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Polvmer and Organic Light-Emitting Device

Summary of the Invention

This invention relates to charge transporting and light-emitting polymers, in particular

for use in organic light-emitting devices.
Background of the Invention

Electronic devices comprising active organic materials are attracting increasing
attention for use in devices such as organic light emitting diodes, organic
photoresponsive devices (in particular organic photovoltaic devices and organic
photosensors), organic transistors and memory array devices. Devices comprising
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.

With reference to Figure 1, an organic light-emitting device (OLED) may comprise a
substrate 1 carrying an anode 2, a cathode 4 and an organic light-emitting layer 3

between the anode and cathode comprising a light-emitting material.

In operation, holes are injected into the device through the anode 2 and electrons are
injected through the cathode 4 during operation of the device. Holes and electrons
combine in the light-emitting layer to form an exciton that releases its energy as light.
The colour of light emitted from the device depends, at least in part, on the HOMO-
LUMO bandgap (that is, the highest occupied molecular orbital — lowest unoccupied

molecular orbital bandgap) of the light emitting material.

Suitable light-emitting materials include small molecule, polymeric and dendrimeric
materials. Suitable light-emitting polymers for use in layer 3 include conjugated
polymers (that is, polymers in which adjacent repeat units in the polymer backbone
are conjugated together) for example poly(arylene vinylenes) such as poly(p-

phenylene vinylenes) and polyarylenes such as polyfluorenes.

Alternatively or additionally, the light emitting layer may comprise a semiconducting
host material and a light-emitting dopant wherein energy 1s transferred from the host
material to the light-emitting dopant. For example, J. Appl. Phys. 65, 3610, 1989
discloses a host material doped with a fluorescent light-emitting dopant (that is, a

light-emitting material in which light is emitted via decay of a singlet exciton) and



Appl. Phys. Lett., 2000, 77, 904 discloses a host material doped with a
phosphorescent light emitting dopant (that is, a light-emitting material in which light
is emitted via decay of a triplet exciton). In order to function effectively as a host it is
necessary for the relevant excited state energy level of the host material to be higher
than that of the luminescent dopant that the host is to be used with (for example, the
singlet excited state energy level S; for a fluorescent emitter and the triplet excited

state energy level T; for a phosphorescent emitter).

Use of a conjugated polymer, either as a light-emitting material or as a host material,
may offer numerous advantageous properties such as polymer solubility, enabling the
material to be deposited by solution coating or printing techniques such as spin-

coating or inkjet printing, and high conductivity.

However, conjugation between adjacent repeat units of a conjugated polymer has the
effect of lowering the excited state energy levels of the polymer as compared to the
excited state energy levels of the monomers from which those repeat units are
derived; for example, conjugating a plurality of fluorene units together creates a
conjugated chain with a lower excited state energy level than that of the isolated
repeat units. Accordingly, the presence of extended conjugation along the backbone
of a polymer may limit the colour of emission that is achievable with that polymer, in
particular at the short wavelength (blue) end of the visible spectrum, and / or the range

of light-emitting dopants that the polymer can function as a host for.

WO 2005/013386 discloses an organic light-emitting device comprising a host
polymer material and a luminescent metal complex wherein the polymer material may

comprise partially or fully non-conjugated repeat units.

WO 02/066537 discloses conjugated polymers comprising repeat units that are
twisted out of the plane of the polymer backbone in order to reduce stacking between

polymer chains and decrease conjugation of the polymer.

WO 02/26856 discloses polymers comprising repeat units of formula (I):

X



wherein X is such that there is a torsion angle of at least 5° between the bond a-b and

the bond c-d about the bond b-d.

Separately, it has been postulated that the presence of triplet excitons, which may
have relatively long-lived triplet excited states, can be detrimental to OLED lifetime
as a result of triplet-triplet or triplet-singlet interactions (OLED lifetime as used herein
means the length of time taken for the luminance of the OLED at constant current to

fall by 50% from an initial luminance value).

US 2007/145886 discloses an OLED comprising a triplet-quenching material to

prevent or reduce triplet-triplet or triplet-singlet interactions.
Summary of the Invention

In a first aspect the invention provides a light-emitting composition including a
fluorescent light-emitting material and comprising a polymer comprising a
conjugating repeat unit and a non-conjugating repeat unit in a backbone of the

polymer, wherein:

the conjugating repeat unit provides at least one conjugation path between repeat units

linked thereto;

the non-conjugating repeat unit reduces conjugation of the polymer as compared to a

polymer in which the non-conjugating repeat unit is absent; and

a triplet excited state energy level of the light-emitting material is higher than a triplet

excited state energy level of the non-conjugating repeat unit.

Optionally, the non-conjugating repeat unit does not provide any conjugation path

between repeat units linked thereto.
Optionally, the fluorescent light-emitting material is a repeat unit of the polymer.

