyl groups.

[0126] The polymer preferably contains one or more
charge-transporting repeat units. Exemplary charge-trans-
porting repeat units include repeat units of materials dis-
closed in, for example, Shirota and Kageyama, Chem. Rev.
2007, 107, 953-1010

[0127] Exemplary hole transporting repeat units may be
repeat units of materials having aelectron affinity 0f2.9eV or
lower and an ionisation potential of 5.8 eV or lower, prefer-
ably 5.7 eV or lower.

[0128] Preferred hole-transporting repeat units are (hetero)
arylamine repeat units, including repeat units of formula
(VII):

(Ard), Ilﬁ—(ArQ)d
RIS
g

[0129] wherein Ar® and Ar® in each occurrence are indepen-
dently selected from substituted or unsubstituted aryl or het-
eroaryl, g is greater than or equal to 1, preferably 1 or 2, R*?
is H or a substituent, preferably a substituent, and ¢ and d are
each independently 1, 2 or 3.

[0130] R'?, which may be the same or different in each
occurrence when g>1, is preferably selected from the group
consisting of alkyl, for example C,_,, alkyl, Ar'®, a branched
or linear chain of Ar'® groups, or a crosslinkable unit that is
bound directly to the N atom of formula (VIII) or spaced apart
therefrom by a spacer group, wherein Ar'® in each occurrence
is independently optionally substituted aryl or heteroaryl.
Exemplary spacer groups are C, ,, alkyl, phenyl and phenyl-
C,yoalkyl.

[0131] Any of Ar®, Ar® and, if present, Ar'® in the repeat
unit of Formula (IX) may be linked by a direct bond or a
divalent linking atom or group to another of Ar®, Ar” and Ar'°.
Preferred divalent linking atoms and groups include O, S;
substituted N; and substituted C.

[0132] Any of Ar®, Ar® and, if present, Ar'® may be substi-
tuted with one or more substituents. Exemplary substituents
are substituents R'®, wherein each R'° may independently be
selected from the group consisting of:

(VI
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[0133] substituted or unsubstituted alkyl, optionally
C, 50 alkyl, wherein one or more non-adjacent C atoms
may be replaced with optionally substituted aryl or het-
eroaryl, O, S, substituted N, C—=0 or —COO—and one
or more H atoms may be replaced with F; and

[0134] a crosslinkable group attached directly to the
fluorene unit or spaced apart therefrom by a spacer
group, for example a group comprising a double bond
such and a vinyl or acrylate group, or a benzocyclobu-
tane group

[0135]
lae 1-3:

Preferred repeat units of formula (VII) have formu-

D
_(_AIJSE\N/Ar T

Arll)

O,
AN
9
—od v
1

ArlO

[0136] In one preferred arrangement, R'* is Ar'® and each
of Ar®, Ar® and Ar'° are independently and optionally substi-
tuted with one or more C,_,, alkyl groups. Ar®, Ar® and Ar'®
are preferably phenyl.

[0137] In another preferred arrangement, the central Ar’
group of formula () linked to two N atoms is a polycyclic
aromatic that may be unsubstituted or substituted with one or
more substituents R'®. Exemplary polycyclic aromatic
groups are naphthalene, perylene, anthracene and fluorene.

[0138] In another preferred arrangement, Ar® and Ar’ are
phenyl, each of which may be substituted with one or more
C,_,o alkyl groups, and R*? is —(Ar'®), whereinr is at least 2
and wherein the group —(Ar'®) forms a linear or branched
chain of aromatic or heteroaromatic groups, for example 3,5-
diphenylbenzene wherein each phenyl may be substituted
with one or more C, ,, alkyl groups. In another preferred
arrangement, ¢, d and g are each 1 and Ar® and Ar® are phenyl
linked by an oxygen atom to form a phenoxazine ring.

[0139] Amine repeat units may be provided in a molar
amount in the range of about 0.5 mol % up to about 50 mol %,
optionally about 1-25 mol %, optionally about 1-10 mol %.

[0140] Thepolymer may contain one, two or more different
repeat units of formula (VII).

[0141] Amine repeat units may provide hole-transporting
and/or light-emitting functionality. Preferred fluorescent
light-emitting amine repeat units include a blue light-emitting
repeat unit of formula (VIla) and a green light-emitting repeat
unit formula (VIIb):
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(VIIa)

(VIIb)

[0142] R'3 of formula (VIIa) is preferably a hydrocarbyl,
preferably C, _,, alkyl, phenyl that is unsubstituted or substi-
tuted with one or more C,_,, alkyl groups, or a branched or
linear chain of phenyl groups wherein each said phenyl group
is unsubstituted or substituted with one or more C, ,, alkyl
groups.

[0143] The repeat unit of formula (VIIb) may be unsubsti-
tuted or one or more of the rings of the repeat unit of formula
(V1Ib) may be substituted with one or more substituents R*?,
preferably one or more C,_,, alkyl groups.

[0144] Another preferred charge-transporting repeat unit
has formula (VIII):

(VIID
(A),

A, Y.
Y
Y Y

(Ar'%),

[0145] wherein Ar®, Ar® and Ar'® are as described with
reference to formula (VII) above, and may each indepen-
dently be substituted with one or more substituents described
with reference to Ar®, Ar” and Ar'°, and z in each occurrence
is independently at least 1, optionally 1, 2 or 3, preferably 1,
and Y is N or CR*#, wherein R** is H or a substituent, pref-
erably H or C,_,, alkyl. Preferably, Ar®, Ar” and Ar'® of
formula (VIII) are each phenyl, each phenyl being optionally
and independently substituted with one or more C, ,, alkyl
groups.

[0146] In one preferred embodiment, all 3 groups Y are N.
[0147] Ifall 3 groups Y are CR'* then at least one of Ar®,
Ar® and Ar'? is preferably a heteroaromatic group comprising
N.

[0148] FEach of Ar®, Ar” and Ar'® may independently be
substituted with one or more substituents. In one arrange-
ment, Ar®, Ar® and Ar*® are phenyl in each occurrence. Exem-
plary substituents include R> as described above with refer-
ence to formula (V), for example C, _,, alkyl or alkoxy.
[0149]  Ar'® of formula (VIII) is preferably phenyl, and is
optionally substituted with one or more C, ,, alkyl groups or
a crosslinkable unit.

Jun. 5,2014

[0150] Preferably, z is 1 and each of Ar®, Ar® and Ar' is
unsubstituted phenyl or phenyl substituted with one or more
C,_5 alkyl groups.

[0151] A particularly preferred repeat unit of formula
(VIII) has formula (VIIIa), which may be unsubstituted or
substituted with one or more substituents R, preferably one
or more C,_,, alkyl groups:

(VIIIa)

[0152] Light-Emitting Layers

[0153] An OLED may contain one or more light-emitting
layers. A light-emitting layer may contain a polymer com-
prising repeat units of formula (I).

[0154] Suitable light-emitting materials fora light-emitting
layer include polymeric, small molecule and dendritic light-
emitting materials, each of which may be fluorescent or phos-
phorescent.

