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Description

Technical field of the invention

[0001] Thisinvention relates to solid state organic light
emitting devices and to methods for triplet excitation
scavenging in such devices.

Background of the invention

[0002] The vivid interest in organic semiconductor ma-
terials is stimulated by the technological aspects of ap-
plications thatemploy these new materials in organic light
emitting diodes (OLEDSs), thin-film field-effect transistors,
solar cells and biological sensors. Some products, such
as emissive OLED displays, have gained rapid accept-
ance in portable displays because of their bright emission
and low power consumption. The remarkable technolog-
ical breakthroughs in the development of highly efficient
OLEDs and the demonstration of optically-pumped lasi-
ng using the same class of organic semiconductors have
focused an increasing interest in the prospects for mak-
ing electrically-pumped organic solid-state lasers. Lasing
action has been studied in a variety of optically pumped
structures (e.g., microcavities, distributed feedback
(DFB) structures,...) that demonstrate the feasibility of
organic thin-film materials as active laser media.

[0003] Electrical pumping of organic light-emitting de-
vices, however, has to date not been proven successful
in achieving any lasing emission. The combination of sev-
eral issues makes electrical excitation a particularly
tough problem for organic semiconductor lasers. They
suffer from considerable losses originating from the elec-
trical contacts, the depletion of excitations by junction
current (exciton-polaron quenching), absorption by po-
larons, exciton-exciton annihilation, etc... One of the main
problems associated with electrically pumped organic
semiconductor lasers is the inevitable population and ac-
cumulation of triplet excitations, which results in exces-
sive triplet-state losses preventing lasing (i.e. which re-
sults in excessive losses caused by triplet-state excita-
tions, and which in turn will prevent lasing), as e.g. de-
scribed by S. Verlaak et al. in "Numerical simulation of
tetracene light-emitting transistors: a detailed balance of
exciton processes", Applied Physics Letters, 2004, Vol.
85, p 2405. If conventional spin statistics applies, the
recombination of injected charge carriers leads to the
creation of a majority (e.g. about 75%) of (non-emissive)
triplet excitations in the active organic semiconductor lay-
er. Due to their long lifetime, these triplet excitations can
act as metastable species, which generally have fairly
high absorptions to the upper triplet state (triplet-triplet
absorption) at the expected fluorescent lasing wave-
length. Such a problem is inherent to organic materials
and is a well-known issue also in classical liquid-state
organic dye lasers employing highly fluorescent organic
dye molecules dissolved in organic solvents. Triplet-state
losses (i.e. losses caused by triplet-states) often limit the
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lasing performance of these dye lasers, especially at con-
tinuous wave (cw) operation. Consequently, organic dye
lasers normally operate in pulsed mode (with a pulse
duration of several nanoseconds) using a short-pulse
flash-lamp for pumping, since only in this way the accu-
mulation of dye molecules in the triplet state can be over-
come.

[0004] To circumvent this problem, a commonly ac-
cepted practice in liquid-state organic dye lasers is to use
the so-called triplet (excitation) scavengers. It was dem-
onstrated that the accumulation of dye molecules in the
triplet state can be reduced by adding such triplet scav-
enging molecules to the dye solution (e.g. as reported
by J.B. Marling et al in "Chemical quenching of the triplet
state in flashlamp-excited liquid organic lasers", Applied
Physics Letters, Vol. 17, Nr. 12, 1970). In this way
quenching of lasing emission by triplets might be almost
eliminated. To reduce triplet accumulation, the triplet (ex-
citation) scavenger molecule should meet a set of impor-
tant requirements. It should have the ability to accept a
triplet excitation from the dye molecules, implying that its
triplet level should be sufficiently low. At the same time
its singlet level should be high enough to prevent quench-
ing of singlet excitations of the dye molecules. This im-
plies thus that the S;-T splitting for the triplet scavenger
should be extraordinary large. Furthermore, it should
posses a reasonably short intrinsic triplet lifetime to de-
plete quickly the triplet population and/or have intrinsic
triplet-triplet absorption shifted far from the region of las-
ing of the dye molecules. In addition it should notenhance
intersystem crossing of the dye molecules to prevent con-
version of singlets into triplet excitations. This criterion
imposes limitations for employing compounds containing
heavy atoms (such as e.g. metal-organic complexes) as
triplet scavengers. Taking into account all these require-
ments, it is not surprising that there are just a very limited
number of efficient triplet scavengers available today.
[0005] A cyclic nonaromatic polyene, 1,3,5,7-cyclooc-
tatetraene (COT) is the most popular and efficient triplet
scavenger used in liquid-state organic dye lasers. This
is related to its unique combination of properties, namely
the ability to quench host triplets with an energy as small
as 0.8 eV and its very short triplet lifetime (~100 ps). The
use of COT as an efficient triplet scavenger for several
laser dye solutions is well documented. The mechanism
for the energy transfer process has also been investigat-
ed in detail. Unlike molecular oxygen, which is known as
a notorious triplet quencher due to its triplet ground state,
COT can quench the triplet state without increasing the
intersystem crossing rate and without oxidation of the
dye molecules. COT was also used in solid state dye
lasers (M. Ahmad et al., Optics Comm. 203, 327, (2002)
and A. Costela et al., Appl. Phys. B 67, 167 (1998)). COT
is a flexible molecule in the ground state and belongs to
the "non-classical" triplet acceptors, which exhibit anom-
alous non-vertical (non-adiabatic) triplet energy transfer.
It is known that quenching of a host triplet by a non-ver-
tical triplet scavenger such as COT requires a planariza-
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tion (and thus a structural reorganization or geometrical
distortion) of the COT molecule during the triplet transfer.
Given the need for a structural reorganization, it can be
expected that triplet quenching by non-vertical triplet en-
ergy transfer can only be obtained in an environment
wherein such a structural reorganization is not hindered,
such as e.g. in a liquid environment.

[0006] Classical vertical triplet energy transfer has
been well documented for solid films of conjugated sem-
iconducting polymers such as PPV derivatives, polyflu-
orenenes and MeLPPP. However, it is very difficult to
find vertical triplet scavengers that meet the requirements
(described above) for reducing triplet accumulation. An
important requirement for a suitable triplet scavenger is
avery large S¢-T, splitting. In addition the triplet scaven-
ger should (preferably) not enhance intersystem crossing
of the host molecules. An example of a vertical triplet
acceptor meeting these requirements is anthracene.
However, this molecule has along triplet lifetime (several
tens of ms), such that the triplet population is not reduced.

Aims of the invention

[0007] Itis an aim of the present invention to provide
methods for efficient triplet scavenging or quenching in
solid state organic materials, e.g. in solid state organic
light-emitting materials, in order to reduce a total triplet
population. This aim is achieved by incorporating a mol-
ecule exhibiting non-vertical triplet energy transfer (such
as e.g. a non-vertical triplet scavenger) in the solid state
organic material or at a distance from the solid state or-
ganic material that is smaller than the triplet exciton dif-
fusion length, e.g. at a distance smaller than 100 nm.

[0008] It was surprisingly found that this allows obtain-
ing an efficient reduction of the triplet population in solid
state organic materials (without reducing the singlet ex-
citon density. This effect is due (preferably) to a large
splitting between a singlet level and a (relaxed) triplet
level of the scavenger, a short intrinsic triplet lifetime of
the scavenger, and the absence of any enhancement of
intersystem crossing of the solid state organic molecules.

Summary of the invention

[0009] The present invention provides a method for
substantially reducing a triplet population in a solid state
organic material (without reducing the singlet exciton
density), the method comprising providing molecules ex-
hibiting non-vertical triplet energy transfer in the solid
state organic material or providing such molecules at a
distance smaller than the triplet exciton diffusion length
from the solid state organic material, e.g. at a distance
smaller than (about) 100 nm from the solid state organic
material.

[0010] Preferably, the method for substantially reduc-
ing a triplet population in a solid state organic material,
according to the invention, is performed without reducing
the singlet exciton density in the solid organic material.
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[0011] In the method according to the invention, the
molecules exhibiting non-vertical triplet energy transfer
comprise (or consist of) suitable non-vertical triplet scav-
enging material. Suitable non-vertical triplet scavenging
material meets all of the following set of requirements:

a) the triplet level of the non-vertical triplet scavenger
(molecule) is lower than the triplet level of the solid-
state organic material;

b) the singlet level of the non-vertical triplet scaven-
ger (molecule) is higher than the singlet level of the
solid-state organic material;

c) the non-vertical triplet scavenger (molecule) pos-
sesses an intrinsic triplet lifetime which is shorter
than the triplet lifetime of the solid-state organic ma-
terial, preferably shorter than (about) 200 ps, more
preferably shorter than (about) 100 ps, even more
preferably shorter than (about) 50 ps; and

d) the non-vertical triplet scavenger (molecule) does
not enhance intersystem crossing of the solid-state
organic material.

[0012] In a preferred aspect of the method according
to the invention, the S;-T, splitting of the non-vertical
triplet scavenger (molecule) is above (about) 1 eV, pref-
erably above (about) 2 eV, more preferably above (about)
3eV.

[0013] In still a more preferred aspect of the method
according to the invention, the molecule exhibiting non-
vertical triplet energy transfer is selected from the group
consisting of COT, cycloheptatriene (CHT), cis-stilbene,
and combinations thereof. Preferably still, the molecule
exhibiting non-vertical triplet energy transfer is selected
to be COT.