Optionally, the fluorescent light-emitting repeat unit of the polymer comprises a

repeat unit of formula (V):

_(Ar1 )o ’\Il_(Arz)qji
R n

V)



wherein Ar' and Ar? in each occurrence are independently selected from optionally
substituted aryl or heteroaryl, n is greater than or equal to 1, preferably 1 or 2, Ris H
or a substituent, preferably a substituent, p and q are each independently 1, 2 or 3, and
any aryl or heteroaryl groups of the repeat unit of formula (V) may be linked to one

another by a direct bond or a divalent group.

Optionally, R is -(Ar’), wherein each Ar’ independently represents an optionally

substituted aryl or heteroaryl group and r is at least 1.

Optionally, the non-conjugating repeat unit is linked to adjacent repeat units such that
that there is no conjugating path of alternating saturated and unsaturated bonds

between the adjacent repeat units.

Optionally, the non-conjugating repeat unit comprises at least one sp’ hybridised
carbon atom in at least one path between the repeat units that the non-conjugating

repeat unit is linked to.

Optionally, the non-conjugating repeat unit is twisted out of the plane of at least one

adjacent repeat unit.

Optionally, the conjugating repeat unit comprises an optionally substituted arylene

repeat unit.

Optionally, the conjugating repeat unit comprises a repeat unit of formula (IV):

R1/ \RZ
(V)

wherein R' and R” are independently H or a substituent and wherein R' and R? may

be linked to form a ring.
Optionally, the non-conjugating repeat unit does not comprise perylene.

Optionally, the non-conjugating repeat unit comprises the fluorescent light-emitting

material.

Optionally, the fluorescent light-emitting material comprises a repeat unit of formula

(V) and wherein R comprises a triplet-quenching group.



Optionally, the non-conjugating repeat units comprise at least 5 mol%, preferably at

least 10 mol%, of the total number of repeat units in the polymer.
Optionally, the polymer comprises at least two different conjugating repeat units.
Optionally,the polymer comprises at least two different non-conjugating repeat units.

In a second aspect the invention provides an organic light-emitting device comprising
an anode, a cathode and a light-emitting layer between the anode and the cathode
wherein the light-emitting layer comprises a light-emitting composition according to

the first aspect.

In a third aspect the invention provides a method of forming a light-emitting
composition according to the first aspect comprising the steps of polymerising a
polymerisation mixture comprising a monomer comprising a conjugating unit and a

monomer comprising a non-conjugating unit,

Optionally, the polymerisation mixture comprises a monomer comprising a light-

emitting unit.

Optionally, the polymerisation is a metal insertion polymerisation wherein each
monomer comprises at least two leaving groups capable of participating in the metal

insertion polymerisation.

Optionally, each leaving group is independently selected from halogen, preferably
bromine or iodine; a boronic acid or an ester thereof; and a sulfonic acid or a

derivative thereof.

In a fourth aspect the invention provides use of a non-conjugating, triplet quenching
repeat unit in a polymer to quench triplet excitons in a light-emitting composition and
to reduce conjugation of the polymer as compared to a polymer in which the non-
conjugating repeat unit is absent, the light-emitting composition including a
fluorescent light-emitting material and comprising a polymer comprising a
conjugating repeat unit and the non-conjugating, triplet quenching repeat unit in a

backbone of the polymer, wherein:

the conjugating repeat unit provides at least one conjugation path between repeat units

linked thereto; and

a triplet excited state energy level of the light-emitting material is higher than a triplet

excited state energy level of the non-conjugating, triplet quenching repeat unit.



Description of the Drawings

The invention will now be described in more detail with reference to the drawings in

which:
Figure 1 schematically illustrates an organic light-emitting device;

Figure 2 is an energy transfer diagram illustrating emission of light from a fluorescent

OLED and quenching of triplet excitons;

Figure 3 illustrates lifetime of comparative devices;

Figure 4 illustrates triplet density of comparative devices;

Figure 5 illustrates delayed fluorescence from comparative devices; and

Figure 6 illustrates delayed fluorescence with a de-trapping pulse from comparative

devices.
Detailed Description of the Invention

Figure 2 illustrates an energy transfer mechanism for an OLED comprising an light
emitting polymer (that is, a polymer comprising light-emitting repeat units) wherein
the light-emitting polymer has a singlet excited state energy level Sig and a singlet

ground state energy level Sop. For the avoidance of any doubt, energy levels are not

drawn to any scale.

Singlet excitons having energy Sir decay by emission of fluorescent light

hv, illustrated by the solid arrow between Sg and Sgg in Figure 1, however triplet
excitons having energy T,z may not radiatively decay to Sor because this process is
spin-forbidden. Consequently, triplet excitons may build up and triplet-triplet exciton
interactions or triplet-singlet exciton interactions may create “super-excited” states on
the light-emitting polymer. Without wishing to be bound by any theory, it is believed
that formation of these highly energetic super-excited states on the light emitting
polymer may be detrimental to OLED lifetime. By providing a triplet quenching unit
having an excited triplet state energy level Tq that is lower than T, it is possible for

triplet excitons to be transferred for quenching to the triplet accepting unit.
However, the present inventors have found that the lifetime of a fluorescent OLED
composition including a polymer containing conjugating units and non-conjugating

units is significantly reduced as compared to a light-emitting polymer without non-



conjugating units even if the light-emitting polymer is blended with a triplet

quenching material.