[0155] A light-emitting layer of an OLED may be unpat-
terned, or may be patterned to form discrete pixels. Each pixel
may be further divided into subpixels. The light-emitting
layer may contain a single light-emitting material, for
example for a monochrome display or other monochrome
device, or may contain materials emitting different colours, in
particular red, green and blue light-emitting materials for a
full-colour display.

[0156] A light-emitting layer may contain a mixture of
more than one light-emitting material, for example a mixture
of light-emitting materials that together provide white light
emission.

[0157] A white-emitting OLED may contain a single,
white-emitting layer or may contain two or more layers that
emit different colours which, in combination, produce white
light. The light emitted from a white-emitting OLED may
have CIE x coordinate equivalent to that emitted by a black
body at a temperature in the range of 2500-9000K and a CIE
y coordinate within 0.05 or 0.025 of the CIE y co-ordinate of
said light emitted by a black body, optionally a CIE x coor-
dinate equivalent to that emitted by a black body at a tem-
perature in the range of 2700-6000K.

[0158] Exemplary fluorescent polymeric light-emitting
materials include polymers comprising one or more of
arylene repeat units, arylene vinylene repeat units and ary-
lamine repeat units.

[0159] Exemplary phosphorescent light-emitting materials
include metal complexes. A phosphorescent material may be
amaterial comprising a substituted or unsubstituted complex
of formula (IX):

ML' 1% L3

[0160] wherein M is a metal; each of L', L7 and L is a
coordinating group; q is a positive integer; r and s are each

(X)
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independently 0 or a positive integer; and the sum of (a. q)+(b.
r)+(c.s) is equal to the number of coordination sites available
on M, wherein a is the number of coordination sites on L', b
is the number of coordination sites on L and ¢ is the number
of coordination sites on L.>.

[0161] Heavy elements M induce strong spin-orbit cou-
pling to allow rapid intersystem crossing and emission from
triplet or higher states. Suitable heavy metals M include
d-block metals, in particular those in rows 2 and 3 i.e. ele-
ments 39 to 48 and 72 to 80, in particular ruthenium, rhodium,
palladium, rhenium, osmium, iridium, platinum and gold.
Iridium is particularly preferred.

[0162] Exemplary ligands L', L? and L include carbon or
nitrogen donors such as porphyrin or bidentate ligands of

formula (X):

&)

Ar Ar®
x! Y!

[0163] wherein Ar’ and Ar® may be the same or different
and are independently selected from substituted or unsubsti-
tuted aryl or heteroaryl; X' and Y' may be the same or differ-
ent and are independently selected from carbon or nitrogen;
and Ar® and Ar® may be fused together. Ligands wherein X" is
carbon and Y* is nitrogen are preferred, in particular ligands
in which Ar’ is a single ring or fused heteroaromatic of N and
C atoms only, for example pyridyl or isoquinoline, and Ar® is
a single ring or fused aromatic, for example phenyl or naph-
thyl.

[0164] To achieve red emission, Ar’ may be selected from
phenyl, fluorene, naphthyl and Ar° are selected from quino-
line, isoquinoline, thiophene and benzothiophene.

[0165] To achieve green emission, Ar’ may be selected
from phenyl or fluorene and Ar® may be pyridine.

[0166] To achieve blue emission, Ar’ may be selected from
phenyl and Ar® may be selected from imidazole, pyrazole,
triazole and tetrazole.

[0167]
Cﬂ:j ose
@@

Examples of bidentate ligands are illustrated below:

N—

\_/
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-continued

O g

[0168] Each of Ar’ and Ar® may carry one or more substitu-
ents. Two or more of these substituents may be linked to form
a ring, for example an aromatic ring.

[0169] Other ligands suitable for use with d-block elements
include diketonates, in particular acetylacetonate (acac), tet-
rakis-(pyrazol-1-yl)borate, 2-carboxypyridyl, triarylphos-
phines and pyridine, each of which may be substituted.
[0170] Exemplary substituents include groups R'? as
described above with reference to Formula (VII). Particularly
preferred substituents include fluorine or trifluoromethyl
which may be used to blue-shift the emission ofthe complex,
for example as disclosed in WO 02/45466, WO 02/44189,US
2002-117662 and US 2002-182441; alkyl or alkoxy groups,
for example C,_,, alkyl or alkoxy, which may be as disclosed
in JP 2002-324679; carbazole which may be used to assist
hole transport to the complex when used as an emissive mate-
rial, for example as disclosed in WO 02/81448; and dendrons
which may be used to obtain or enhance solution processabil-
ity of the metal complex, for example as disclosed in WO
02/66552.

[0171] A light-emitting dendrimer typically comprises a
light-emitting core bound to one or more dendrons, wherein
each dendron comprises a branching point and two or more
dendritic branches. Preferably, the dendron is at least partially
conjugated, and at least one of the branching points and
dendritic branches comprises an aryl or heteroaryl group, for
example a phenyl group. In one arrangement, the branching
point group and the branching groups are all phenyl, and each
phenyl may independently be substituted with one or more
substituents, for example alkyl or alkoxy.

[0172]
X0

A dendron may have optionally substituted formula

XD
G)

BP
G

[0173] wherein BP represents a branching point for attach-
ment to a core and G, represents first generation branching

groups.
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[0174] The dendron may be a first, second, third or higher
generation dendron. G, may be substituted with two or more
second generation branching groups G,, and so on, as in
optionally substituted formula (XIa):

(XIa)

L -G3
G=H—Gs3

L—G3
~Gs
BP
b G5

G—
l\ ~G;

|
S
A
A\

G, G3

— —v

=

[0175] whereinuis Oor1;vis0ifuis O ormaybeOor1if
u is 1; BP represents a branching point for attachment to a
core and G, G, and G, represent first, second and third
generation dendron branching groups. In one preferred
embodiment, eachof BPand G,, G .. G, is phenyl, and each
phenyl BP, G,, G, . .. G,_; is a 3,5-linked phenyl.

[0176] A preferred dendron is a substituted or unsubstituted
dendron of formula (XIb):

()
~
U

[0177] wherein * represents an attachment point of the
dendron to a core.

[0178] BP and/or any group G may be substituted with one
or more substituents, for example one or more C, , alkyl or
alkoxy groups.

[0179] Phosphorescent light-emitting materials may be
provided in a light-emitting layer with a host material. The
host material may be a host polymer of the invention.

[0180] The phosphorescent light-emitting material may be
physically mixed with the host polymer or may be covalently
bound thereto. The phosphorescent light-emitting material
may be provided in a side-chain, main chain or end-group of
the polymer. Where the phosphorescent material is provided
in a polymer side-chain, the phosphorescent material may be
directly bound to the backbone of the polymer or spaced apart
therefrom by a spacer group, for example a C,_,, alkyl spacer
group in which one or more non-adjacent C atoms may be
replaced by O or S. It will therefore be appreciated that a
composition of the present invention may consist of or may
comprise a polymer of the invention comprising repeat units
of formula (I) with a phosphorescent light-emitting material
bound to the polymer.