[0014] In the method according to the invention, the
molecule exhibiting non-vertical triplet energy transfer is
provided at a distance from the solid state organic ma-
terial which is shorter than (about) 100 nm, preferably
shorter than (about) 50 nm, more preferably shorter than
(about) 10 nm, even more preferably shorter than (about)
1 nm.

[0015] In the method according to the invention, the
molecule exhibiting non-vertical triplet energy transfer for
use herein is a non-vertical triplet scavenger.

[0016] In the method according to the invention, the
solid state organic material for use herein comprises a
light emitting material.

[0017] According to another aspect, the presentinven-
tion further provides an organic light emitting device com-
prising a solid state light emitting material, the light emit-
ting device comprising means for substantially reducing
a triplet population (without reducing the singlet exciton
density) .

[0018] Preferably, in the organic light emitting device
according to the invention, the means for substantially
reducing a triplet population (without reducing the singlet
exciton density) comprises molecules exhibiting non-ver-
tical triplet energy transfer being provided in the solid
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state organic material or at a distance smaller than the
triplet exciton diffusion length from the solid state organic
material, e.g. at a distance smaller than (about) 100 nm
from the solid state organic material.

[0019] In the organic light emitting device according to
the invention, the molecule exhibiting non-vertical triplet
energy transfer is provided at a distance from the solid
state organic material which is shorter than (about) 100
nm, preferably shorter than (about) 50 nm, more prefer-
ably shorter than (about) 10 nm, even more preferably
shorter than (about) 1 nm.

[0020] The molecules exhibiting non-vertical triplet en-
ergy transfer are non-vertical triplet scavengers, prefer-
ably selected from the group consisting of COT, cy-
cloheptatriene (CHT), cis-stilbene, and combinations
thereof.

[0021] According to still another aspect, the present
invention relates to the use of molecules exhibiting non-
vertical triplet energy transfer for substantially reducing
the triplet population in a solid state organic material (and
without reducing the singlet exciton density).

[0022] In the use according to the invention, the mol-
ecules exhibiting non-vertical triplet energy transfer are
non-vertical triplet scavengers, preferably selected from
the group consisting of COT, cycloheptatriene (CHT), cis-
stilbene, and combinations thereof.

[0023] The subject matter regarded as invention s par-
ticularly pointed out and distinctively claimed in the claim
section concluding this document. The invention howev-
er, both as to organization and method of operation, to-
gether with features and advantages thereof, may best
be understood by reference to the following detailed de-
scription when read with the accompanying drawings.

Brief description of the drawings

[0024]

Figure 1 shows the molecular structure of Poly(9,9-
bis(2-ethylhexyl)fluorene-2,7-diyl (PF2/6) (Figure
1(a)), COT (Figure 1(b)), and anthracene (Figure
1(c)). Figure 1(d) shows the energy level scheme for
these materials. The dashed line indicates the posi-
tion of the T triplet state of the COT molecule. This
triplet state is lowered during energy transfer due to
molecular relaxation. The position of the relaxed tri-
plet state of the COT molecule is indicated by T,*.
Figure 2 shows the prompt fluorescence intensity of
aneatPF2/6 film and of a PF2/6 film doped with COT
registered at 77K.

Figure 3 shows the delayed emission spectra of a
neat PF2/6 film and a PF2/6 film doped with COT,
detected at 77 K at a time delay of 100 u.s between
the exciting laser pulse and the detection window.
Figure 4 shows the emission intensity of the Delayed
Fluorescence and Phosphorescence emission in
neat PF2/6 films as a function of laser excitation in-
tensity.
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Figure 5 illustrates the prompt fluorescence (Figure
5(a)), and the delayed emission spectra (Figure 5(b))
of a neat PF2/6 and of a PF2/6 film doped with an-
thracene, measured at 77 K. The inset of Figure 5(b)
shows the intensity of Delayed Fluorescence emis-
sion in anthracene doped PF2/6 films as a function
of laser excitation intensity.

Detailed description of the invention

[0025] The presentinvention will be described with re-
spect to particular embodiments and with reference to
certain drawings but the invention is not limited thereto
but only by the claims. The drawings described are only
schematic and are non-limiting. In the drawings, the size
of some of the elements may be exaggerated and not
drawn on scale for illustrative purposes. The dimensions
and the relative dimensions do not correspond to actual
reductions to practice of the invention.

[0026] Furthermore, the terms first, second, third and
the like in the description and in the claims, are used for
distinguishing between similar elements and not neces-
sarily for describing a sequence, either temporally, spa-
tially, in ranking or in any other manner. It is to be under-
stood that the terms so used are interchangeable under
appropriate circumstances and that the embodiments of
the invention described herein are capable of operation
in other sequences than described or illustrated herein.
[0027] Moreover, the terms top, bottom, over, under
and the like in the description and the claims are used
for descriptive purposes and not necessarily for describ-
ing relative positions. Itis to be understood that the terms
so used are interchangeable under appropriate circum-
stances and that the embodiments of the invention de-
scribed herein are capable of operation in other orienta-
tions than described or illustrated herein.

[0028] It is to be noticed that the term "comprising"”,
used in the claims, should not be interpreted as being
restricted to the means listed thereafter; it does not ex-
clude other elements or steps. It is thus to be interpreted
as specifying the presence of the stated features, inte-
gers, steps or components as referred to, but does not
preclude the presence or addition of one or more other
features, integers, steps or components, or groups there-
of. Thus, the scope of the expression "a device compris-
ing means A and B" should not be limited to devices con-
sisting only of components A and B. It means that with
respect to the present invention, the only relevant com-
ponents of the device are A and B.

[0029] Reference throughout this specification to "one
embodiment" or"an embodiment" means that a particular
feature, structure or characteristic described in connec-
tion with the embodiment is included in at least one em-
bodiment of the present invention. Thus, appearances
of the phrases "in one embodiment" or "in an embodi-
ment" in various places throughout this specification are
not necessarily all referring to the same embodiment, but
may. Furthermore, the particular features, structures or
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characteristics may be combined in any suitable manner,
as would be apparent to one of ordinary skill in the art
from this disclosure, in one or more embodiments.
[0030] Similarly it should be appreciated that in the de-
scription of exemplary embodiments of the invention, var-
ious features of the invention are sometimes grouped
together in a single embodiment, figure, or description
thereof for the purpose of streamlining the disclosure and
aiding in the understanding of one or more of the various
inventive aspects. This method of disclosure, however,
is not to be interpreted as reflecting an intention that the
claimed invention requires more features than are ex-
pressly recited in each claim. Rather, as the following
claims reflect, inventive aspects lie in less than all fea-
tures of a single foregoing disclosed embodiment. Thus,
the claims following the detailed description are hereby
expressly incorporated into this detailed description, with
each claim standing on its own as a separate embodi-
ment of this invention.

[0031] Furthermore, while some embodiments de-
scribed herein include some but not other features in-
cluded in other embodiments, combinations of features
of different embodiments are meant to be within the
scope of the invention, and form different embodiments,
as would be understood by those in the art. For example,
in the following claims, any of the claimed embodiments
can be used in any combination.

[0032] In the description provided herein, numerous
specific details are set forth. However, it is understood
that embodiments of the invention may be practiced with-
out these specific details. In other instances, well-known
methods, structures and techniques have not been
shown in detail in order not to obscure an understanding
of this description.

[0033] According to one aspect, the present invention
relates to a method for substantially reducing a triplet
population in a solid state organic material (without re-
ducing the singlet exciton density), the method compris-
ing providing molecules exhibiting non-vertical triplet en-
ergy transfer in the solid state organic material or at a
distance smaller than a triplet exciton diffusion length
from the solid state organic material.