Moreover, the present inventors have found that OLEDs comprising polymers with
non-conjugating units have a relatively high triplet exciton density as compared to

OLEDs comprising light-emitting polymers without said non-conjugating units.

Without wishing to be bound by any theory, it is believed that triplet excitons are able
to move relatively freely along a conjugated polymer chain (the triplet exciton
diffusion being governed by Dexter transfer), but become trapped on the polymer
chain when reaching a break in conjugation. Consequently, blending a triplet
quenching material blended with a polymer comprising non-conjugating units is not
as effective in increasing OLED lifetime as compared to an OLED comprising a
polymer without the non-conjugating units because the triplet excitons on a polymer
comprising non-conjugating units have a slower diffusion rate and so are less likely to

encounter the triplet quenching material.

In order to increase the likelihood of triplet excitons encountering a triplet quenching
material, the present invention provides a conjugated polymer comprising repeat units
that both reduce or break conjugation along the polymer backbone and provide a
triplet exciton quenching site. Without wishing to be bound by any theory, it is
believed that the provision of triplet quenching units at non-conjugating sites of the
polymer serve to quench triplet excitons that would otherwise build up at the non-

conjugating sites due to the reduced mobility of the triplet excitons at those sites.

Light-emitting composition

The polymer comprises both conjugating repeat units and non-conjugating, triplet
quenching repeat units. The polymer may provide one or more of light-emitting,
electron transporting and / or hole transporting functionality, and may comprise
further repeat units to provide one or more of those functions. Alternatively, one or

more of those functions may be provided by materials blended with the polymer.

For example, the polymer may comprise two or more regions selected from hole
transporting regions, electron transporting regions and emissive regions as disclosed
in, for example, WO 00/55927 and U.S. Pat. No. 6,353,083, and more than one
function may be performed by a single region. In particular, a single region may be

capable of both charge transport and emission.



Each region may comprise a single repeat unit, ¢.g. a triarylamine repeat unit may be
a hole transporting region. Alternatively, each region may be a chain of repeat units,
such as a chain of polyfluorene units as an electron transporting region. Each region
within such a polymer may independently be provided along the polymer backbone,
as per U.S. Pat. No. 6,353,083, or as groups pendant from the polymer backbone as
per WO 01/62869.

Light-emitting material

The light-emitting material may be a separate material that is blended with the
polymer comprising conjugating and non-conjugating repeat units. Alternatively, the

light-emitting material may be provided as a repeat unit of that polymer.

Exemplary light-emitting repeat units include repeat units of formula (V):

_(AI"1 )p N_(Arz)qﬁi
R n

V)
wherein Ar' and Ar? in each occurrence are independently selected from optionally
substituted aryl or heteroaryl groups, n is greater than or equal to 1, preferably 1 or 2,

R is H or a substituent, preferably a substituent, and p and q are each independently 1,

2or3.
R is preferably alkyl or -(Ar’),, wherein Ar’ and r are as described above.

Any of Ar', Ar® and Ar’ may independently be substituted with one or more

substituents. Preferred substituents are selected from R as described above.

Any of the aryl or heteroaryl groups in the repeat unit of Formula (V) may be linked
by a direct bond or a divalent linking atom or group. Preferred divalent linking atoms

and groups include O, S, substituted N and substituted C.

Where present, substituted N or substituted C of the divalent linking group may

independently in each occurrence be -NR® or -CR%,-.

In one preferred arrangement, R is Ar’ and each of Ar', Ar* and Ar are independently

and optionally substituted with one or more C; 5 alkyl groups.

Preferred units satisfying Formula 1 include units of Formulae 1-3:



Ar’ A2 —— Ar] AP— Ar! Ar?—
N N/
/N —Ar2>—N |
AP \Ar3 Ar® ‘|\r3
N
RN R
1 2 3

wherein Ar' and Ar” are as defined above; and Ar is optionally substituted aryl or
heteroaryl and wherein each R’ is independently selected from the group consisting of

alkyl and aryl or heteroaryl optionally substituted with one or more alkyl groups.

Where present, optional substituents for Ar’ may be as described above with respect

to formula (V).

In another preferred arrangement, aryl or heteroaryl groups of formula (V) are phenyl,

each phenyl group being optionally substituted with one or more alkyl groups.

In another preferred arrangement, Arl, Ar? and Ar’ are phenyl, each of which may be

substituted with one or more Cy5 alkyl groups, and r = 1.

In yet another preferred arrangement, Ar', Ar® and Ar’ are phenyl, each of which may
be substituted with one or more Cj0 alkyl groups, r = 1 and Ar' and Ar” are linked by

an O or S atom.

When used as a light-emitting material, the unit of formula (V) the proportion of

arylamine repeat units may be up to about 30 mol %.

The polymer optionally is a blue light-emitting polymer, optionally a polymer that
photoluminesces with a CIE(y) value of less than 0.2.