(XIb)
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[0181] Inthe case where one or more phosphorescent light-
emitting materials are mixed with a host material, the phos-
phorescent light-emitting material(s) may make up about
0.05 wt % up to about 50 wt %, optionally about 1-40 wt % of
a host/phosphorescent light-emitting material composition.
[0182] Inthe case where one or more phosphorescent light-
emitting materials are bound to a host material, for example a
host polymer, the phosphorescent light-emitting material(s)
may make up about 0.01-25 mol % of the material.

[0183] Charge Transporting and Charge Blocking Layers
[0184] In the case of an OLED, a hole transporting layer
may be provided between the anode and the light-emitting
layer or layers. Likewise, an electron transporting layer may
be provided between the cathode and the light-emitting layer
or layers.

[0185] Similarly, an electron blocking layer may be pro-
vided between the anode and the light-emitting layer and a
hole blocking layer may be provided between the cathode and
the light-emitting layer. Transporting and blocking layers
may be used in combination. Depending on its HOMO and
LUMO levels, a single layer may both transport one of holes
and electrons and block the other of holes and electrons.
[0186] A charge-transporting layer or charge-blocking
layer may be crosslinked, particularly if a layer overlying that
charge-transporting or charge-blocking layer is deposited
from a solution. The crosslinkable group used for this
crosslinking may be a crosslinkable group comprising a reac-
tive double bond such and a vinyl or acrylate group, or a
benzocyclobutane group.

[0187] Ifpresent, ahole transporting layer located between
the anode and the light-emitting layers preferably has a
HOMO level of less than or equal to 5.5 eV, more preferably
around 4.8-5.5 eV or 5.1-5.3 ¢V as measured by cyclic vol-
tammetry. The HOMO level of the hole transport layer may
be selected so as to be within 0.2 eV, optionally within 0.1 eV,
of an adjacent layer (such as a light-emitting layer) in order to
provide a small barrier to hole transport between these layers.
[0188] If present, an electron transporting layer located
between the light-emitting layers and cathode preferably has
a LUMO level of around 2.5-3.5 eV as measured by cyclic
voltammetry. For example, a layer of a silicon monoxide or
silicon dioxide or other thin dielectric layer having thickness
in the range of 0.2-2 nm may be provided between the light-
emitting layer nearest the cathode and the cathode. HOMO
and LUMO levels may be measured using cyclic voltamme-
try.

[0189] A hole transporting layer may contain a homopoly-
mer or copolymer comprising a repeat unit of formula (VII) as
described above, for example a copolymer comprising one or
more amine repeat units of formula (VII) and one or more
arylene repeat units, for example one or more arylene repeat
units selected from formulae (I11), (IV) and (V).

[0190] An electron transporting layer may contain a poly-
mer comprising a chain of optionally substituted arylene
repeat units, such as a chain of fluorene repeat units.

[0191] Ifahole- orelectron-transporting layer is adjacent a
light-emitting layer containing a phosphorescent material
then the T, energy level of the material or materials of that
layer are preferably higher than that of the phosphorescent
emitter in the adjacent light-emitting layer.

[0192] Hole Injection Layers

[0193] A conductive hole injection layer, which may be
formed from a conductive organic or inorganic material, may
be provided between the anode 101 and the light-emitting
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layer 103 of an OLED as illustrated in FIG. 1 to assist hole
injection from the anode into the layer or layers of semicon-
ducting polymer. Examples of doped organic hole injection
materials include optionally substituted, doped poly(ethylene
dioxythiophene) (PEDT), in particular PEDT doped with a
charge-balancing polyacid such as polystyrene sulfonate
(PSS) as disclosed in EP 0901176 and EP 0947123, poly-
acrylic acid or a fluorinated sulfonic acid, for example
Nafion®; polyaniline as disclosed in U.S. Pat. No. 5,723,873
and U.S. Pat. No. 5,798,170; and optionally substituted poly-
thiophene or poly(thienothiophene). Examples of conductive
inorganic materials include transition metal oxides such as
VOx, MoOx and RuOx as disclosed in Journal of Physics D:
Applied Physics (1996), 29(11), 2750-2753.

[0194] Cathode

[0195] The cathode 105 is selected from materials that have
a workfunction allowing injection of electrons into the light-
emitting layer ofthe OLED. Other factors influence the selec-
tion of the cathode such as the possibility of adverse interac-
tions between the cathode and the light-emitting material.
The cathode may consist of a single material such as alayer of
aluminum. Alternatively, it may comprise a plurality of con-
ductive materials such as metals, for example a bilayer of a
low workfunction material and a high workfunction material
such as calcium and aluminum, for example as disclosed in
WO 98/10621. The cathode may comprise elemental barium,
for example as disclosed in WO 98/57381, Appl. Phys. Lett.
2002, 81(4), 634 and WO 02/84759. The cathode may com-
prise a thin (e.g. 1-5 nm) layer of metal compound, in par-
ticular an oxide or fluoride of an alkali or alkali earth metal,
between the organic layers of the device and one or more
conductive cathode layers to assist electron injection, for
example lithium fluoride as disclosed in WO 00/48258;
barium fluoride as disclosed in Appl. Phys. Lett. 2001, 79(5),
2001; and barium oxide. In order to provide efficient injection
of electrons into the device, the cathode preferably has a
workfunction of less than 3.5 eV, more preferably less than
3.2 eV, most preferably less than 3 eV. Work functions of
metals can be found in, for example, Michaelson, J. Appl.
Phys. 48(11), 4729, 1977.

[0196] The cathode may be opaque or transparent. Trans-
parent cathodes are particularly advantageous for active
matrix devices because emission through a transparent anode
in such devices is at least partially blocked by drive circuitry
located underneath the emissive pixels. A transparent cathode
comprises a layer of an electron injecting material that is
sufficiently thin to be transparent. Typically, the lateral con-
ductivity of this layer will be low as a result of its thinness. In
this case, the layer of electron injecting material is used in
combination with a thicker layer of transparent conducting
material such as indium tin oxide.

[0197] It will be appreciated that a transparent cathode
device need not have a transparent anode (unless, of course, a
fully transparent device is desired), and so the transparent
anode used for bottom-emitting devices may be replaced or
supplemented with a layer of reflective material such as a
layer of aluminum. Examples of transparent cathode devices
are disclosed in, for example, GB 2348316.

[0198] Encapsulation

[0199] Organic optoelectronic devices tend to be sensitive
to moisture and oxygen. Accordingly, the substrate preferably
has good barrier properties for prevention of ingress of mois-
ture and oxygen into the device. The substrate is commonly
glass, however alternative substrates may be used, in particu-
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lar where flexibility of the device is desirable. For example,
the substrate may comprise one or more plastic layers, for
example a substrate of alternating plastic and dielectric bar-
rier layers or a laminate of thin glass and plastic.