[0034] In the further description, the terms "vertical
scavenging", "vertical triplet energy transfer", "non-ver-
tical scavenging" and "non-vertical triplet energy trans-
fer" are used. Triplet energy transfer is a common proc-
ess in organic electronics. In this process, the triplet en-
ergy of a donor molecule in its triplet state is transferred
to an acceptor molecule in its singlet ground state. Gen-
erally, an electronic transition is termed "vertical" with
respect to the equilibrium geometry, conveying the idea
that the electron is excited to the upper state before the
nuclei have had the time to re-equilibrate (also called
"adiabatic transition"). This is related to the Franck-Con-
don principle according to which the electronic transitions
occur "vertically" since no change of the internuclear dis-
tance occurs during the fast electron transition. In other
words, the nuclei are considered to be static with respect
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to the electrons’ changes and movements and the nu-
clear coordinates can be separated from the electronic
part. ltalsoimplies that triplet energy transfer (transitions)
to an acceptor molecule are normally "vertical", meaning
thatthey are not changing the geometry of the (acceptor)
molecule. This is true for organic molecules with a rigid
framework which can be considered as "classical" triplet
acceptors. For classical triplet acceptors, the triplet en-
ergy transfer process depends mainly on the triplet en-
ergy of the (acceptor) molecule, implying that the triplet
energy transfer is a thermally activated process in the
case when the energy of the accepting molecule is higher
thanthat ofdonormolecule (i.e. negative energy balance,
AE7<0). Non-vertical transitions imply violation of the
Franck-Condon principle and strong deformation of the
acceptor molecule (also called "non-adiabatic transi-
tion"). Non-vertical triplet energy transfer can occur for
some (triplet) acceptor compounds, such as e.g. COT,
cycloheptatriene, cis-stilbene, implying that the acceptor
geometry changes concurrently with its excitation. Such
molecules, typically manifesting significant flexibility, are
said to be non-classical (triplet) acceptors. In contrast to
classical (triplet) acceptors, for non-classical or non-ver-
tical (triplet) acceptors the ftriplet transfer depends not
only on the triplet energy but also on the (acceptor) mol-
ecule itself (its flexibility and geometrical distortion). Ex-
perimentally, non-vertical triplet acceptors exhibit a con-
siderably faster triplet transfer rate in the regime of neg-
ative energy balance 4E+<0 (endothermic situation, i.e.
when the triplet state energy of the donor molecule is
lower than that of the accepting molecule), compared to
that predicted for a thermally activated Arrhenius proc-
ess. This is a consequence of the fact that the relaxed
triplet state of the non-vertical acceptor has a consider-
ably lower energy than that of the non-relaxed one. Due
to the low-energy relaxed triplet state, non-vertical triplet
acceptors can capture relatively low lying triplet excita-
tions of donor molecules. For instance, a non-vertical (tri-
plet) acceptor such as COT can quench donor ftriplets
with an energy > 0.8 eV. Also, due to the relatively small
energy distance between the relaxed triplet state and the
ground state of such compounds, their triplet state has
inherently a short lifetime. This is because the probability
of non-radiative energy dissipation increases exponen-
tially with lower energy distance between the triplet state
and the ground state. Since the non-vertical triplet energy
transfer requires considerable flexibility of the acceptor
molecules, such process has been well studied in solu-
tions where there are no steric restrictions for molecular
deformations.

[0035] One of the main problems associated with elec-
trically pumped organic semiconductor lasers is the in-
evitable population and accumulation of triplet excita-
tions, which result in excessive triplet-state losses pre-
venting lasing. To circumvent the problem the commonly
accepted practice in liquid-state organic dye lasers is to
use the so-called triplet scavengers. It was demonstrated
that the accumulation of dye molecules in the triplet state
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can be reduced by adding such triplet scavenging mol-
ecules to the dye solution. In this way quenching of lasing
emission by triplets might be almost eliminated.

[0036] Accordingly, and in the context of the present
invention, a "non-vertical triplet scavenger”, is meant to
represent a molecule which has the ability to scav-
enge/quench or accept triplet excitations energy accord-
ing to a non-vertical triplet energy transfer transition.
Throughout the description, the expressions "triplet scav-
enger" and "triplet acceptor" are used interchangeably.
In the context of the present invention also, "molecules
exhibiting non-vertical triplet energy transfer" preferably
comprise (or consist of) non-vertical triplet scavenging
material (also preferably referred to herein as non-verti-
cal triplet scavengers or non-vertical scavenging mole-
cules).

[0037] To (efficiently) reduce triplet (excitation) accu-
mulation of dye molecules in the triplet state, the triplet
(excitation) scavenger molecule should meet a set of im-
portant requirements:

- It should have the ability to accept a triplet excitation
from the dye molecules, implying that its triplet (en-
ergy) level should be sufficiently low.

- Atthe same time its singlet (energy) level should be
high enough to prevent quenching of singlet excita-
tions of the dye molecules. This implies thus that the
S4-T, splitting for the triplet scavenger should be ex-
traordinary large.

- It should posses a reasonably short intrinsic triplet
lifetime to deplete quickly the triplet population
and/or have intrinsic triplet-triplet absorption shifted
far from the region of lasing of the dye molecules.

- It should not enhance intersystem crossing of the
dye molecules, to prevent conversion of singlets into
triplet excitations. This criterion imposes certain lim-
itations for employing compounds containing heavy
atoms (such as e.g. metal-organic complexes) as
triplet scavengers.

[0038] By "S;-T, splitting", it is herein meant to refer
to the energy difference between the singletlevel S1 and
the triplet level T1 of the triplet scavenger (molecule). By
"intrinsic triplet lifetime", it is meant herein to refer to the
lifetime of the triplet excitation in absence of any quench-
ing/scavenging mechanism. By "intrinsic triplet-triplet ab-
sorption”, it is meant herein to refer to the absorption of
light by a triplet excitation, which is then excited to a high-
er located energy level.

[0039] Taking into account all these requirements, itis
not surprising that there are just a very limited number
of efficient triplet scavengers available today.

[0040] A cyclic nonaromatic polyene, 1,3,5,7-cyclooc-
tatetraene (COT), is the most popular and efficient triplet
scavenger in liquid-state organic dye lasers due to its
unique combination of properties, namely the ability to
quench host triplets with an energy as small as 0.8 eV
and its very short triplet lifetime (~100 ps). The use of
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COT as an efficient triplet scavenger for several laser
dye solutions is well documented. It was used commer-
cially in Rhodamine-6G dye lasers to reduce excited tri-
plet absorption. The mechanism for the energy-transfer
process has also been investigated in detail. Unlike mo-
lecular oxygen, which is known as a notorious triplet
quencher due to its triplet ground state, COT could
quench the friplet state without increasing the intersys-
tem crossing rate and without oxidation of the dye mol-
ecules. However, to the best of the Applicant’s knowl-
edge, COT was used so far only in dye solutions.
[0041] COT is a flexible molecule in the ground state
and belongs to the "non-classical" triplet acceptors,
which exhibit anomalous non-vertical (non-adiabatic) tri-
plet energy transfer. It is known that quenching of a host
triplet by COT requires a planarization, i.e. a change in
geometry, of the COT molecule during the triplet transfer.
[0042] Given the need for such a structural reorgani-
zation in order to obtain non-vertical triplet energy trans-
fer, it can be expected that this mechanism may not work
in solid state matrices because the geometrical distortion
of the COT molecule may be hindered in a solid state
environment. Moreover, the energy transfer mechanism
in a solid state matrix (based on diffusion of triplet exci-
tons) is different from the energy transfer mechanism in
a solution (based on diffusion of molecules).

[0043] As opposed to non-vertical triplet energy trans-
fer, classical vertical triplet energy transfer has been well
documented for solid films of conjugated semiconducting
polymers such as PPV (i.e. Poly(phenylene vinylene))
derivatives, polyfluorenenes and MeLPPP (i.e. methyl
substituted ladder-type poly(para-phenylene)). Howev-
er, it is very difficult to find vertical triplet scavengers that
meet the requirements for (efficiently) reducing triplet ac-
cumulation. Animportantrequirementfor a suitable triplet
scavenger is a very large S;-T, splitting. In addition the
triplet scavenger should preferably not enhance intersys-
tem crossing of the host molecules. An example of a ver-
tical triplet scavenger meeting these requirements is an-
thracene. However, this molecule has a long triplet life-
time (several tens of ms), such that the triplet population
is not reduced.

[0044] Itis known that quenching of a host triplet by a
non-vertical triplet scavenger, suchas e.g. COT, requires
a planarization (and thus a structural reorganization or
geometrical distortion) of the COT molecule during the
triplet transfer. Given the need for a structural reorgani-
zation in order to obtain quenching of a host triplet, it can
be expected that triplet quenching by non-vertical triplet
energy transfer can only be obtained in an environment
wherein there are no steric restrictions for molecular de-
formations, such as e.g.inaliquid environment. In a solid-
state matrix the structural reorganization of a non-vertical
tripletscavenger such as COT is expected to be hindered
and thus it can be expected that the non-vertical triplet
quenching mechanism may not work in such a solid en-
vironment. In addition, the triplet energy transfer mech-
anism in liquid solutions is different from that in a solid



11 EP 2 377 182 B1 12

state matrix. Generally, triplet energy transfer is a reso-
nant energy transfer usually described by the electron
exchange Dexter mechanism. In this process, the triplet
energy of an initially excited molecule (donor molecule)
in its triplet state is transferred to another molecule (ac-
ceptor molecule) in its singlet ground state. Due to the
short-range character of electron exchange interaction
governing the triplet energy transfer in organic materials,
a small distance (typically < 1 nm) is required between
the donor and acceptor molecules to allow the process
to take place. When molecules are separated in a liquid
diluted solution, they may approach each other to a suf-
ficiently small distance via a diffusion process of the ac-
ceptor and the donor molecules such that an ‘encounter
complex’ can be formed where the triplet energy transfer
process can take place. When the balance between the

D
energies of the donor triplet state

E;

state is

and the acceptor

triplet

(Ef —E*"=AE, >0), ,
T the triplet energy trans-

fer process in a liquid solution is controlled by diffusion
of molecules. In case of a negative energy balance
AE<0, the triplet energy transfer rate is additionally af-

fected by a thermally activated Arrhenius process with
activation energy AE+. In a solid state environment, or-

ganic molecules cannot diffuse easily, and the above mo-
lecular diffusion mechanism is not operative. Instead,
when the solid state consists of identical molecules, tri-
plet excitations can move between molecules in the solid
matrix because of a sufficiently small intermolecular sep-
aration (typically less than 1 nm). Therefore, triplet exci-
tations are capable of migrating in solid films and crystals,
and they can reach a quenching center (triplet scaven-
ger) by diffusion of triplet excitons.