Non-conjugating, triplet quenching repeat units

The non-conjugating, triplet quenching repeat unit reduces conjugation of the polymer
as compared to a polymer in which that unit is absent, and may be provided by one or

more of’

1) linking a triplet quenching repeat unit through atoms of the repeat unit such that that

there is no path of alternating saturated and unsaturated bonds, in particular



alternating single bonds and double bonds, between repeat units that are linked to the

non-conjugating repeat unit, and

ii) forming a twist between a repeat unit and at least one adjacent repeat unit such that
pi orbitals of the repeat unit and the at least one adjacent repeat unit are not in the
same plane, thereby reducing or eliminating overlap of pi orbitals of adjacent repeat

units.
With respect to (1), this may be achieved by:

(a) providing one or more non-conjugating atoms, such as one or more sp’ hybridised

carbon atoms, in the conjugation path and / or

(b) selecting the atoms through which the repeat unit is linked to adjacent repeat units
such that there is no path of alternating saturated and unsaturated bonds between

repeat units that are linked to the non-conjugating repeat unit.

With reference to (i)(b), the effect of selection of the linking position of a repeat unit

on conjugation to adjacent repeat units is illustrated by the following:

In this case, the 1,4 linkage of phenyl unit B provides for a conjugation path between
units A and C, and a resonance structure of the 3 units can be drawn. If, however,
linkage is through the 1,3-positions then there is no path of alternating double and

single bonds between units A and C:

Therefore, it will be appreciated that while a repeat unit may itself be internally
conjugated, the positions through which that repeat unit is linked may determine
whether or not the repeat unit is a conjugating repeat unit providing a conjugation

path between repeat units linked thereto.

10



With respect to (ii), this may be achieved by placing on or more substituents on a
triplet quenching repeat unit so as to create steric hindrance between the triplet
quenching unit and one or more adjacent repeat units so as to induce a twist. In
particular, one or more substituent(s) located on an atom or atoms adjacent to a
linking position of a triplet quenching unit may induce a twist between the triplet
quenching unit and an adjacent unit. The substituent or substituents may be provided
on the triplet quenching unit or on the adjacent unit. In one arrangement, one
substituent may be on an atom of the triplet quenching unit adjacent to the linking
atom of the triplet quenching unit, and one substituent may be on an atom of the
adjacent unit adjacent to the linking atom of the adjacent unit so as to create steric

hindrance between the two substituents.

A reduction in polymer conjugation upon introduction of a non-conjugating unit may
be evidenced by any one of the following changes as compared to a polymer not
comprising the non-conjugating unit: a shift in peak photoluminescent emission from
the polymer towards a shorter wavelength, optionally a reduction of at least 0.01 in
the polymer’s photoluminescent CIE(y) value; or a reduction in electron current,

which is measurable with an electron-only device.

Exemplary non-conjugating triplet quenching repeat units include aromatic or
heteroaromatic compounds comprising one or more mono- or polycyclic rings non-
conjugatively linked to adjacent repeat units, and optionally including one or more
alkenyl or alkynyl groups, for example polyaromatic hydrocarbons such as
anthracenes and anthanthrenes and derivatives thereof; distyryl aryls and derivatives
thereof such as distyrylbenzenes, distyrylbiphenyls, stilbenes, fulvenes,
dibenzofulvenes, linear polyenes (from 2 to 6 alkenes) including cyclic polyenes such
as cyclooctatetraene and further materials described in Handbook of Photochemistry,
2™ Edition, Steven L Murov, Ian Carmichael and Gordon L Hug, the contents of
which are incorporated herein by reference. Each said repeat unit may optionally be
substituted, for example substituted with one or more groups R1 as described below
with reference to repeat unit (IV). For example, each said non-conjugating triplet
quenching repeat unit may be substituted with one or more alkyl groups, such as one

or more Cj_alkyl groups.

11



It will be appreciated that the suitability of any given repeat unit for use as a triplet
quenching repeat unit will depend on whether that unit has a triplet excited state

energy level lower than that of the emitter.

A group that provides triplet-quenching functionality may itself be inserted into the
polymer backbone in such a way that a break in conjugation is formed along the
polymer backbone. Alternatively, the triplet-quenching group may be pendent from a
unit in the polymer backbone that provides a break in conjugation, such as in a repeat

unit of formula (IT):

(1)
wherein CB is a conjugation breaking unit; Sp is a spacer group, such as an alkyl

group, TQ is a triplet quenching group; and mis 0 or 1.

For example, the N atom(s) of the repeat unit of formula (V) form a break in
conjugation along the polymer backbone and so this unit, may be substituted with any
suitable triplet quenching unit to form the non-conjugating, triplet quenching unit.
The substituent —(Sp)-TQ may be provided as substituent R or as a substituent of Ar®
of formula (V).

The triplet quenching, non-conjugating repeat units optionally comprise at least 5 mol
%, optionally at least 10 mol % of the total number of moles of repeat units in the

polymer. One optional range is 15-50 mol %.