[0200] The device may be encapsulated with an encapsu-
lant (not shown) to prevent ingress of moisture and oxygen.
Suitable encapsulants include a sheet of glass, films having
suitable barrier properties such as silicon dioxide, silicon
monoxide, silicon nitride or alternating stacks of polymer and
dielectric or an airtight container. In the case of a transparent
cathode device, a transparent encapsulating layer such as
silicon monoxide or silicon dioxide may be deposited to
micron levels of thickness, although in one preferred embodi-
ment the thickness of such a layer is in the range of 20-300
nm. A getter material for absorption of any atmospheric mois-
ture and/or oxygen that may permeate through the substrate
or encapsulant may be disposed between the substrate and the
encapsulant.

[0201]

[0202] A formulation suitable for forming a charge-trans-
porting or light-emitting layer may be formed from the poly-
mer of the invention, any further components of the layer such
as light-emitting dopants, and one or more suitable solvents.

[0203] The formulation may be a solution of the polymer
and any other components in the one or more solvents, or may
be a dispersion in the one or more solvents in which one or
more components are not dissolved. Preferably, the formula-
tion is a solution.

[0204] Solvents suitable for dissolving semiconducting
polymers, particularly polymers comprising alkyl substitu-
ents, include benzenes substituted with one or more C,_j,
alkyl or C,_,, alkoxy groups, for example toluene, xylenes
and methylanisoles.

[0205] A charge-transporting or light-emitting layer of an
OLED may be formed by depositing the formulation contain-
ing a polymer as described herein and evaporating the one or
more solvents.

[0206] Particularly preferred solution deposition tech-
niques including printing and coating techniques such spin-
coating and inkjet printing.

[0207] Spin-coating is particularly suitable for devices
wherein patterning of the light-emitting layer is unneces-
sary—for example for lighting applications or simple mono-
chrome segmented displays.

[0208] Inkjet printingis particularly suitable for high infor-
mation content displays, in particular full colour displays. A
device may be inkjet printed by providing a patterned layer
over the first electrode and defining wells for printing of one
colour (in the case of a monochrome device) or multiple
colours (in the case of a multicolour, in particular full colour
device). The patterned layer is typically a layer of photoresist
that is patterned to define wells as described in, for example,
EP 0880303.

[0209] As an alternative to wells, the ink may be printed
into channels defined within a patterned layer. In particular,
the photoresist may be patterned to form channels which,
unlike wells, extend over a plurality of pixels and which may
be closed or open at the channel ends.

[0210] Other solution deposition techniques include dip-
coating, roll printing and screen printing.

Formulation Processing
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EXAMPLES

Synthesis of Monomer Example 1

[0211]

0, 0
\ /
B B

0 0

[0212] Stage 1

[0213] An oven-dried 3 L 4-neck flask fitted with an inter-
nal thermometer, N2 bubbler, overhead stirrer and oven-dried
ml pressure-equalising dropping funnel was charged with
1,4-dibromo-2,5-diethylbenzene (70 g, 240 mmol) and dry
THF (700 mL). The solution was cooled with stirring to
<=70° C. to produce a white slurry. s-Butyllithium (335 mL,
1.4 M, 465 mmol) was charged to the dropping funnel and
added dropwise over the space of 1.5 h ensuring the reaction
temperature did not exceed -70° C. The slurry was stirred for
3 h after which GCMS confirmed the lithiation was complete.
The dropping funnel was charged with a solution of 1,4-
diiodobutane (13.8 mL, 105 mmol) in dry THF (140 ml.)
which was then added dropwise over 0.75 h. The resulting
slurry was allowed to warm to room temperature and stirred
for 12h. The reaction was quenched by addition of water. The
mixture was transferred to a separating funnel and the layers
were separated. The aqueous layer was extracted with diethyl
ether and the combined organics were washed with water,
dried with MgSO,, filtered and concentrated to yield an
orange oil. The product was triturated with 500 mL methanol
for 0.5 h and filtered as a white solid before being recrystal-
lised from toluene/IPA to yield a white powder that was dried
in the oven (24.21 g, 48%). GCMS indicated a purity of ~96%
and the material was taken to the next stage without further
purification

[0214] Stage2

[0215] An oven-dried 2 L. 4-neck flask fitted with an inter-
nal thermometer, N2 bubbler, overhead stirrer and oven-dried
ml pressure-equalising dropping funnel was charged with
Stage 1 material (45 g, 94 mmol) and dry THF (450 mL). The
solution was cooled with stirring to <-70° C. to produce a
white slurry. n-Butyllithium (96 mL, 2.5 M, 225 mmol) was
charged to the dropping funnel and added dropwise over the
space of 0.75 h ensuring the reaction temperature did not
exceed -70° C. The slurry was stirred for 5 h after which
GCMS confirmed the lithiation was complete. The dropping
funnel was charged with a solution of IPPB (50 mL, 235
mmol) in dry THF (100 mL) which was then added dropwise
over 0.75 h. The resulting slurry was allowed to warm to room
temperature and stirred for 12 h. The reaction was quenched
by addition of HCl in ether. The solvent was removed, diethyl
ether added, the mixture was transferred to a separating fun-
nel and the layers were separated. The aqueous layer was
extracted with diethyl ether and the combined organics were
washed with water, dried with MgSQO,, filtered and concen-
trated to yield an orange oil. The product was triturated with
500 mL acetonitrile for 1 h in an ice-bath and filtered as a
white solid before being recrystallised from acetonitrile to
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vield a white powder. The solid was dissolved in a 2:1 (v/v)
mixture of DCM and hexanes and passed through a plug of
Florisil® (diameter 11 cm, height 4 cm) on silica (diameter 11
cm, height 7 cm) and then recrystallised from acetonitrile
three times to give a white powder which was filtered and
dried in the oven (13 g, 24%). HPLC indicated a purity of
99.67%

[0216] ‘H NMR (referenced to CDCI, peak at 7.26 ppm):
7.57 (2H, s), 6.98 (2H, s), 2.84-2.88 (4H, m), 2.61-2.64 (8H,
m), 1.67 (4H, m), 1.32 (24H, s), 1.17-1.21 (12H, m)

Synthesis of Monomer Example 2

[0217]

O, 0O

\ /
B B

i / ’ ~ \ ﬁz

O 0
[0218] Stage 1
[0219] An oven-dried 3 L 4-neck flask fitted with an inter-

nal thermometer, N2 bubbler, overhead stirrer and oven-dried
pressure-equalising dropping funnel was charged with 1,4-
dibromo-2,5-dimethylbenzene (70 g, 265 mmol) and dry
THF (700 mL). The solution was cooled with stirting to
<=70° C. to produce a white slurry. s-Butyllithium (370 mL,
1.4 M, 518 mmol) was charged to the dropping funnel and
added dropwise over the space of 2 h ensuring the reaction
temperature did not exceed -70° C. The slurry was stirred for
2 h after which GCMS confirmed the lithiation was complete.
The dropping funnel was charged with a solution of 1,4-
diiodobutane (15.7 mL, 119 mmol) in dry THF (160 mL)
which was then added dropwise over 0.75 h. The resulting
pale yellow slurry was allowed to warm to room temperature
and stirred for 12 h. The reaction was quenched by addition of
water. The mixture was transferred to a separating funnel and
the layers were separated. The aqueous layer was extracted
with diethyl ether and the combined organics were washed
with water, dried with MgSQ,, filtered and concentrated to
vield an off-white solid. The product was triturated with 300
mL methanol for 2 h and recrystallised from toluene/IPA to
yield a white powder that was dried in the oven (31.86 g,
63%). GCMS indicated a purity of ~96% and the material was
taken to the next stage without further purification