[0045] Based on these considerations related to mo-
lecular deformations needed for obtaining non-vertical
triplet scavenging and related to the different energy
transfer mechanisms in liquid and solid environments, it
can be expected that non-vertical triplet scavenging may
not be obtained in a solid environment. However, it was
surprisingly found that an efficient reduction of the triplet
population can be obtained in solid organic materials by
introducing a (suitable) non-vertical triplet scavenger in
the solid organic material.

[0046] In other words, it was surprisingly found that
non-vertical triplet (excitation) scavengers, such as e.g.
COT, used before only inliquid-phase organicdye lasers,
may also be used for scavenging host triplet excitations
in solid-state organic materials such as e.g. highly fluo-
rescent organic semiconductors.

[0047] In the context of the present invention, the use
of COT was investigated in polymer films of a polyflu-
orene derivative. Polyfluorene is a prospective material
for the fabrication of thin-film organic lasers where accu-
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mulation of triplets under electrical pumping is a very im-
portantissue. The results of this investigation were com-
pared with those obtained by using a "classical" vertical
triplet acceptor with rigid molecular framework (anthra-
cene), which also possesses suitable energetic levels to
scavenge polyfluorene host triplets.

[0048] The invention will now be described by a de-
tailed description of several embodiments of the inven-
tion. It is clear that other embodiments of the invention
can be configured according to the knowledge of persons
skilled in the art without departing from the true spirit or
technical teaching of the invention, the invention being
limited only by the terms of the appended claims.
[0049] In the further description, the present invention
is illustrated with examples and experiments wherein
COT is used in polymer films of a polyfluorene derivative
(Poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl)  (PF2/6)).
However, the invention is not limited to these materials.
The PF2/6:COT material system s only an example. Also
other materials or material combinations can be used.
For example, the light-emitting material can comprise a
fluorescent polymer belonging to the class of polyphe-
nylenenvinylenes, polyfluorenes, polythiophenes, pol-
yarylenes, poly(para-phenylene), etc.; it can comprise a
light-emitting small molecule, such as tetracene, anthra-
cene, perylenes, oligothiophenes, trishydroxyquinoline
aluminium (Alg3), Coumarin 6, rubrene, p-sexiphenyl,
spiro-compounds, 4-(Dicyanomethylene)-2-methyl-
6-(julolindin-4-yl-vinyl)-4H-pyran (DCM2), etc.; it can
comprise a light-emitting host-guest system, where the
host behaves as a matrix for the light-emitting guest mol-
ecule. Examples of host-guest light-emitting material
systems are Alg3:DCM2, N, N’-bis-(3-naphthyl)-N,N’-bi-
phenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) :rubrene,
Alq3: 4-(dicyanomethylene)-2-t-butyl-6(1,1,7,7-tetrame-
thyljulolidyl-9-enyl)-4H-pyran (DCJTB), etc. The list of
materials is not intended to be restrictive, but only to pro-
vide examples. Other types of solid-state organic mate-
rial include, but are not limited to, solid-state organic
semi-conductor material, and solid-state organic light-
emitting material, such as e.g. highly fluorescent organic
semiconductors. Preferably, the solid-state organic ma-
terial for use herein comprises organic light-emitting ma-
terial.

[0050] In order to (efficiently) reduce the triplet accu-
mulation, the solid-state organic material (such as e.g.
light-emitting material) and the triplet-scavenging mate-
rial meet the following set of requirements:

- Thetripletscavengerhas the ability toaccept atriplet
excitation from the solid-state organic material (such
as e.g. light-emitting material), implying thatiits triplet
(energy) level is sufficiently low, e.g. lower than the
triplet (energy) level of the solid-state organic mate-
rial (such as e.g. light-emitting material).

- The triplet scavenger singlet (energy) level is suffi-
ciently high, e.g. higher than the singlet (energy) lev-
el of the solid-state organic material (such as e.g.
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light-emitting material), to prevent quenching of sin-
glet excitations of the solid-state organic material
(such as e.g. light-emitting molecules).

[0051] This implies thus that the S,-T, splitting of the
triplet scavenger is extraordinary large.

= The triplet scavenger possesses a reasonably
short intrinsic triplet lifetime, e.g. shorter than the tri-
plet lifetime of the solid-state organic material (such
as e.g. light-emitting material), to deplete quickly the
triplet population. The intrinsic triplet lifetime of the
triplet scavenger is preferably shorter than (about)
100 p.s.

= The triplet scavenger does not enhance intersys-
tem crossing of the solid-state organic material (such
as e.g. light-emitting molecules), such that conver-
sion of singlets into triplet excitations is prevented.

[0052] By "solid-state organic material", it is herein
meant to refer preferably to molecules of said solid-state
organic material. Similarly, by "triplet-scavenging mate-
rial", it is herein meant to refer preferably to molecules
of said "triplet-scavenging material".

[0053] By "large S4-T4 splitting", itis meant herein that
the energy difference between the singlet level S1 and
the triplet level T1 of the triplet scavenger (molecule) is
preferably above (about) 1 eV. Preferably, the S4-T split-
ting is above (about) 2 eV, more preferably above (about)
3 eV. Even more preferably, the S,-T splitting is com-
prised between (about) 1.0 eV and (about) 3.0 eV, still
more preferably between (about) 1.5 eV and (about) 2.0
eVv.

[0054] By "reasonably short intrinsic triplet lifetime", it
is meant herein that triplet scavenger (molecule) pos-
sesses an intrinsic triplet lifetime which is preferably
shorter than (about) 200 p.s. More preferably, the intrinsic
triplet lifetime of the triplet scavenger (molecule) is short-
erthan 100 ps, even more preferably shorter than 50 ps.
Typically, the triplet scavenger

[0055] (molecule) possesses an intrinsic triplet lifetime
which is shorter than the triplet lifetime of the solid-state
organic material (such as e.g. light-emitting material),
[0056] Accordingtoa preferred aspect ofthe invention,
the triplet scavenger (molecule) also preferably possess-
es intrinsic triplet-triplet absorption shifted far from the
region of lasing of the solid-state organic material (mol-
ecule), such as e.g. light-emitting material (molecule).
[0057] Examples of (suitable) non-vertical triplet ac-
ceptors or scavengers (or molecules exhibiting non-ver-
tical triplet energy transfer) that can be used in embodi-
ments of the presentinventionare COT, cycloheptatriene
(CHT), cis-stilbene. This list of materials is not intended
to berestrictive, but only to provide examples. Preferably,
the non-vertical triplet scavenger (or molecule exhibiting
non-vertical triplet energy transfer) for use herein is se-
lected to be COT. The triplet scavenger can be used as
a guest molecule in a matrix of the light-emitting material
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or material system. It can also be present as an additional
layer.

[0058] The distance between the molecule exhibiting
non-vertical triplet energy transfer (such as e.g. a non-
vertical triplet scavenger (molecule)) and the solid-state
organic material (such as e.g. a light-emitting material)
is smaller than the triplet exciton diffusion length of the
organic material (molecule), which is typically between
(about) 1 and (about) 100 nanometer. By "triplet exciton
diffusion length", itis meant herein to refer to the distance
that triplet excitations can move or migrate before they
recombine or before they are quenched.

[0059] The distance between the molecule exhibiting
non-vertical triplet energy transfer (such as e.g. a non-
vertical triplet scavenger (molecule)) and the solid-state
organic material (molecule), such as e.g. a light-emitting
material (molecule), is shorter than (about) 100 nm, more
preferably shorter than (about) 50 nm, even more pref-
erably shorter than (about) 10 nm, yet more preferably
shorter than (about) 1 nm.

[0060] For efficient scavenging of triplet population in
a solid state organic material, the molecule exhibiting
non-vertical triplet energy transfer (such as e.g. a non-
vertical triplet scavenger (molecule)) is preferably pro-
vided at a distance between (about) 1 nm and (about)
100 nm, more preferably between (about) 1 nm and
(about) 50 nm, even more preferably between (about) 1
nm and (about) 10 nm, from the solid-state organic ma-
terial (molecule), such as e.g. a light-emitting material
(molecule).

[0061] The use of such non-vertical triplet scavengers
may range from nanoscale light sources for nanophot-
onics and nano-optoelectronics, laser applications, dis-
plays to automotive illuminations. The potential for appli-
cations, in particular for intense light generation sources
such as high brightness OLEDs and organic lasers, aris-
es from the fact that non-vertical triplet scavengers (suit-
able for use in the present invention) have an inherently
shorttripletlifetime and aninherently large S4-T splitting.
These properties make a fast deactivation of triplet exci-
tons possible without affecting the prompt fluorescence
of the device. In this way the accumulation of triplets,
which can cause severe losses in for example organic
electrically pumped lasers, can be suppressed. The list
of applications is not intended to be restrictive, but only
to provide examples.

[0062] Experiments were done with Poly(9,9-bis(2-
ethylhexyl)fluorene-2,7-diyl) (PF2/6) (molecular weight
M,, = 83500) as a light-emitting material and with cyclooc-
tatetraene (COT) and anthracene as triplet acceptor or
triplet scavenging material. The structural formulas of
these compounds and the position of their S; and T,
energy level are displayed in Figure 1. Figure 1(a) shows
the molecular structure of PF2/6; Figure 1(b) shows the
molecular structure of COT, and Figure 1(c) shows the
molecular structure of anthracene. The energy level
scheme of these materials is illustrated in Figure 1(d).
For the COT molecule, the dashed line indicates the po-
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sition of the T triplet state. This triplet state is lowered
during energy transfer due to molecular relaxation. The
position of the relaxed triplet state of the COT molecule
is indicated by T4™.