The triplet quenching, non-conjugating repeat units may have formula (I), wherein
TQNC is the triplet quenching, non-conjugating repeat unit, * indicates the

connecting bonds of the repeat unit 0 is in the range of 120°-180°:

12
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Conjugating repeat units

The conjugating repeat units provide at least one conjugation path between repeat
units linked thereto such that the repeat units linked thereto are conjugatively linked.
More specifically, each conjugating repeat unit provides a path of alternating double
bonds and single bonds capable of conjugating the repeat unit to unsaturated bonds of

adjacent repeat units.

The conjugating repeat units may provide one or more of hole transporting, electron

transporting and light-emitting functionality.

Exemplary conjugating repeat units include optionally substituted polyarylenes or
polyheteroarylenes such as: optionally substituted polyfluorenes, in particular
polymers comprising 2,7-linked fluorene repeat units; polyindenofluorenes,
particularly 2,7-linked polyindenofluorenes; and polyphenylenes, particularly poly-
1,4-phenylenes. Another class of materials are arylene vinylenes, such as phenylene
vinylenes. Such polymers are disclosed in, for example, Adv. Mater. 2000 12(23)
1737-1750 and references therein. Exemplary substituents for these repeat units
include alkyl, alkoxy, alklythio, dialkylamino, and optionally substituted aryl and
heteroaryl groups. Conjugated chains of arylene repeat units, for example chains of
fluorene repeat units, may provide electron transporting functionality. One or more
different conjugating repeat units may be provided in the polymer, for example
conjugating repeat units comprising the same arylene backbone unit but with different

substituents and / or different conjugating arylene backbone units.

Conjugating repeat units may optionally be provided in an amount in the range of 50

— 95 mol % of the total number of repeat units in the polymer, and the percentage

13



incorporation of non-conjugating repeat units may be dependent on the percentage of
conjugating repeat units present and the extent to which breaks in conjugation are

required.

Particularly preferred conjugating arylene repeat units comprise optionally substituted

fluorenes, such as repeat units of formula I'V:

R' R?
(IV)
wherein R' and R are independently H or a substituent and wherein R' and R* may

be linked to form a ring.

R' and R? are optionally selected from the group consisting of hydrogen; optionally
substituted alkyl wherein one or more non-adjacent C atoms of the alkyl group may
be replaced with O, S, substituted N, C=0 and -COO-; and optionally substituted -
(Ar’), wherein Ar’ in each occurrence is independently selected from aryl or

heteroaryl and r in each occurrence is independently at least 1, optionally 1, 2 or 3.

In the case where R' or R? comprises alkyl, optional substituents of the alkyl group
include F, CN, nitro, and aryl or heteroaryl optionally substituted with one or more
groups R* wherein each R is independently alkyl in which 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.

In the case where R' or R comprises aryl or heteroaryl, each aryl or heteroaryl group
may independently be substituted. Preferred optional substituents for the aryl or

heteroaryl groups include one or more substituents R* consisting of:

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 or aryl or heteroaryl optionally substituted with one or more

groups R’
aryl or heteroaryl optionally substituted with one or more groups R”,

NR>,, OR’, SR®, and

14



fluorine, nitro and cyano;

wherein each R is independently selected from the group consisting of alky! and aryl

or heteroaryl optionally substituted with one or more alkyl groups.

Where present, substituted N in repeat units of formula (IV) may independently in
each occurrence be NR> or NR® wherein R is alkyl or optionally substituted aryl or
heteroaryl. Optional substituents for aryl or heteroaryl groups R® may be selected
from R* or R’

Optional substituents for the fluorene unit, other than substituents R! and R? are
preferably selected from the group consisting of alkyl wherein one or more non-
adjacent C atoms may be replaced with O, S, substituted N, C=0 and -COO-,

optionally substituted aryl, optionally substituted heteroaryl, fluorine, cyano and nitro.

In one preferred arrangement, at least one of R' and R? comprises an optionally
substituted C;-Cy alkyl or an optionally substituted aryl group, in particular phenyl

substituted with one or more Cj0 alkyl groups.

Further repeat units

Further repeat units may be provided in the polymer comprising conjugating and
triplet quenching, non-conjugating repeat units in order to provide one or more of hole

transporting, electron transporting and light-emitting functionality.

Further repeat units suitable for inclusion in the polymer to provide hole transport and
/ or light-emission include arylamine repeat units, for example repeat units of formula

(V) described above that are not substituted with any triplet-quenching groups.

The non-conjugating repeat units, conjugating repeat units and further repeat units
described above all have only two linking positions which when polymerised together
form linear polymers. However, it will be appreciated that any of these repeat units
may be provided with more than two linking positions, for example in order to form
starburst polymers. The maximum possible number of linking positions of a
monomer will correspond to the number of polymerisable leaving groups that it is

substituted with.

Relative energy levels and measurement

With reference to Figure 2, it will be appreciated that the light-emitting material has a

T, level that is higher than that of the triplet-quenching non-conjugating repeat unit

15



that it is to be used with in order that the triplet exciton may be transferred from the

light-emitting material to the non-conjugating triplet quenching repeat unit.