[0220] Stage2

[0221] An oven-dried 2 L 4-neck flask fitted with an inter-
nal thermometer, N2 bubbler, overhead stirrer and oven-dried
pressure-equalising dropping funnel was charged with Stage
1 material (31.5 g, 74 mmol) and dry THF (350 mL). The
solution was cooled with stirring to <-70° C. to produce a
white slurry. n-Butyllithium (62 mL, 2.5 M, 155 mmol) was
charged to the dropping funnel and added dropwise over the
space of 0.5 h ensuring the reaction temperature did not
exceed -70° C. The slurry was stirred for 4.5 h. The dropping
funnel was charged with a solution of iPPB (33 mlL, 161
mmol) in dry THF (60 mL) which was then added dropwise
over 0.5 h. The resulting slurry was allowed to warm to room
temperature and stirred for 12 h. The reaction was quenched
by addition of HCL in ether. The THF was removed, diethyl
ether added, the mixture was transferred to a separating fun-
nel and the layers were separated. The aqueous layer was
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extracted with diethyl ether and the combined organics were
washed with water, dried with MgSQ,, filtered and concen-
trated to yield a white solid. The product was triturated with
500 mL methanol for 0.5 h. The filtered solid was purified by
chromatography on silica using a gradient of DCM in hexanes
as the eluant. The product-containing fractions were concen-
trated and recrystallised from acetonitrile to yield a white
powder that was dried in the oven (20.44 g, 53%). HPLC
indicated the purity was 99.77%

17
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[0222] 'H NMR (referenced to CDCI, peak at 7.26 ppm):
7.53 (21, 5), 6.93 (2H, 5), 2.59 (4H, m), 2.47 (6H, 5), 2.26 (61,
s), 1.62 (4H, m), 1.33 (24H, s)

HOST POLYMER EXAMPLES

[0223] Polymers were prepared by Suzuki polymerisation
as described in WO 00/53656 of a polymerisation mixture
containing the molar percentages of monomers given in Table
1.

TABLE 1
Viscosity ~ Weight Peak Number
average  average  average  average
Diester Dihalo molecular molecular molecular molecular
monomer  MONOIMIETs weight weight weight weight
Polymer (mol %) (mol %) (Mz) (Mw) (Mp) (Mmn) Pd
Polymer Mcenomer 3(35) 1,280,000 630,000 770,000 21,000 30.00
Example 1 Example 1 4 (45)
(50
Polymer Menomer 309 111,000 64,000 71,000 15,000 4.16
Example 2 Example 2 4 (41)
(50
Comparative  Comparative 6 (50) 455,000 256,000 224,000 96,000 2.78
Polymer 1 Monomer 1
(50
Comparative ~ Monomer 7 Comparative 571,000 235,000 177.000 17,600 13.40
Polymer 2 (50) Monomer 2
(50}
Comparative 7(50) 6(28.5)
Polymer 3 3(21.5)
Polymer Monomer 4(25)
Example 3 Example 1 3(25)
(50)
Polymer Monomer 4 (10)
Example 4 Example 1 3(40)
(50)
Polymer Monomer 4 (35)
Example 5 Example 1 10 (15)
(50
Polymer Monomer 4(30)
Example 6 Example 1 11 (20)
(50)
Polymer Monomer 4(32)
Example 7 Example 1 12 (18)
(50)
Polymer Monomer 4(32)
Example 8 Example 1 13 (18)
(50
Comparative 9(50) 3(5)
Polymer 4 4 (45)
Monomer 1 Monomer 2

(Monomer Example 1)

PO AN O hesvaly Vg

(Monomer Example 2)



US 2014/0151660 A1 Jun. 5,2014

-continued
Monomer 3 Monomer 4
Br Br
Br Br N
X

= N

Cialls
Monomer 5 Monomer 6

(Comparative Monomer 1)

CeH13 Br Br
0] 0
/ N\
o 0 =
Celi3 N N

Va

CeH3

Monomer 7
CeHys
0] 0
\ /
B B
/ \
0] 6}
CeHyz
Monomer 8

(Comparative Monomer 2)

N
- RO A
N

/N
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-continued
Monomer 9 Monomer 10

(Comparative Monomer 3}

OO
OO

CeH,3 CeHi3
Monomer 11 Monomer 12
Br Br
CeHis
O O h
Celly3

Monomer 13

Br Br

)
oy O.

[0224] Monomer 12 is described in JP2012-137538. [0225] Polymer Example 1 includes the following repeat-
Monomer 10 is described in JP2012-137537. ing structures:

e poD

Ciafs
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[0226] Polymer Example 2 includes the following repeat-
ing structures:

N,
\ ) A O
N

/N

CioHas

[0227] Comparative Polymer 1 includes the following
repeating structure:

CeHiz
[0228] Monomer 8 (Comparative Monomer 2) was pre-
pared as described in WO 2011/141714. Comparative Poly-
mer 2 includes the following repeating structure:
Celi
N
) LT Oav,
N. > N

CeHi3

Jun. 5,2014
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[0229]
repeating structures:

Celi3

N
Talag
N

= N
CeHy3
CoH3

CeHiys

CsHys

[0230] Comparative Polymer 4 includes the following
repeating structures:

O OQ ’
|\
NN

Ciots

COMPOSITION EXAMPLES

[0231] A composition of 95 mol % of a polymer as
described above and 5 mol % of Blue Phosphorescent Emitter
1, illustrated below, was dissolved in o-xylene and cast as a
film by spin-coating.

Comparative Polymer 3 includes the following

Jun. 5,2014

N/ N/

>7/
L =N J,
Pr

[0232] Blue Phosphorescent Emitter 1

[0233] The core of Blue Phosphorescent Emitter 1 is dis-
closed in WQ2004/101707. Formation of dendrons is
described in WO 02/066552.

Ir

[0234] Synthesis of Blue Phosphorescent Emitter 1
[0235] Stage 1:
M N=( ] B N=( |
/ P
N N
Z N NS N
- N, s N N
L L
L s | Br 5
[0236] fac-Tris(1-methyl-5-phenyl-3-propyl-[1,2,4]triaz-

olyDiridium-(IIT) (1.1 g) (Shih-Chun Lo et al., Chem. Mater.
2006,18,5119-5129) (1.1 g) wasdissolvedin DCM (100 mL)
under a flow of nitrogen. N-Bromosuccinimide (0.93 g) was
added as a solid and the mixture was stirred at room tempera-
ture with protection from light. After 24 h HPLC analysis
showed ~94% product and ~6% dibromide intermediate.