[0063] Polymerfilms doped with COT triplet scavenger
molecules were prepared by dissolving COT and PF2/6
in aratio 1/10in THF, and then drop-casting the resulting
solutions on a precleaned quartz substrate. To delay
evaporation of the COT, which is liquid at room temper-
ature, the films were dried in a saturated COT environ-
ment. PF2/6 films doped with anthracene were prepared
by spin-coating a 20 weight% solution from toluene at
1000 rpm. In order to exclude the presence of molecular
oxygeninthe fabricated organicfilms, solutions were pre-
pared in a No-filled glovebox using de-aerated solvents.
[0064] Spectroscopic measurements of prompt fluo-
rescence (PF) and delayed emission as delayed fluores-
cence (DF) and phosphorescence (Ph) of the films were
carried out at 77 K, using a temperature regulating nitro-
gen cryostat. All measurements were done in nitrogen
atmosphere to prevent photo-oxidation. A N, gas laser
with pulse duration of 4 ns operated at 10 Hz was used
for optical excitation at 337 nm. The emission spectra
were recorded using a triple-grating monochromator cou-
pled to an intensified CCD camera (PI-MAX from Princ-
eton Instruments) with a time gated, intensified diode ar-
ray detector, which was synchronized by the electrical
trigger of the laser. To collect the delayed emission the
detection window of 10 ms width of the intensified diode
array detector was operated synchronously but delayed
with respect to the laser pulse. A variable delay of 75 ns
to 10 ms after the laser pulse excitation allowed the de-
tection of weak delayed luminescence after the intense
prompt fluorescence. To increase the signal-to-noise ra-
tio, spectra were accumulated by averaging over 100 to
300 pulses.

[0065] Figure 2 shows the spectra of the prompt fluo-
rescence (PF) from a neat PF2/6 film and from a PF2/6
film doped with COT registered at 77 K during the laser
pulse excitation. These spectra are coincident with the
steady-state photoluminescence spectra of these films
implying that the fluorescence in the range of 420-550
nm, caused by the radiative decay of singlet excitons, is
dominant in this material. This is in line with earlier ob-
servations. Substantially the same fluorescence intensity
was observed in neat and doped PF2/6 films, suggesting
that the COT dopant does not quench singlet excitons in
these films.

[0066] The delayed emission spectra of the same neat
PF2/6 film and PF2/6 film doped with COT detected by
introducing a time delay (t,,=100 ns) between the excit-
ing laser pulse and the detection window of the registra-
tion system is depicted in Figure 3. As expected, delayed
emission of the PF2/6 film (Figure 3) comprises two dif-
ferent components with different spectral position. The
short wavelength component in the blue spectral region,
which is virtually identical to the prompt fluorescence
spectrum, is due to delayed fluorescence (DF) from the
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S, state of PF2/6, while the second longer-wavelengths
spectral component at ~590 nm can only be seen in the
delayed emission and has been assigned to intrinsic
phosphorescence (Ph) from the T; state. In contrast to
very thin PF2/6 films (<100 nm) (not shown here), thicker
drop-casted films normally do not exhibit vibronic fine
structure of Ph spectra as could be seen from Figure 3.
This effect was explained before in terms of somewhat
different morphology of films of different thicknesses and
agrees completely with the spectra reported earlier. Re-
markable is that the intensity of the delayed emission
from the neat and doped PF2/6 film was found to be sub-
stantially different, as opposed to their prompt fluores-
cence (Figure 2). As can be seen from Figure 3, both the
DF and Ph are greatly reduced in films doped with COT.
This implies a strong quenching of the delayed emission
in PF2/6 films by COT molecules, while at the same time
the prompt fluorescence is not affected. This can be at-
tributed to the extremely large singlet-triplet (S4-T) split-
ting of the COT molecules. The energy level scheme of
PF2/6 and COT is shown in Figure 1(d).

[0067] Figure 4 shows the intensity dependence of the
DF and Ph emission in neat PF2/6 films upon the laser
excitation intensity. The delayed emission spectra were
recorded with a time delay of 75 ns and a gate width of
10 ms, i.e. in accumulation mode. The emission intensi-
ties plotted in Figure 4 are the peak emission intensities
(0-0 peak for the DF). The Ph intensity of PF2/6 films
varies approximately linearly with the laser power, while
the DF intensity increases quadratically with exciting la-
ser intensity.

[0068] Further, the observed host triplet quenching ef-
fect in PF2/6 due to COT dopants is compared with the
effect of introducing a conventional aromatic molecule
with suitable triplet level position and sufficiently large
S,-T, splitting. Anthracene (energy levels shown in Fig-
ure 1(d)) is known to have a very low ftriplet level (1.78
eV) and an exceptionally large S4-T splitting compared
to other organic conjugated small molecules and was
therefore chosen as (vertical) triplet acceptor. Compari-
son of the prompt fluorescence of the neat PF2/6 film
and a PF2/6 film doped with anthracene at 77 K is pre-
sented in Figure 5(a). Delayed emission spectra of these
films (t4,~=100 ws) are shown in Figure 5(b). From these
results, it can be concluded that, similarly to the COT
dopant, anthracene additives in a PF2/6 film do not affect
fluorescence and at the same time strongly reduce phos-
phorescence intensity. The DF intensity, however, was
found not to be reduced considerably upon doping the
polymer with anthracene. This is clearly different from
the results obtained with COT doping (Figure 3). This
suggests that this effect may be related to the much larger
triplet lifetime of anthracene (several tens of ms) com-
pared to the triplet lifetime of COT (100 ps).

[0069] The results presented in Figure 3 clearly dem-
onstrate that COT dopants quench very efficiently the
phosphorescence of the host PF2/6 polymer, while the
fluorescence of the host is not affected (Figure 2). COT
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is a well-known ftriplet scavenger used in organic dye-
solution lasers to reduce the accumulation of dye mole-
cules in the triplet state and thereby eliminating triplet-
state losses. The compound belongs to the so-called
non-classical or non-vertical triplet acceptors as it exhib-
its a considerably faster triplet transfer rate in the endo-
thermic regime AE+<0 (i.e. when the triplet state energy

D

of the donor molecule is lower than that of the ac-

4
cepting molecule r ) compared to that predicted for
a thermally activated Arrhenius process. This type of tri-
plet energy transfer is associated with triplet acceptor
molecules with significant flexibility. The detailed mech-
anism for COT has been studied theoretically in terms of
non-vertical (non-adiabatic) processes. For non-vertical
acceptors the triplet transfer depends also on the (triplet
acceptor) molecule itself and not only on the friplet en-
ergy, which is in contrast to classical acceptors where
this process depends only on the triplet energy of the
molecule. The non-vertical triplet energy transfer has
been explained in terms of the breakdown of Frank-Con-
donrestriction, implying that the geometry of the acceptor
molecules changes simultaneously with its excitation,
and by accounting for coupling with specific torsial modes
of the acceptor molecules. It was demonstrated that non-
vertical triplet transfer to COT is accompanied by a ge-
ometrical distortion of the molecule, which results in a
considerable lowering of the triplet state due to molecular
relaxation. Therefore COT has a low-lying relaxed triplet
state and could act as acceptor with donors having a
triplet excited-state energy equal to or higher than 0.8 eV.
[0070] A surprising result of the present study is that it
was demonstrated that COT can be used as an efficient
triplet scavenger also in a solid polymer film. Since during
triplet energy transfer the COT molecule should be
planarized - a process that can easily occur in liquid
phase - the presented results suggest that such a struc-
tural reorganization is not hindered in a solid environment
even at low temperature. In addition, the presented re-
sults show that triplets’ diffusion in the host PF2/6 poly-
mer is sufficiently efficient even at low temperatures. An-
otherimportantimplication of this study is that it suggests
that non-classical non-vertical triplet acceptors could be
considered as a promising class of efficient triplet scav-
engers also for future solid-state electrically-pumped or-
ganic lasers due to (i) an exceptionally large energy split-
ting between the lowest excited singlet state (4.39 eV for
COT) and the ftriplet state, which is inherent for these
compounds, and (ii) a reasonably short triplet lifetime
(~100 s for COT) that enables fast deactivation of triplet
excitations. In this way, the accumulation of triplets, in-
troducing triplet-state losses such as singlet-triplet anni-
hilation and triplet-triplet absorption, could be consider-
ably reduced.

[0071] Anthracene additives in PF2/6 films are an ex-
ample of a classical triplet scavenger for which a vertical

10

15

20

25

30

35

40

45

50

55

10

(adiabatic) triplet energy transfer process is operative
and which also possesses a quite large singlet-triplet en-
ergy splitting (1.32 eV). As one can see from Figure 5(b),
anthracene dopants in PF2/6 films do quench host phos-
phorescence due to exothermic triplet energy transfer

PF2/6 _
from the triplet state of the polymer E; =2.10
eV) to the one of

(E;nthracene — 178 eV) .

anthracene

Since the singlet state of
anthracene (3.1 eV) is higher than that of PF2/6, it can
be expected that the prompt fluorescence intensity of the
polymer is not quenched by the presence of anthracene
additives (Figure 5(a)).