Preferably, the T, level of the light-emitting material is at least kT higher than the T
level of the non-conjugating triplet quenching repeat unit in order to avoid back-
transfer of excitons from the non-conjugating triplet quenching repeat unit to the

light-emitting material.

Likewise, the S; level of the light-emitting material is preferably at least kT lower
than that of the triplet quenching repeat unit.

The T and S; levels of the triplet quenching unit can be measured from the
fluorescence and phosphorescence spectra, respectively, of the monomer. The non-
conjugating nature of the triplet quenching unit means that these values will not
change significantly upon introduction of the unit into the polymer. Likewise, T1 and
S1 levels of the polymer may be measured from their fluorescence and
phosphorescence spectra. Measurement techniques are known to the skilled person as
described in, for example,Y.V. Romaovskii et al, Physical Review Letters, 2000, 85
(5), pl027 and A. van Dijken et al, Journal of the American Chemical Society, 2004,
126, p7718. Additionally or alternatively, triplet energy levels of numerous materials
suitable for use as the triplet quenching unit can be found in Handbook of

Photochemistry, 2™ Edition, Steven L Murov, lan Carmichael and Gordon L Hug.

Polymer synthesis

Preferred methods for preparation of the polymer include metal insertion
polymerisations wherein the metal atom of a metal complex catalyst is inserted
between an aryl or heteroaryl group and a leaving group of a monomer in order to
form the desired repeat unit. Exemplary metal insertion methods are Suzuki
polymerisation as described in, for example, WO 00/53656 and Yamamoto
polymerisation as described in, for example, T. Yamamoto, "Electrically Conducting
And Thermally Stable © - Conjugated Poly(arylene)s Prepared by Organometallic
Processes"”, Progress in Polymer Science 1993, 17, 1153-1205. In the case of
Yamamoto polymerisation, a nickel complex catalyst is used; in the case of Suzuki

polymerisation, a palladium complex catalyst is used.
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For example, in the synthesis of a linear polymer by Yamamoto polymerisation, a
monomer having two reactive halogen groups is used. Similarly, according to the
method of Suzuki polymerisation, at least one reactive group is a boron derivative
group such as a boronic acid or boronic ester and the other reactive group is a
halogen. Preferred halogens are chlorine, bromine and iodine, most preferably

bromine.

It will therefore be appreciated that repeat units illustrated throughout this application
may be derived from a monomer carrying suitable leaving groups. Likewise, an end
group or side group may be bound to the polymer by reaction of a suitable leaving

group.

Suzuki polymerisation may be used to prepare regioregular, block and random
copolymers. In particular, homopolymers or random copolymers may be prepared
when one reactive group is a halogen and the other reactive group is a boron
derivative group. Alternatively, block or regioregular copolymers may be prepared
when both reactive groups of a first monomer are boron and both reactive groups of a

second monomer are halogen.

As alternatives to halides, other leaving groups capable of participating in metal
insertion include groups include sulfonic acids and sulfonic acid esters such as

tosylate, mesylate and triflate.

Polymer tuning

The proportion of non-conjugating repeat units, conjugating repeat units and further
repeat units may be selected in order to tune one or more properties of the polymer
including such as colour of emission or singlet or triplet excited state energy level.
On the other hand, it is preferable to keep the conductivity of the polymer as high as
possible. Preferably, photoluminescent efficiency of the polymer is at least 50%,
preferably at least 70%, of a corresponding polymer in which the triplet quenching,

non-conjugating repeat unit is absent.

Hole injection layers

A conductive hole injection layer, which may be formed from a conductive organic or

inorganic material, may be provided between the anode 2 and the light-emitting layer
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3 to assist hole injection from the anode into the layer or layers of semiconducting
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, polyacrylic acid or a fluorinated sulfonic acid, for
example Nafion ®; polyaniline as disclosed in US 5723873 and US 5798170; and
optionally substituted polythiophene 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.

Charge transporting layers

A hole transporting layer may be provided between the anode and the light-emitting
layer. Likewise, an electron transporting layer may be provided between the cathode

and the light-emitting layer.

Similarly, an electron blocking layer may be provided 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 ¢lectrons.

If present, a hole transporting layer located between anode 2 and light-emitting layer 3
preferably has a HOMO level of less than or equal to 5.5 eV, more preferably around

4.8-5.5 ¢V. HOMO levels may be measured by cyclic voltammetry, for example.

If present, an electron transporting layer located between light-emitting layer 3 and
cathode 4 preferably has a LUMO level of around 3-3.5 ¢V. For example, a layer of
a silicon monoxide or silicon dioxide or other thin diclectric layer having thickness in

the range of 0.2-2nm is provided between light-emitting layer 3 and layer 4.

A hole transporting layer may contain a polymer comprising hole transporting repeat
units of formula (V); likewise, an electron transporting layer may contain a polymer

comprising electron transporting repeat units of formula (IV).