[0237] A further 50 mg of NBS was added and stirring
continued for 16 hours. A further 50 mg of NBS was added
and stirring continued for 24 h. HPLC indicated over 99%
product. Warm water was added and stirred for 0.5 h. The
layers were separated and the organic layer passed through a
plug of celite eluting with DCM. The filtrate was concen-
trated to ~15 mL and hexane was added to the DCM solution
to precipitate the product as a yellow solid in 80% yield.
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[0238] Stage 2:

N=—

/

Ve N N\\
L Ir
B
o7 o

[0239] Stage 1 material (8.50 g) and 3.5-bis(4-tert-bu-

tylphenyl)phenyl-1-boronic acid pinacol ester (15.50 g) were
dissolved in toluene (230 mL). The solution was purged with
nitrogen for 1 h before 2-dicyclohexylphosphino-2',6'-
dimethoxybiphenyl (66 mg) and tris(dibenzylidene)dipalla-
dium (75 mg) were added using 10 mL of nitrogen-purged
toluene. A 20 wt % solution of tetraethylammonium hydrox-
ide in water (60 mL) was added in one portion and the mixture
as stirred for 20 h with the heating bath set to 105° C. T.L.C.
analysis indicated all the stage material had been consumed
and only one fluorescent spot was observed. The reaction
mixture was cooled and filtered into a separating funnel. The
layers were separated and the aqueous layer extracted with
toluene. The organic extracts were washed with water, dried
with magnesium sulphate, filtered and concentrated to yield
the crude product as a yellow/orange solid. Pure compound
was obtained by column chromatography eluting with a gra-
dient of ethyl acetate in hexanes followed by precipitation
from DCM/methanol. HPLC indicated a purity of 99.75%
and a yield of 80% (11.32 g). 1H NMR (referenced to
CDCI3):7.83 (3H, d), 7.76 (6H, s), 7.73 (3H, 5) 7.63 (12H, d)
7.49 (12H, d), 7.21 (3H, dd), 6.88 (3H, d), 4.28 (9H., s), 2.25
(3H, m), 1.98 (3H, m), 1.4-1.5 (57H, m), 1.23 (3H, m), 0.74
(%H, t)

Jun. 5,2014

Pdydbay/SPhos
EtyNOH

[0240] With reference to Table 2, it can be seen that photo-
luminescent quantum yield (PLQY) of the films are compa-
rable for compositions containing Polymer Example 1 and
Comparative Polymer 2, whereas the PLQY values of com-
positions containing Comparative Polymers 1 and 3 are much
lower. Without wishing to be bound by any theory, it is
believed that the extended conjugation between adjacent phe-
nyl groups in the backbones of Comparative Polymers 1, 3
and 4 results in a low triplet energy level and quenching of
phosphorescence.

TABLE 2
Polymer PLQY (%) CIEx CIEy
Polymer Example 1 63 0.158 0.308
Comparative 7 0.189 0.173
Polymer 1
Comparative 76 0.157 0.299
Polymer 2
Comparative 15 0.177 0.307
Polymer 3
Comparative 6 0.156 0.302
Polymer 4
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GREEN DEVICE EXAMPLES
[0241] Organic light-emitting devices having the following

structure were prepared:

[0242] ITO/HIL/HTL/LE/Cathode

[0243] wherein ITO is an indium-tin oxide anode; HIL. is a
hole-injecting layer; HTL is a hole-transporting layer; LE is a
light-emitting layer; and the cathode comprises a layer of
metal fluoride in contact with the light-emitting layer and a
layer of aluminum formed over the layer of metal fluoride.
[0244] To form the device, a substrate carrying ITO was
cleaned using UV/Ozone. The hole injection layer was
formed by spin-coating an aqueous formulation of a hole-
injection material available from Plextronics, Inc. A hole
transporting layer was formed to a thickness of 20 nm by
spin-coating Hole-Transporting Polymer 1 and crosslinking
the polymer by heating. A light-emitting layer was formed by
depositing a light-emitting composition of a host polymer (65
wt %) and Green Phosphorescent Emitter 1, illustrated below
(35 wt %), by spin-coating from o-xylene solution a thickness
of 75 nm. Green Phosphorescent Emitter 1 is a dendrimeric
phosphorescent emitter, as described in WO 02/066552. A
cathode was formed by evaporation of a first layer of a metal
fluoride to a thickness of about 2 nm, a second layer of
aluminum to a thickness of about 200 nm and a third layer of
silver.

[0245]
[0246]

Green Phosphorescent Emitter 1
Hole-Transporting Polymer 1 was formed by
Suzuki polymerisation as described in WO 00/53656 of the
following monomers:
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CeHy3

0] O
\ 2 2 / ﬁ
B B
:éo/ %

CHyz

50 mol %

10 mol %
H;C CHs
Br N Br
35 mol %
Br O‘O Br
S e
5 mol %

[0247] With reference to Table 3, it can be seen that devices
containing Polymer Examples 1 and 2 as host polymer both
reach a brightness of 1000 cd/m> at a lower voltage; have
higher conductivity as shown by the voltage required to reach
a current of 10 mA/cm?; and are more efficient than a device
containing Comparative Polymer 2 as host polymer.

[0248] Performance of devices containing Polymer
Examples 1 and 2 is comparable to performance of the device
containing Comparative Polymer 3.

TABLE 3

Efficiency Efficiency EQEat Max

Vat Tat Vat Lm/Wat Cd/Aat 1kedm® EQE
Polymer lkedm? 1ked/m® 10mA/em’ 1ked/m?® 1 ked/m2 (%) (%)
Polymer 4.75 13 6.78 49.16 74.63 20.68 21.31
Example 1
Polymer 4.45 14 6.48 50.59 7248 20.02 20.52
Example 2
Comparative 5.46 1.6 7.37 36.12 62.5 1739 17.58
Polymer 2
Comparative 4.44 14 6.19 50.93 71.85 19.8 20.68

Polymer 3
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[0249] Thetime taken for brightness of these devices to fall
to 70% (T70) and to 50% (T50) of a starting luminance of
5,000 cd/m? is shown in Table 4. Polymer Examples 1 and 2
both have higher lifetimes than Comparative Polymer 2. The
lifetime of Comparative Polymer 3 is slightly higher than
Polymer Examples 1 or 2, but this polymer gives poor effi-
ciency when used with a blue phosphorescent emitter, as
shown in Table 2 above.

