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67 ABSTRACT

Aluminescent polymer, suitable for use in an active layer of
an organic light-emitting device, organic solid state lasers, a

photovoltaic cell or an electrochromic display and exhibiting
good stability and microstructure control, which has the
structure

@

R; R, D

wherein Ar; and Ar, are aromatic or heteroaromatic rings,
such as phenyl, biphenyl, fluorene, thiophene, pyridyl, or
their substituted aromatic or heteroaromatic rings with or
without deuterium, and R; and R, are independently each
selected from the group consisting of hydrogen, deuterium,
substituted or unsubstituted alkyl, alkoxyl, aryl and het-
eroaryl, or halogen, wherein D represents deuterium and n is
an integer greater than 3. Electronic devices and methods of
making them which employ these luminescent polymers are
also described.
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FIGURE 1

DP-PPV-d2 (red) and DP-PPV (blue)
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Figure 1. UV-Vis and PL spectral comparison of DP-PPV (Blue) with DP-PPV-d2
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FIGURE 2

CV Comparison of DP-PPV vs. DP-PPV-d2
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Figure 2. Cyclic voltametric curve of normal DP-PPV (dotted line in blue) and
duterated DP-PPV-d2 (solid line).
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FIGURE 3

UV source

Luminescent
290 W, 366nm Polymer coating

Fig. 3. Ilustration of UV irradiation experiment set up
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FIGURE 4

Fig. 4. 3D illustration of the DP-PPV-d2 polymer
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FIG. 5

InP Si0,

Edge
emission

Figure 5. Schematic diagram of an organic solid state laser (OSL) device with surface-
emitting planer Fabry-Perot resonator showing the pump beam focused onto the surface of
the polymer film, and the OSL output beam emerging from the film edge.
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ORGANIC PHOTOLUMINESCENT POLYMERS
WITH IMPROVED STABILITY

BACKGROUND OF THE INVENTION
[0001] 1. Field of the Invention

[0002] The present invention relates to luminescent poly-
mers suitable for use in organic light-emitting devices
(OLEDs), organic solid-state lasers, photovoltaic cells, and
electrochromic displays. The invention further relates to a
method of producing the luminescent polymers, and of
producing OLEDs, organic solid state lasers, photovoltaic
cells and electrochromic displays employing such lumines-
cent polymers in an active layer.

[0003] 2. Description of the Related Art

[0004] Conjugated polymer semi-conductors have
attracted attention for optoelectronic applications that tradi-
tionally have been the domains of inorganic semi-conduc-
tors. The structural flexibility, the very low cost for process-
ing, and the flexible thin film features of conjugated
polymers make organic semi-conductive polymer devices
competitive with the inorganic semiconductors. Most con-
jugated polymers are highly luminescent, and they have
attracted great attention in light-emitting device applications
and for use in organic solid-state lasers.

[0005] Recent improvements in performance characteris-
tics of organic/polymer LEDs have led to renewed interest
in organic lasers. Laser emission in general relies on two key
ingredients: first, the active material must exhibit strong
stimulated emission. Second, there has to be an optical
feedback mechanism. The first requirement is fulfilled for a
variety of state-of the-art conjugated polymers. The obser-
vation of gain narrowing via amplification of spontaneous
emission (ASE) in planar conjugated polymer wave guides
has proven that conjugated polymers can exhibit high optical
gain comparable to the best inorganic semiconductor laser
materials.( M. D. McGehee and A. Heeger, Adv. Mater.,
2000, 12(22), 1655-1668). The second important condition
for lasing, namely an optical feedback, has to be accom-
plished by a suitable resonator geometry which is dependent
on physical device configuration. Recent realization of the
first organic solid state injection laser pumped by electrical
charge injection reveals that the current is at the level of
more than 1000 A/cm? for an electrically pumped organic
solid state laser.(J. H. Schon, et al, Science, 2000, 278,
599-601). This is considerably much more than a normal
OLED which is operated at a level of 10-100 mA/cm? (for
a brightness between 100-1000 cd/m?). The prospect of
compact electrically pumped polymer lasers using their
semi-conductor properties is exciting. However, there is
indeed a need to develop highly luminescent and highly
stabilized polymers.

[0006] Luminescent conjugated polymers are generally
known in the art and include substituted and unsubstituted
poly(phenylene vinylene)s and polyphenylenes. They are
widely used in active layers which can be incorporated into
a variety of OLED, organic solid-state laser, photovoltaic
cell and electrochromic display structures. For all the above
applications, polymers are either subject to electrical field,
charge injection, or light irradiation conditions. Besides
having the luminescence property, the other key parameter
for these applications is the stability of the material under
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conditions of use, including high UV irradiation and high
currents. Thus, the materials must maintain a high level of
photoluminescent properties in use, as well as maintain their
structural integrity.