Cathode
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Cathode 4 is selected from materials that have a workfunction allowing injection of
electrons into the light-emitting layer. Other factors influence the selection of the
cathode such as the possibility of adverse interactions between the cathode and the
light-emitting material. The cathode may consist of a single material such as a layer
of aluminium. Alternatively, it may comprise a plurality of metals, for example a
bilayer of a low workfunction material and a high workfunction material such as
calcium and aluminium as disclosed in WO 98/10621; elemental barium as disclosed
in WO 98/57381, Appl. Phys. Lett. 2002, 81(4), 634 and WO 02/84759; or a thin
layer of metal compound, in particular an oxide or fluoride of an alkali or alkali earth
metal, 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 ¢V, most preferably less than 3 eV. Work functions of metals can be found in, for

example, Michaelson, J. Appl. Phys. 48(11), 4729, 1977.

The cathode may be opaque or transparent. Transparent 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 conductivity
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.

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 aluminium. Examples of transparent cathode

devices are disclosed in, for example, GB 2348316.

Encapsulation

Organic optoelectronic devices tend to be sensitive to moisture and oxygen.
Accordingly, the substrate preferably has good barrier properties for prevention of

ingress of moisture and oxygen into the device. The substrate is commonly glass,
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however alternative substrates may be used, in particular where flexibility of the
device is desirable. For example, the substrate may comprise a plastic as in US
6268695 which discloses a substrate of alternating plastic and barrier layers or a

laminate of thin glass and plastic as disclosed in EP 0949850.

The device may be encapsulated with an encapsulant (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 as disclosed in, for example, WO
01/81649 or an airtight container as disclosed in, for example, WO 01/19142. 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 embodiment the thickness of such a layer is in the range of 20-300
nm. A getter material for absorption of any atmospheric moisture and / or oxygen that
may permeate through the substrate or encapsulant may be disposed between the

substrate and the encapsulant.

Solution processing

Suitable solvents for forming compositions of the polymer for solution processing
include many common organic solvents, such as mono- or poly-alkylbenzenes such as

toluene and xylene.

Particularly preferred solution deposition techniques including printing and coating

techniques such spin-coating and inkjet printing.

Spin-coating is particularly suitable for devices wherein patterning of the
electroluminescent material is unnecessary — for example for lighting applications or

simple monochrome segmented displays.

Inkjet printing is particularly suitable for high information 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.

20



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.

Other solution deposition techniques include dip-coating, roll printing and screen

printing.

Comparative Example 1 — Effect of non-conjugating units on OLED lifetime

Figure 3 is a plot of luminance against time for an OLED having the following

structure:
ITO/HIL/HTL /LEP/MF /Al

Wherein ITO is indium tin oxide; HIL is a layer of hole injection material available
from Plextronics Inc: HTL is a hole transporting polymer comprising fluorene repeat

units and amine repeat units as described above.

LEP is a light-emitting polymer (Polymer A) comprising fluorene repeat units and

less than 5 mol % amine repeat units as described above.

and the cathode is a bilayer cathode formed from a layer of metal fluoride (MF) and a

layer of aluminium.

Polymer A contains no non-conjugating repeat unit (other than the small percentage
of the amine emissive unit). Corresponding polymers B and C were prepared

comprising 5 and 15 mol % respectively of the following non-conjugating repeat unit:

The CIE (y) value for polymers A, B and C are 0.161, 0.161 and 0.148 respectively,
illustrating the blue-shifting effect of reducing conjugation in the polymer by
introduction of non-conjugating units. However, with reference to Figure 3, it can be
seen that lifetime decreases with increasing concentration of the non-conjugating

repeat unit.

Comparative Example 2 — Effect of non-conjugating units on triplet exciton density

Triplet densities were measured for polymers A and C, which have different

quantities of non-conjugating repeat units as discussed above.
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[t can be seen from the Figure 4 that triplet density is much higher for the device of
polymer C, which contains non-conjugating repeat units, indicating that the non-

conjugating repeat units cause a build-up of triplet excitons.

Comparative Example 3 — Effect of blending a triplet-quenching material with a

polymer comprising non-conjugating repeat units

Figure 5 illustrates delayed fluorescence from a device containing polymer A (which
contains no non-conjugating repeat unit other than the small percentage of the amine
emissive unit), polymer C (which contains 15 mol% of a non-conjugating repeat unit)

and polymer C blended with a triplet quenching material.

The intensity of delayed fluorescence from an OLED may be correlated to the triplet
density of that OLED because delayed fluorescence arises from triplet-triplet
annihilation. It can be seen from Figure 5 that introduction of non-conjugating repeat
units into polymer A in order to form polymer C results in a significant increase in
delayed fluorescence. Moreover, blending a triplet quenching material with polymer
C has little effect on intensity of delayed fluorescence, indicating that blending a
triplet quenching material with a polymer comprising non-conjugating units has little

effect on triplet density.

Figure 6 illustrates measurement of delayed fluorescence with a de-trapping pulse to
release any trapped charge Figure 6 is very similar to Figure 5, indicating that the
delayed fluorescence illustrated in Figure 5 is not due to recombination of de-trapped

charge but is in fact due to triplet-triplet annihilation.

Example 1

An OLED was prepared as described above in Comparative Example 1, except that 15
mol % of a non-conjugating, triplet quenching repeat unit was incorporated into the

polymer.