TABLE 4
T70 T50 7
Host polymer (hours (hours) (mA/em?)
Comparative Polymer 2 2.67 1031 7.63
Polymer Example 1 5.12 21.80 7.08
Polymer Example 2 4.81 2496 6.77
Comparative Polymer 3 6.33 30.17 6.99

Blue Device Example 1

[0250] A device was prepared as described for the green
device examples above except that the light-emitting layer
was formed by spin-coating a mixture of Polymer Example 1
and Blue Phosphorescent Emitter 1 (36 mol %)

[0251]

[0252] A device was prepared as described in Blue Device
Example 1, except that Polymer Example 1 was replaced with
Comparative Polymer 2.

Comparative Blue Device 1

Blue Device Example 2

[0253] A device containing a light-emitting layer of a mix-
ture of Polymer Example 1 and Blue Phosphorescent Emitter
1 (36 wt %) was prepared as described for the green device
examples above. The hole-transporting layer was formed by
Suzuki polymerization of the following monomers, as
described in WO 00/53656:
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CeHy3
(0] O
\ /
/! A\
(6] (6]
CHyz
50 mol %

Br Br
NN
Q Callir Cally Q
42.5 mol %

hoves

7.5 mol %

[0254] Comparative Blue Device 2

[0255] A device was prepared as described in Blue Device
Example 2, except that Polymer Example 1 was replaced with
Comparative Polymer 2.

[0256] Data for blue devices are provided in Table 3, in
which T70 and T50 are the time taken for luminance to fall to
70% and 50% respectively of a starting luminance.

TABLE 5

I

Eff. Eff. Max

Vat (mA/em?) at Vat (LmyW)at (Cd/A) at EQE at EQE T70 T50
Device 1000 cd/m? 1000 ed/m2 10 mA/em®  1kedm2 lkedm2 1kedm? (%) (%) (houss) (hours)
Comparative 6.34 3.2 7.61 15.38 31.02 17.52 19.04  2.05 8.41
Blue
Device 1
Blue 6.11 3.6 7.28 14.13 2753 13.43 15.91 1.13 5.60
Device
Example 1
Blue 5.79 7.8 6.98 12.88 5.86 6.14 1452 36.66
Device
Example 2
Comparative 5.91 74 6.19 7.05 13.42 7.87 847 791 25.99
Blue

Device 2
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[0257] The polymers of the invention are more conductive _continued
than the comparative polymers, as is shown by the higher
current density values for the inventive polymers.

[0258] White Devices—General Process

[0259] Organic light-emitting devices having the following
structure were prepared:

[0260] ITO/HIL/HTL/LEL/Cathode

[0261] wherein ITO is an indium-tin oxide anode; HIL. is a
hole-injecting layer comprising a hole-injecting material,
HTL is a hole-transporting layer, and LEL is a light-emitting — —
layer containing a metal complex and a host polymer and :

formed by spin-coating. /N
[0262] A substrate carrying ITO was cleaned using CH N N
UV/Ozone. A hole injection layer was formed to a thickness e Z N

of about 35 nm by spin-coating an aqueous formulation of a Ir
hole-injection material available from Plextronics, Inc. A
hole transporting layer was formed to a thickness of about 22
nm by spin-coating Hole-Transporting Polymer 1 and
crosslinking the polymer by heating. A light-emitting layer
was formed by depositing a light-emitting composition con- L —3
taining a host polymer doped with red, green and blue light-
emitting metal complexes to a thickness of about 75 nm by
spin-coating. A cathode was formed by evaporation of a first
layer of a sodium fluoride to a thickness of about 2 nm, a Blue Phosphorescent Emitter 2
second layer of aluminum to a thickness of about 100 nm and

a third layer of silver to a thickness of about 100 nm.

[0263] Theblue light-emitting metal complex was complex

selected from Blue Phosphorescent Emitter 1 and Blue Phos-

phorescent Emitter 2; the green emitting metal complex was

Green Phosphorescent Emitter 1 described above; and the

red-emitting metal complex was Red Phosphorescent Emitter

1, as described in WO/2012/153082.

N\ ¥

Cells

>Ir

/

|O |O — —'3

Ir/
A Red Phosphorescent Emitter 1
Nt
_ !
Pr
Blue Phosphorescent Emitter 1 [0264] The composition of white device examples and

comparative white devices is provided in Table 6.

TABLE 6
Light-emitting
layer

Host Blue composition Vat Tat Vat

polymer emitter (wt %) lkedm2 1kedm2 10mA/em2
White Polymer Blue 1 53:45:1:1 5.87 3.50 6.8
Device Example 3
Example 1
Comparative Comparative  Blue 1 53:45:1:1 6.71 37 7.69
White Polymer 2

Device 1



US 2014/0151660 Al

TABLE 6-continued

26

Light-emitting
layer
Host

polymer

Blue

emitter

composition

(wt %) 1 ked/m2

Vat Jat
1 ked/m2

Vat

10 mA/em2

White Blue 2

Device

Polymer 63:35:1:1 5.87

Example 3
Example 2

Comparative Blue 2 63:35:1:1 7.22 33
White

Device 2

Comparative

Polymer 2

3.30

6.9

8.59

[0265] The light-emitting layer composition given in Table
6 is the Host Polymer: Blue Emitter:Green Emitter:Red Emit-
ter ratio.

[0266] Table 6 shows that devices of the invention have
higher conductivity than the comparative devices.

HOLE-TRANSPORTING POLYMER EXAMPLES

[0267] Hole-transporting polymers of the invention con-
taining repeat units of formula (I) and hole-transporting
amine repeat units, and comparative hole-transporting poly-
mers, were prepared by Suzuki polymerisation as described
in WO 00/53656 using monomers as shown in Table 7.

TABLE 7

Peak

average

Viscosity ~ Weight

average average

Polymer

Diester
monomer

(mol %)

Dihalo

monomers
(mol %)

weight
(Mz)

weight
(Mw)

weight
(Mp)

Number

average

weight
(Mn)

molecular molecular molecular molecular

Pd

Polymer
Example 10

Comparative
Polymer 10
Polymer
Example 11

Comparative
Polymer 11

Monomer
Example 1
(50)

7 (50)

Monomer
Example 1
(50)

7 (50)

15 (42.5)
16 (7.5)

15 (42.5)
16 (7.5)
17 (42.5)
16 (7.5)

17 {40)
18 (5)
19 (5)

498,000

403,000

367,000

352,000

243,000

224,000

187,000

147,000

243,000

215,000

182,000

118,000

16,000

43,000

108,000

15,000

14.83

9.08

10.08

Monomer 15

O g0

CeHy7

CgHy7

Monomer 16

Br.

-continued

Br
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-continued

Monormer 17

H-C4H9 H-C4H9

Monomer 18

Br 0.0 Br
\ /

Monomer 19

A
0

[0268] Energy Levels

[0269] Polymer Example 10 has a HOMO level of 5.14 eV
and a LUMO level of about 1.9 eV as measured by cyclic
voltammetry.

[0270] Polymer Example 11 has a HOMO level of 5.05 eV
and a LUMO Ilevel of about 1.9 eV as measured by cyclic
voltammetry.