[0072] Comparison of the delayed emission spectra of
PF2/6 doped with COT and of PF2/6 doped with anthra-
cene additives (Figure 3 and Figure 5(b)) shows, how-
ever, that these triplet scavengers have a very different
effect on the delayed fluorescence (DF) of the PF2/6 pol-
ymer. As one can see, while COT dopants strongly
quench the DF of the PF2/6 (Figure 3), anthracene dop-
ing has almost no effect on the host DF (Figure 5(b)).

[0073] Previous time-resolved photoluminescence
studies reveal that the DF emission in PF2/6 polymer
films is dominated by triplet-triplet annihilation. The
measurements reported here support such a notion as
indeed the DF intensity in the PF2/6 film was found to
increase quadratically with the excitation intensity within
the considered laser intensity range (Figure 4). This
clearly points to a bimolecular origin of the DF emission.
At the same time the phosphorescence intensity of the
polymer increases linearly with the pumping intensity,
implying that the DF is quadratically proportional to the
triplet concentration in the film. Reduction of the DF in-
tensity in PF2/6 films doped with COT can be readily
explained by the fact that the COT molecules capture
host triplets and deactivate them within the relatively
short lifetime of the COT triplet state (~100 ws), thus pre-
venting their possible annihilation. Anthracene additives
in PF2/6 films also capture host triplets efficiently as ev-
idenced by a strong reduction of the host phosphores-
cence (Figure 5(b)); however, due to the very large radi-
ative lifetime of the anthracene ftriplet state (> 10 ms)
triplets are not deactivated quickly, but rather accumu-
lated on the anthracene molecules. Further, the DF emis-
sion in PF2/6 films doped with anthracene was found to
originate also from a bimolecular process in the host-
guest system since the DF intensity increases quadrati-
cally with the excitation intensity as one can see from the
inset of Figure 5(b). Since the host triplets are eventually
transferred to the anthracene guest, as proven by strong
quenching of the intrinsic PF2/6 phosphorescence (Fig-
ure 5(b)), Thosr Thost @nnihilation cannot be responsible
for the observed DF. On the other hand, one can also
exclude Ty o5 Tgyes @nnihilation as dominant mecha-
nism for the DF since no change in the DF intensity was
observed when changing the laser pulse repletion rate
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from 1 to 20 Hz, which is expected to modulate the build-
in of guest triplet population and thereby affect the DF
intensity. Therefore it can be assumed that the observed
bimolecular annihilation proceeds via a Ty esr Thost aNn-
nihilation reaction, i.e., when amobile host triplet encoun-
ters a long-lived localized guest triplet excitation on an
anthracene molecule. During such annihilation the excit-
ed singlet state of either the host or the guest molecule
can be populated with equal probability, but since the
host singlet state is lower than the singlet state of the
anthracene dopant, only DF fluorescence of the PF2/6
polymer is observed.

[0074] In this study phosphorescence and delayed flu-
orescence of polyfluorene polymer films doped with cy-
clooctatetraene (COT) and anthracene were investigat-
ed by time-resolved photoluminescence measurements.
Using the non classical triplet scavenger COT, employed
before in liquid-phase organic dye lasers, anomalous
non-vertical triplet energy transfer in solid conjugated pol-
ymer films was demonstrated for the first time. This triplet
energy transfer behaves similar to the one of vertical tri-
plet acceptors like anthracene. Thanks to their large sin-
glet-triplet splitting, both dopant molecules are found to
quench efficiently host phosphorescence without affect-
ing the host fluorescence. In the case of COT, accumu-
lation of triplet excitations can additionally be prevented
owing to the relatively short lifetime of the COT ftriplet
state. Since accumulation of triplets under electrical
pumping introduces severe triplet losses, non-vertical tri-
pletscavengers, which posses alarge S;-T, splitting and
an inherently short lifetime of their (relaxed) triplet state,
might be promising candidates for quenching of host tri-
plet excitations in future solid-state organic lasers.
[0075] In another aspect of the present invention, it is
provided an organic light emitting device comprising a
solid state light emitting material, the light emitting device
comprising means for substantially reducing a triplet pop-
ulation (without reducing the singlet exciton density).
[0076] In the organic light emitting device according to
the invention, the means for substantially reducing a tri-
plet population (without reducing the singlet exciton den-
sity) comprises molecules exhibiting non-vertical triplet
energy transfer being provided in the solid state organic
material or at a distance smaller than the triplet exciton
diffusion length from the solid state organic material. In
the context of the presentinvention, molecules exhibiting
non-vertical triplet energy transfer for use herein are sim-
ilar to those described herein-before. According to a pre-
ferred aspect of the organic light emitting device, the mol-
ecules exhibiting non-vertical triplet energy transfer are
non-vertical triplet scavengers as described herein-be-
fore, and preferably selected from the group consisting
of COT, cycloheptatriene (CHT), cis-stilbene, and com-
binations thereof. More preferably, the non-vertical triplet
scavenger is selected to be COT.

[0077] Inthe organic light emitting device according to
the invention, the molecule exhibiting non-vertical triplet
energy transfer is provided at a distance from the solid
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state organic material which is shorter than (about 100
nm, preferably shorter than (about) 50 nm, more prefer-
ably shorter than (about) 10 nm, even more preferably
shorter than (about) 1 nm.

[0078] According to still another aspect, the present
invention relates to the use of molecules exhibiting non-
vertical triplet energy transfer for substantially reducing
the triplet population in a solid state organic material
(without reducing the singlet exciton density). In the con-
text of the present invention, molecules exhibiting non-
vertical triplet energy transfer for use herein are similar
to those described herein-before. According to the use
according to the invention, the molecules exhibiting non-
vertical triplet energy transfer are non-vertical triplet
scavengers as described herein-before, and preferably
selected from the group consisting of COT, cyclohep-
tatriene (CHT), cis-stilbene, and combinations thereof.
More preferably, the non-vertical triplet scavenger is se-
lected to be COT.

Claims

1. A method for reducing a triplet population in a solid
state organic light emitting semiconductor material
of an organic light emitting device, the method com-
prising the step of providing, into the organic light
emitting device, molecules exhibiting non-vertical tri-
plet energy transfer in the solid state organic light
emitting semiconductor material or at a distance
smaller than 100 nm from the solid state organic light
emitting semiconductor material, wherein said mol-
ecules exhibiting non-vertical triplet energy transfer
comprise non-vertical triplet scavenging material
meeting the following requirements:

a) the triplet level of the non-vertical triplet scav-
enger is lower than the triplet level of the solid-
state organic light emitting semiconductor ma-
terial;

b) the singletlevel of the non-vertical triplet scav-
enger is higher than the singlet level of the solid-
state organic light emitting semiconductor ma-
terial;

c¢) the non-vertical triplet scavenger possesses
an intrinsic triplet lifetime which is shorter than
the triplet lifetime of the solid-state organic light
emitting semiconductor material,

and wherein the intersystem crossing rate of said
solid state organic light emitting semiconductor ma-
terial comprising said non-vertical triplet scavenging
material is not increased compared to the intersys-
tem crossing rate of said solid state organic light
emitting semiconductor material not comprising said
non-vertical triplet scavenging material.

2. A method according to claim 1, wherein the non-
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vertical triplet scavenging material possesses an in-
trinsic triplet lifetime which is shorter than 200 ps,
preferably shorter than 100 ps, more preferably
shorter than 50 ps.

A method according to claim 1, wherein the S1-T1
splitting of the non-vertical triplet scavenger is above
1 eV, preferably above 2 eV, more preferably above
3eV.

A method according to any of the preceding claims,
wherein said molecule exhibiting non-vertical triplet
energy transfer is selected from the group consisting
of 1,3,5,7-cyclooctatetraene (COT), cyclohep-
tatriene (CHT), cis-stilbene, and combinations there-
of.

A method according to claim 4, wherein said mole-
cule exhibiting non-vertical triplet energy transfer is
selected to be COT.

A method according to any of the preceding claims,
wherein said molecule exhibiting non-vertical triplet
energy transfer is provided at a distance from the
solid state organic light emitting semiconductor ma-
terial which is shorter than 50 nm, preferably shorter
than 10 nm, more preferably shorter than 1 nm.

A method according to claim 6, wherein said mole-
cule exhibiting non-vertical triplet energy transfer is
a non-vertical triplet scavenger.

A method according to any of the preceding claims,
wherein the solid state organic light emitting semi-
conductor material comprises a light emitting mate-
rial.

An organic light emitting device comprising a solid
state organic light emitting semiconductor material,
characterized in that the light emitting device com-
prises means for reducing a triplet population said
means comprising molecules exhibiting non-vertical
triplet energy transfer being provided in the solid
state light emitting organic semiconductor material
or at a distance smaller than 100 nm from the solid
state light emitting organic semiconductor material,
said molecules exhibiting non-vertical triplet energy
transfer comprising non-vertical triplet scavenging
material wherein:

a) the triplet level of the non-vertical triplet scav-
enger is lower than the triplet level of the solid-
state organic light emitting semiconductor ma-
terial;

b) the singletlevel of the non-vertical triplet scav-
enger is higher than the singlet level of the solid-
state organic light emitting semiconductor ma-
terial;
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c¢) the non-vertical triplet scavenger possesses
an intrinsic triplet lifetime which is shorter than
the triplet lifetime of the solid-state organic light
emitting semiconductor material, and wherein
the intersystem crossing rate of said solid state
organic light emitting semiconductor material
comprising said non-vertical triplet scavenging
material is not increased compared to the inter-
system crossing rate of said solid state organic
light emitting semiconductor material not com-
prising said non-vertical triplet scavenging ma-
terial.