[0007] Efforts to use these conjugated polymers commer-
cially have focused on improving stability. It has been found
that stability can be improved by the introduction of highly
hindered aromatic rings, such as diphenyl-substituted
poly(phenylene vinylene)s and phenyl-substituted poly(phe-
nylene vinylene)s.(U.S. Pat. No. 5,945,502). Even with
these improvements, however, stability is still unsatisfactory
for use under certain conditions including high UV irradia-
tion and high currents, both of which are normal conditions
in OLEDs, organic solid state lasers, photovoltaic cells, and
electrochromic displays.

SUMMARY OF THE INVENTION

[0008] 1t is an object of the present invention to provide
luminescent polymers with improved stability, particularly
against UV irradiation and high currents, and suitable for use
in organic solid state lasers, OLEDs, photovoltaic cells, and
electrochromic displays.

[0009] Accordingly, in one aspect the invention is a
poly(phenylene vinylene) with a highly sterically hindered
aromatic or heteroaromatic ring substitution on the phe-
nylene portion, and deuterium substitution on the vinylene
portion, as shown in the following structure: o

R; R, D

[0010] wherein Ar, and Ar, are aromatic or heteroaromatic
rings, such as phenyl, biphenyl, fluorene, thiophene, pyridyl,
or their substituted aromatic or heteroaromatic rings with or
without deuterium. R; and R, are independently each
selected from the group consisting of hydrogen, deuterium,
substituted or unsubstituted alkyl, alkoxyl, aryl and het-
eroaryl, or halogen such as chlorine, fluorine, bromine etc.
D represents deuterium, and n is an integer greater than 3.

[0011] In preferred embodiments, R, and R, are the same
and are selected from the group consisting of substituted or
unsubstituted alkyl, alkoxyl, aryl and heteroaryl. Most pref-
erably, Ar, and Ar, are phenyl or pyridyl or substituted
phenyl or pyridyl.

[0012] In particularly preferred embodiments, the lumi-
nescent polymers are:

X Y
Q D
n

R; R, D

Formula 1
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-continued
Formula 2
Formula 3

D

n
R, R, D

Formula 4
Formula 5
Formula 6

[0013] In the above formulas X, Y=F, Cl, Br, CN, NO,,
OR;, SR, phenyl, pyridyl, thiophene R;, R,=H, alkyl
(1-20), alkoxyl (1-20), F, Cl, Br.
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[0014] The above-described luminescent polymers exhibit
good stability, particularly under UV irradiation and high
current injection. The polymers are soluble, with well-
controlled microstructure and, as a consequence, are suitable
for formation into the active layer of OLEDs, organic solid
state lasers, photovoltaic cells and electrochromic displays.
Preferred embodiments are particularly well-suited for for-
mation of such layers by solution processing, such as
spin-coating and printing processes.

[0015] In a further aspect, the present invention is an
organic light emitting device, an organic solid state laser,
and a method for producing such devices, comprising a
transparent electrode; a cathode; and an active layer con-
taining a luminescent polymer having the structure of for-
mula (I).

[0016] 1In a still further aspect, the present invention is a
photovoltaic cell, and a method for producing such a cell,
comprising an active layer containing a luminescent poly-
mer having the structure of formula (I).

[0017] In another aspect, the present invention is an elec-
trochromic display, and a method for producing such a
display, comprising an active layer containing a luminescent
polymer having the structure of formula (I).

[0018] 1In a related aspect, the invention is a method of
making a luminescent polymer having a structure as set out
in formula (I), comprising the steps of deuteration of the
monomers, and the 1,6-dehalogenation polymerization reac-
tion.

[0019] This brief summary has been provided so that the
nature of the invention may be understood quickly. A more
complete understanding of the invention can be obtained by
reference to the following detailed description of the pre-
ferred embodiments thereof in connection with the attached
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1 is a graphical comparison of the UV-visible
and photoluminescent spectral characteristics of DP-PPV
(Blue) with DP-PPV-d2 (Red).

[0021] FIG. 2 is a graph showing the cyclic voltametric
curve of normal DP-PPV and deuterated DP-PPV-d2.

[0022] FIG. 3 is an illustration of a UV irradiation experi-
ment set-up.

[0023] FIG. 4 is a three-dimensional illustration of a
DP-PPV-d2 polymer.