[0271] Photoluminescence Measurements—Phosphores-
cent Green Blends

[0272] A 95:5 weight % composition of Polymer Example
10 and Green Phosphorescent Emitter 1 was dissolved in
mixed xylenes and cast by spin-coating on a glass substrate.
For the purpose of comparison, a comparative composition
containing Comparative Polymer 10 in place of Polymer
Example 10 was cast in the same way.

[0273] With reference to Table 8, photoluminescence quan-
tum yield (PLQY) for the exemplary composition is much
higher than that of the comparative composition, indicating
that the exemplary polymer causes little or no quenching of
phosphorescence of the green phosphorescent emitter. This
indicates that the exemplary hole-transporting polymers may
be used as hole-transporting materials of a hole-transporting
layer without causing significant quenching of phosphores-
cence from an adjacent light-emitting layer.
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TABLE 8
Polymer PLQY/% CIEX CIEY
Comparative 48 0.296 0.629
Polymer 10
Polymer 74 0.291 0.635
Example 10
[0274] Photoluminescence Measurements—Phosphores-

cent Blue Blends

[0275] A 95:5 weight % composition of Polymer Example
11 and Blue Phosphorescent Emitter 1 was dissolved in
mixed xylenes and cast by spin-coating on a glass substrate.
For the purpose of comparison, a comparative composition
containing Comparative Polymer 11 in place of Polymer
Example 11 was cast in the same way.

[0276] Withreference to Table 9, photoluminescence quan-
tum yield (PLQY) for the exemplary composition is much
higher than that of the comparative composition, indicating
that the exemplary polymer causes little or no quenching of
phosphorescence of the blue phosphorescent emitter. This
indicates that the exemplary hole-transporting polymers may
be used as hole-transporting materials of a hole-transporting
layer without causing significant quenching of phosphores-
cence from an adjacent light-emitting layer.

TABLE 9

Polymer PLQY/% CIEX CIEY
Comparative 7 0.169 0.115
Polymer 11

Polymer 42 0.157 0.285
Example 11

Blue Device Example 3
[0277] A blue light-emitting device was prepared as

described for the Green Device Examples, except that the
hole-transporting layer was formed by spin-coating and
cross-linking Polymer Example 10 and the light-emitting
layer was formed by spin-coating Polymer Example 1 (55
weight %) and Blue Phosphorescent Emitter 1 (45 weight %).
The device emitted light having a peak at 473 nm.

Blue Device Example 4

[0278] A blue light-emitting device was prepared as
described for the Blue Device Example 3, except that Poly-
mer Example 11 was used to form the hole-transporting layer.
The device emitted light having a peak at 476 nm.

[0279] Although the present invention has been described
in terms of specific exemplary embodiments, it will be appre-
ciated that various modifications, alterations and/or combi-
nations of features disclosed herein will be apparent to those
skilled in the art without departing from the scope of the
invention as set forth in the following claims.
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1. A polymer comprising repeat units of formula (I) and
one or more co-repeat units:

R, @,

Ar! Sp

Ar! in each occurrence independently represent an aryl or
heteroaryl group;

R and R? in each occurrence independently represent a
substituent;

p independently in each occurrence is 0 or a positive inte-
ger;

Sp represents a spacer group comprising at least one car-

bon or silicon atom spacing the two groups Ar' apart;
and

each group Ar' is bound to an aromatic group of a co-repeat
unit.
2. A polymer according to claim 1 wherein Ar' is an aryl
group and the Ar' groups may be the same or different.

3. A polymer according to claim 2 wherein each Ar' is
phenyl.

4. A polymer according to claim 3 wherein the repeat unit
of formula (I) has formula (Ia):

<I|<2j),, _ K
/ N\,
ey "

(R,

(Ia)

5. A polymer according to claim 4 wherein the repeat unit
of formula (I) has formula (Ib):

R? R!
4€< ;— Sp —<} />>*
R! R?

6. A polymer according to claim 1 wherein Sp represents a
C, 5 alkyl chain wherein one or more non-adjacent C atoms
of the chain may be replaced with O, S, —NR,;—,
—SiR,,*—, —C(=0)— or —COO— and wherein R'! in
each occurrence is independently H or a substituent.

(Ib)

7. A polymer according to claim 1 wherein R' in each
occurrence is independently a C, _,, alkyl.

8. A polymer according to claim 1 wherein the one or more
co-repeat units include a charge-transporting repeat unit.
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9. A polymer according to claim 8 wherein the charge-
transporting repeat unit has formula (VII):

(Arf), T—(Af’)d
R13
(4

wherein Ar® and Ar’ in each occurrence are independently
selected from substituted or unsubstituted aryl or heteroaryl,
g is greater than or equal to 1, R*? is H or a substituent, ¢ and
dare each independently 1, 2 or 3; and any two of Ar®, Ar” and
R*? directly linked to the same N atom may be linked by a
direct bond or a divalent linking group.

10. A polymer according to claim 9 wherein the charge-
transporting repeat unit has formula (VIII):

(VI

(VII)
(A%, YYY (4,
Y\(L

(Ar'%),

wherein Ar®, Ar’ and Ar'® are in each occurrence indepen-
dently selected from substituted or unsubstituted aryl or het-
eroaryl; z in each occurrence is independently at least 1,
optionally 1, 2 or 3, preferably 1, and Y is N or CR'*, wherein
R'*is H or a substituent, preferably Hor C,_,, alkyl.

11. A monomer of formula (Im):

(Im)
®)  ®,

LG%@*Sp*@%LG
C C
Il{l Il{l

wherein LG is a leaving group capable of leaving in a cou-
pling reaction to form a carbon-carbon bond between Ar1 and
an aromatic or heteroaromatic group, and Ar', R', R? p and
Sp are as defined in claim 1.

12. A monomer according to claim 11 wherein each LG is
independently selected from the group consisting of halo-
gens; boronic acids; boronic esters; sulfonic acids; and sul-
fonic esters.

13. A method of forming a polymer comprising the step of
polymerising a monomer according to claim 11 or 12 and one
or more co-monomers for forming the one or more respective
co-repeat units.

14. A composition comprising a polymer according to
claim 1 and at least one light-emitting dopant.

15. A composition according to claim 14 wherein the
dopant is a phosphorescent dopant.

16. A formulation comprising a polymer or a composition
according to claim 14 or 15 and at least one solvent.

17. An organic light-emitting device comprising an anode,
a cathode and one or more organic layers between the anode
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and cathode including a light-emitting layer wherein at least
one of the one or more organic layers comprises a polymer
according to claim 15.

18. An organic light-emitting device wherein the organic
light-emitting layer comprises a composition according to
claim 17.

19. An organic light-emitting device wherein the organic
layers comprise a hole-transporting layer between the anode
and the light-emitting layer, the hole-transporting layer com-
prising a polymer according to claim 18.

20. A method of forming an organic light-emitting device
according to claim 18 comprising the step of forming the
light-emitting layer over one ofthe anode and the cathode and
forming the other of the anode and the cathode over the
light-emitting layer.
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