The organic light emitting device according to claim
9, wherein said molecule exhibiting non-vertical tri-
plet energy transfer is provided at a distance from
the solid state light emitting organic light emitting
semiconductor material which is shorter than 50 nm,
preferably shorter than 10 nm, more preferably short-
er than 1 nm.

The organic light emitting device according to any of
claims 9 or 10, wherein said molecules exhibiting
non-vertical triplet energy transfer are non-vertical
triplet scavengers, preferably selected from the
group consisting of COT, cycloheptatriene (CHT),
cis-stilbene, and combinations thereof.

The use of molecules exhibiting non-vertical triplet
energy transfer for reducing a triplet population in a
solid state organic light emitting semiconductor ma-
terial of an organic light emitting device, said mole-
cules comprising non-vertical triplet scavenging ma-
terial wherein:

a) the triplet level of the non-vertical triplet scav-
enger is lower than the triplet level of the solid-
state organic light emitting semiconductor ma-
terial;

b) the singletlevel of the non-vertical triplet scav-
enger is higher than the singlet level of the solid-
state organic light emitting semiconductor ma-
terial;

c¢) the non-vertical triplet scavenger possesses
an intrinsic triplet lifetime which is shorter than
the triplet lifetime of the solid-state organic light
emitting semiconductor material;

and wherein the intersystem crossing rate of said
solid state organic light emitting semiconductor ma-
terial comprising said non-vertical triplet scavenging
material is not increased compared to the intersys-
tem crossing rate of said solid state organic light
emitting semiconductor material not comprising said
non-verticaltriplet scavenging material, wherein said
molecules are provided into the organic light emitting
device in the solid state organic light emitting semi-
conductor material or at a distance smaller than 100
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nm from the solid state organic light emitting semi-
conductor material.

Use according to claim 12, wherein said molecules
exhibiting non-vertical triplet energy transfer are
non-vertical triplet scavengers, preferably selected
from the group consisting of COT, cycloheptatriene
(CHT), cis-stilbene, and combinations thereof.

Patentanspriiche

1.

Verfahren zum Verringern einer Triplett-Population
in einem organischen lichtemittierenden Festkdrper-
halbleitermaterial einer organischen lichtemittieren-
den Vorrichtung, wobei das Verfahren den Schritt
des Bereitstellens - in die organische lichtemittieren-
de Vorrichtung - von Molekiilen, die einen nichtver-
tikalen Triplett-Energietransfer aufweisen, im orga-
nischen lichtemittierenden Festkdrperhalbleiterma-
terial oder in einem Abstand von weniger als 100 nm
vom organischen lichtemittierenden Festkorper-
halbleitermaterial umfasst,

wobei die Molekile, die einen nichtvertikalen Tri-
plett-Energietransfer aufweisen, ein nichtvertikales
Triplett-Fangermaterial umfassen, das die folgen-
den Anforderungen erfllt:

a) der Triplett-Spiegel des nichtvertikalen Tri-
plett-Fangers ist geringer als der Triplett-Spie-
gel des organischen lichtemittierenden Festkor-
perhalbleitermaterials;

b) der Singulett-Spiegel des nichtvertikalen Tri-
plett-Fangers ist hdher als der Singulett-Spiegel
des organischen lichtemittierenden Festkorper-
halbleitermaterials;

c) der nichtvertikale Triplett-Fénger besitzt eine
intrinsische Triplett-Lebensdauer, die klrzer als
die Triplett-Lebensdauer des organischen lich-
temittierenden  Festkdrperhalbleitermaterials
ist,

und wobei die Intersystem-Crossing-Rate des orga-
nischen lichtemittierenden Festkdrperhalbleiterma-
terials, das das nichtvertikale Triplett-Fangermateri-
al umfasst, im Vergleich zur Intersystem-Crossing-
Rate des organischen lichtemittierenden Festkor-
perhalbleitermaterials, das das nichtvertikale Tri-
plett-Fangermaterial nicht umfasst, nicht erhoht ist.

Verfahren nach Anspruch 1, wobei das nichtvertikale
Triplett-FaAngermaterial eine intrinsische Triplett-Le-
bensdauer besitzt, die kirzer als 200 ps, vorzugs-
weise kirzer als 100 ws, mehr bevorzugt kirzer als
50 ws, ist.

Verfahren nach Anspruch 1, wobei die S1-T1-Auf-
spaltung des nichtvertikalen Triplett-Féngers tber 1
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eV, vorzugsweise Uber 2 eV, mehr bevorzugt Gber
3 eV, liegt.

Verfahren nach einem dervorstehenden Anspriiche,
wobei das Molekil, das einen nichtvertikalen Tri-
plett-Energietransfer aufweist, aus der Gruppe aus-
gewahltist, bestehend aus 1,3,5,7-Cyclooctatetraen
(COT), Cycloheptatrien (CHT), cis-Stilben, und
Kombinationen davon.

Verfahren nach Anspruch 4, wobei das Molekill, das
einen nichtvertikalen Triplett-Energietransfer auf-
weist, als COT ausgewahlt ist.

Verfahren nach einem dervorstehenden Anspriiche,
wobei das Molekil, das einen nichtvertikalen Tri-
plett-Energietransfer aufweist, in einem Abstand
vom organischen lichtemittierenden Festkérper-
halbleitermaterial bereitgestellt wird, der klrzer als
50 nm, vorzugsweise kurzer als 10 nm, mehr bevor-
zugt kirzer als 1 nm, ist.

Verfahren nach Anspruch 6, wobei das Molekill, das
einen nichtvertikalen Triplett-Energietransfer auf-
weist, ein nichtvertikaler Triplett-Fanger ist.

Verfahren nach einem dervorstehenden Anspriiche,
wobei das organische lichtemittierende Festkorper-
halbleitermaterial ein lichtemittierendes Material
umfasst.

Organische lichtemittierende Vorrichtung, die ein or-
ganisches lichtemittierendes Festkdrperhalbleiter-
material umfasst, dadurch gekennzeichnet, dass
die lichtemittierende Vorrichtung ein Mittel zum Ver-
ringern einer Triplett-Population umfasst, wobei das
Mittel Molekile umfasst, die einen nichtvertikalen
Triplett-Energietransfer aufweisen, die im lichtemit-
tierenden organischen Festkdrperhalbleitermaterial
oder in einem Abstand von weniger als 100 nm vom
lichtemittierenden organischen Festkdrperhalblei-
termaterial bereitgestellt werden, wobei die Moleki-
le, die einen nichtvertikalen Triplett-Energietransfer
aufweisen, ein nichtvertikales Triplett-Fangermate-
rial umfassen, wobei:

a) der Triplett-Spiegel des nichtvertikalen Tri-
plett-Féngers geringer als der Triplett-Spiegel
des organischen lichtemittierenden Festkorper-
halbleitermaterials ist;

b) der Singulett-Spiegel des nichtvertikalen Tri-
plett-Féngers hoher als der Singulett-Spiegel
des organischen lichtemittierenden Festkorper-
halbleitermaterials ist;

c¢) der nichtvertikale Triplett-Fanger eine intrin-
sische Triplett-Lebensdauer besitzt, die kiirzer
als die Triplett-Lebensdauer des organischen
lichtemittierenden Festkérperhalbleitermateri-
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als ist,

und wobei die Intersystem-Crossing-Rate des orga-
nischen lichtemittierenden Festkorperhalbleiterma-
terials, das das nichtvertikale Triplett-Fangermateri-
al umfasst, im Vergleich zur Intersystem-Crossing-
Rate des organischen lichtemittierenden Festkor-
perhalbleitermaterials, das das nichtvertikale Tri-
plett-Fangermaterial nicht umfasst, nicht erhoht ist.

Organische lichtemittierende Vorrichtung nach An-
spruch 9, wobei das Molekiil, das einen nichtverti-
kalen Triplett-Energietransfer aufweist, in einem Ab-
stand vom lichtemittierenden organischen lichtemit-
tierenden Festkorperhalbleitermaterial bereitgestellt
wird, der kirzer als 50 nm, vorzugsweise kirzer als
10 nm, mehr bevorzugt kiirzer als 1 nm, ist.

Organische lichtemittierende Vorrichtung nach ei-
nem der Anspriiche 9 oder 10, wobei die Moleklile,
die einen nichtvertikalen Triplett-Energietransfer
aufweisen, nichtvertikale Triplett-Fanger sind, die
vorzugsweise aus der Gruppe ausgewahlt sind, be-
stehend aus COT, Cycloheptatrien (CHT), cis-Stil-
ben, und Kombinationen davon.