Although the present invention has been described in terms of specific exemplary
embodiments, it will be appreciated that various modifications, alterations and/or
combinations 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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Claims

1)

2)

3)

4)

A light-emitting composition including a fluorescent light-emitting material
and comprising a polymer comprising a conjugating repeat unit and a non-

conjugating repeat unit in a backbone of the polymer, wherein:

the conjugating repeat unit provides at least one conjugation path between

repeat units linked thereto;

the non-conjugating repeat unit reduces conjugation of the polymer as

compared to a polymer in which the non-conjugating repeat unit is absent; and

a triplet excited state energy level of the light-emitting material is higher than

a triplet excited state energy level of the non-conjugating repeat unit.

A light-emitting composition according to claim 1 wherein the non-
conjugating repeat unit does not provide any conjugation path between repeat

units linked thereto.

A light-emitting composition according to claim 1 or 2 wherein the fluorescent

light-emitting material is a repeat unit of the polymer.

A light-emitting composition according to claim 3 wherein the fluorescent

light-emitting repeat unit of the polymer comprises a repeat unit of formula

(V):
_(Ar1 )pfw_(Arz)qji
R n

(V)

wherein Ar' and Ar” in each occurrence are independently selected from
optionally substituted aryl or heteroaryl, n is greater than or equal to 1,
preferably 1 or 2, R is H or a substituent, preferably a substituent, p and q are
each independently 1, 2 or 3, and any aryl or heteroaryl groups of the repeat
unit of formula (V) may be linked to one another by a direct bond or a divalent

group.
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3)

6)

7)

8)

9)

10)

11)

12)

A light-emitting composition according to claim 4 wherein R is -(Ar’),
wherein each Ar’ independently represents an optionally substituted aryl or

heteroaryl group and r is at least 1.

A light-emitting composition according to any preceding claim wherein the
non-conjugating repeat unit is linked to adjacent repeat units such that that
there is no conjugating path of alternating saturated and unsaturated bonds

between the adjacent repeat units.

A light-emitting composition according to claim 6 wherein the non-
conjugating repeat unit comprises at least one sp> hybridised carbon atom in at

least one path between the repeat units that the non-conjugating repeat unit is
linked to.

A light-emitting composition according to any preceding claim wherein the
non-conjugating repeat unit is twisted out of the plane of at least one adjacent

repeat unit.

A light-emitting composition according to any preceding claim wherein the

conjugating repeat unit comprises an optionally substituted arylene repeat unit.

A light-emitting composition according to claim 9 wherein the conjugating

repeat unit comprises a repeat unit of formula (IV):

Iv)

wherein R' and R? are independently H or a substituent and wherein R' and

R’ may be linked to form a ring.

A light-emitting composition according to any preceding claim wherein the

non-conjugating repeat unit does not comprise perylene.

A light-emitting composition according to any preceding claim wherein the

non-conjugating repeat unit comprises the fluorescent light-emitting material.
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13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

A light-emitting composition according to claim 12 wherein the fluorescent
light-emitting material comprises a repeat unit according to claim 3 and

wherein R comprises a triplet-quenching group.

A light-emitting composition according to any preceding claim wherein the
non-conjugating repeat units comprise at least 5 mol%, preferably at least 10

mol%, of the total number of repeat units in the polymer.

A light-emitting composition according to any preceding claim wherein the

polymer comprises at least two different conjugating repeat units.

A light-emitting composition according to any preceding claim wherein the

polymer comprises at least two different non-conjugating repeat units.

An organic light-emitting device comprising an anode, a cathode and a light-
emitting layer between the anode and the cathode wherein the light-emitting
layer comprises a light-emitting composition according to any preceding

claim.

A method of forming a light-emitting composition according to any of claims
1-16 comprising the steps of polymerising a polymerisation mixture
comprising a monomer comprising a conjugating unit and a monomer

comprising a non-conjugating unit.

A method according to claim 18 wherein the polymerisation mixture

comprises a monomer comprising a light-emitting unit.

A method according to claim 18 or 19 wherein the polymerisation is a metal
msertion polymerisation wherein each monomer comprises at least two

leaving groups capable of participating in the metal insertion polymerisation.

A method according to claim 20 wherein each leaving group is independently
selected from halogen, preferably bromine or iodine; a boronic acid or an ester

thereof; and a sulfonic acid or a derivative thereof.

Use of a non-conjugating, triplet quenching repeat unit in a polymer to quench
triplet excitons in a light-emitting composition and to reduce conjugation of
the polymer as compared to a polymer in which the non-conjugating repeat
unit is absent, the light-emitting composition including a fluorescent light-

emitting material and comprising a polymer comprising a conjugating repeat
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unit and the non-conjugating, triplet quenching repeat unit in a backbone of

the polymer, wherein:

the conjugating repeat unit provides at least one conjugation path between

repeat units linked thereto; and

a triplet excited state energy level of the light-emitting material is higher than

a triplet excited state energy level of the non-conjugating, triplet quenching

repeat unit.
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