Verwendung von Molekiilen, die einen nichtvertika-
len Triplett-Energietransfer aufweisen, zum Verrin-
gern einer Triplett-Population in einem organischen
lichtemittierenden Festkorperhalbleitermaterial ei-
ner organischen lichtemittierenden Vorrichtung, wo-
bei die Molekiile ein nichtvertikales Triplett-Fénger-
material umfassen, wobei:

a) der Triplett-Spiegel des nichtvertikalen Tri-
plett-Fangers geringer als der Triplett-Spiegel
des organischen lichtemittierenden Festkorper-
halbleitermaterials ist;

b) der Singulett-Spiegel des nichtvertikalen Tri-
plett-Fangers hoher als der Singulett-Spiegel
des organischen lichtemittierenden Festkorper-
halbleitermaterials ist;

c) der nichtvertikale Triplett-Fanger eine intrin-
sische Triplett-Lebensdauer besitzt, die kirzer
als die Triplett-Lebensdauer des organischen
lichtemittierenden Festkorperhalbleitermateri-
als ist,

und wobei die Intersystem-Crossing-Rate des orga-
nischen lichtemittierenden Festkorperhalbleiterma-
terials, das das nichtvertikale Triplett-Fangermateri-
al umfasst, im Vergleich zur Intersystem-Crossing-
Rate des organischen lichtemittierenden Festkor-
perhalbleitermaterials, das das nichtvertikale Tri-
plett-Fangermaterial nicht umfasst, nicht erhéht ist,
wobei die Molekiile in die organische lichtemittieren-
de Vorrichtung im organischen lichtemittierenden
Festkdrperhalbleitermaterial oder in einem Abstand
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vom organischen lichtemittierenden Festkérper-
halbleitermaterial von weniger als 100 nm bereitge-
stellt werden.

Verwendung nach Anspruch 12, wobei die Molekiile,
die einen nichtvertikalen Triplett-Energietransfer
aufweisen, nichtvertikale Triplett-Fanger sind, die
vorzugsweise aus der Gruppe ausgewahlt sind, be-
stehend aus COT, Cycloheptatrien (CHT), cis-Stil-
ben, und Kombinationen davon.

Revendications

Procédé de réduction d’'une population de triplets
dans un matériau semi-conducteur électrolumines-
cent organique a I'état solide d’un dispositif électro-
luminescent organique, le procédé comprenant
I’étape de fourniture, dans le dispositif électrolumi-
nescent organique, de molécules présentant un
transfert d’énergie de triplet non vertical dans le ma-
tériau semi-conducteur électroluminescent organi-
que al'état solide ou a une distance inférieure a 100
nm du matériau semi-conducteur électrolumines-
cent organique a I'état solide,

dans lequel lesdites molécules présentant un trans-
fert d’énergie de triplet non vertical comprennent un
matériau de désactivation de triplet non vertical sa-
tisfaisant aux exigences suivantes :

a) le taux de triplet du désactiveur de triplet non
vertical est inférieur au taux de triplet du maté-
riau semi-conducteur électroluminescent orga-
nique a I'état solide ;

b) le taux de singulet du désactiveur de triplet
non vertical est supérieur au taux de singulet du
matériau semi-conducteur électroluminescent
organique a I'état solide ;

c) le désactiveur de triplet non vertical possede
une durée de vie de triplet intrinséque qui est
plus courte que la durée de vie de triplet du ma-
tériau semi-conducteur électroluminescent or-
ganique a I'état solide,

et dans lequel le taux de conversion intersystéeme
dudit matériau semi-conducteur électroluminescent
organique a I'état solide comprenant ledit matériau
de désactivation de triplet non vertical n’est pas aug-
menté par rapport au taux de conversion intersyste-
me dudit matériau semi-conducteur électrolumines-
cent organique a I'état solide ne comprenant pas le-
dit matériau de désactivation de triplet non vertical.

Procédé selon la revendication 1, dans lequel le ma-
tériau de désactivation de triplet non vertical possé-
de une durée de vie de triplet intrinséque qui est plus
courte que 200 ps, de préférence plus courte que
100 ps, plus préférablement plus courte que 50 ps.
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Procédé selon la revendication 1, dans lequel la sé-
paration S1-T1 du désactiveur de triplet non vertical
est supérieure a 1 eV, de préférence supérieure a 2
eV, plus préférablement supérieure a 3 eV.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel ladite molécule présentant
un transfert d’énergie de triplet non vertical est choisi
dans le groupe constitué de 1,3,5,7-cyclooctatétrae-
ne (COT), cycloheptatriene (CHT), cis-stilbéne, et
des combinaisons de ceux-ci.

Procédé selon la revendication 4, dans lequel ladite
molécule présentant un transfert d’énergie de triplet
non vertical est choisie de fagon a étre COT.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel ladite molécule présentant
un transfert d’énergie de triplet non vertical est dis-
posée a une distance du matériau semi-conducteur
électroluminescent organique a I'état solide qui est
plus courte que 50 nm, de préférence plus courte
que 10 nm, plus préférablement plus courte que 1
nm.

Procédé selon la revendication 6, dans lequel ladite
molécule présentant un transfert d’énergie de triplet
non vertical est un désactiveur de triplet non vertical.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel le matériau semi-conduc-
teur électroluminescent organique a l'état solide
comprend un matériau électroluminescent.

Dispositif électroluminescent organique comprenant
un matériau semi-conducteur électroluminescent or-
ganique a l'état solide, caractérisé en ce que le
dispositif électroluminescent comprend des moyens
pour réduire une population de triplets, lesdits
moyens comprenant des molécules présentant un
transfert d’énergie de triplet non vertical étant dispo-
sées dans le matériau semi-conducteur électrolumi-
nescent organique a I'état solide ou a une distance
inférieure a 100 nm du matériau semi-conducteur
électroluminescent organique a I'état solide, lesdites
molécules présentant un transfert d’énergie de triplet
non vertical comprenant un matériau de désactiva-
tion de triplet non vertical dans lequel :

a) le taux de triplet du désactiveur de triplet non
vertical est inférieur au taux de triplet du maté-
riau semi-conducteur électroluminescent orga-
nique a I'état solide ;

b) le taux de singulet du désactiveur de triplet
non vertical est supérieur au taux de singulet du
matériau semi-conducteur électroluminescent
organique a I'état solide ;

c) le désactiveur de triplet non vertical posséde
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une durée de vie de triplet intrinséque qui est
plus courte que la durée de vie de triplet du ma-
tériau semi-conducteur électroluminescent or-
ganique a I'état solide,

et dans lequel le taux de conversion intersystéeme
dudit matériau semi-conducteur électroluminescent
organique a I'état solide comprenant ledit matériau
de désactivation de triplet non vertical n’est pas aug-
menté par rapport au taux de conversion intersyste-
me dudit matériau semi-conducteur électrolumines-
cent organique a I'état solide ne comprenant pas le-
dit matériau de désactivation de triplet non vertical.

Dispositif électroluminescent organique selon la re-
vendication 9, dans lequel ladite molécule présen-
tant un transfert d’énergie de triplet non vertical est
disposée a une distance du matériau semi-conduc-
teur électroluminescent organique a I’état solide qui
est plus courte que 50 nm, de préférence plus courte
que 10 nm, plus préférablement plus courte que 1
nm.

Dispositif électroluminescent organique selon l'une
quelconque des revendications 9 ou 10, dans lequel
lesdites molécules présentant un transfert d’énergie
de triplet non vertical sont des désactiveurs de triplet
non vertical, de préférence choisis dans le groupe
constitué de COT, cycloheptatriene (CHT), cis-stil-
béne, et des combinaisons de ceux-ci.

Utilisation de molécules présentant un transfert
d’énergie de triplet non vertical pour réduire une po-
pulation de triplets dans un matériau semi-conduc-
teur électroluminescent organique al’état solide d’'un
dispositif électroluminescent organique, lesdites
molécules comprenant un matériau de désactivation
de triplet non vertical dans laquelle :

a) le taux de triplet du désactiveur de triplet non
vertical est inférieur au taux de triplet du maté-
riau semi-conducteur électroluminescent orga-
nique a I'état solide ;

b) le taux de singulet du désactiveur de triplet
non vertical est supérieur au taux de singulet du
matériau semi-conducteur électroluminescent
organique a I'état solide ;

c) le désactiveur de triplet non vertical possede
une durée de vie de triplet intrinséque qui est
plus courte que la durée de vie de triplet du ma-
tériau semi-conducteur électroluminescent or-
ganique a I'état solide ;

et dans laquelle le taux de conversion intersystéeme
dudit matériau semi-conducteur électroluminescent
organique a I'état solide comprenant ledit matériau
de désactivation de triplet non vertical n’est pas aug-
menté par rapport au taux de conversion intersyste-
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me dudit matériau semi-conducteur électrolumines-
cent organique a I'état solide ne comprenant pas le-
dit matériau de désactivation de triplet non vertical,
dans laquelle lesdites molécules sont disposées
dans le dispositif électroluminescent organique dans
le matériau semi-conducteur électroluminescent or-
ganique a I'état solide ou a une distance inférieure
a 100 nm du matériau semi-conducteur électrolumi-
nescent organique a I'état solide.

Utilisation selon la revendication 12, dans laquelle
lesdites molécules présentant un transfert d’énergie
de triplet non vertical sont des désactiveurs de triplet
non vertical, de préférence choisies dans le groupe
constitué de COT, cycloheptatriéne (CHT), cis-stil-
béne, et des combinaisons de ceux-ci.
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