[0024] FIG. 5 is a schematic diagram of an organic solid
state laser (OSL) device showing the pump beam focused
onto the surface of the polymer film.

DETAILED DESCRIPTION OF THE
INVENTION

[0025] The present invention provides conjugated lumi-
nescent polymers or copolymers which present better sta-
bility against current and against UV light irradiation.
Amongst various conjugated polymers, poly(phenylene
vinylene) (PPV) and its derivatives remain as the most
important conjugated polymers for the use in opto-electronic
applications. This is because PPVs can be molecularly
engineered to provide various derivatives with different
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emissive colors, such as red, green, yellow and bluish green,
by changing the side substituted groups of the polymer.
PPVs with extremely high molecular weight can also be
easily achieved (with Mw higher than 10°). Many applica-
tions of conjugated PPVs in the area of photovoltaic cells,
light-emitting devices, electrochromic displays, and organic
lasing etc, have been reported. For almost all the above
applications, the paramount important requirement is the
improvement of material stability.

[0026] Di-phenyl substituted poly(phenylene vinylene)
has been developed as a good green luminescent polymer. It
has a better stability against photo-irradiation than some
other derivatives, such as 2-methoxy-5-(2-ethyl-hexyl)-
poly(1,4-phenylenevinylene) (MEH-PPV).

[0027] Inorder to further enhance the stability of the vinyl
bonds along the conjugated polymer chain, deuterium sub-
stituted polymer has been explored. The difference between
hydrogen and deuterium has fairly small chemical effects;
however, there are important physical effects because of the
mass difference between the isotopes, with deuterium hav-
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ing double the mass of hydrogen. It is known that the C-D
bond is shorter than the C—H as a result of anharmonicity
of the bond stretching potential. This means the carbon-
deuterium chemical bond is stronger, more stable, and reacts
more slowly than the carbon-hydrogen chemical bond, so
that the deuterium organic system has better thermal stabil-
ity, and a longer lifetime in opto-electronic devices. Deute-
rium is found to act as an apparent electron-donating induc-
tive substituent relative to hydrogen. The isotope effects may
be applied in the design of new luminescent material with
enhanced charge-injection ability.

[0028] Various PPV-based luminescent materials contain-
ing deuterium have been prepared to investigate their suit-
ability for use in OLEDs.

EXAMPLE 1

[0029] Synthesis of a soluble green luminescent diphenyl-
substituted PPV with deuterium substitution has been car-
ried out as described in Scheme 1.
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[0030] The deuterium reaction mechanism is illustrated in
Scheme 2. As is shown, it is possible to obtain the deuterium
DP-PPV with the readily available starting material LiAID,,.

B £ AID; CT\_A“%

I
R—C CD —_— R—C—OEt —
OEt b
O AID OFt O—A]DZOEt .
71 | 0o
R_C\ CD . R—C—D —_—
b )
?—H Li
R—?—D + AID,OFEt
D OH

[0031] The resulting polymer has a melting point around
285° C. Due to the diphenyl steric effect, combined with the
stabilization effect of deuterium, the green luminescent
DP-PPV-d2 has a better stability against light irradiation and
against thermal curing than the non-deuterated polymer.

[0032] The three dimensional features of a DP-PPV-d2
polymer are illustrated in FIG. 4.

[0033] Compared with the normal DP-PPYV, the duterated
DP-PPV-d2 has similar optical and electronic absorption
properties, as can be seen from FIG. 1.

EXAMPLE 2
[0034] Cyclic Voltametric Analysis

[0035] From a cyclic voltametric analysis, the band gap of
the polymer can be estimated as, Eg=2.8 ¢V; and the energy
level for the highest occupied molecular orbitals (HOMO)
being=>5.9 ¢V, and for the lowest occupied molecular orbitals
being (LUMO)=3.1 eV. The reduction position and the
cyclic voltametric features for both normal DP-PPV and
DP-PPV-d2 are similar. However, the oxidation position and
features of the two polymers are different, as illustrated in
FIG. 2. The deuterated DP-PPV-d2 shows a better hole
injection as indicated by the larger oxidation peak area in
FIG. 2.

EXAMPLE 3
[0036] UV Stability Comparison

[0037] A DP-PPV polymer sample and a DP-PPV-d2
polymer sample were coated on quartz glass substrates
respectively, and subjected to UV irradiation under nitrogen
as illustrated in FIG. 3.

[0038] After 100 minutes UV irradiation (290 W, 366 nm)
under nitrogen atmosphere, the normal DP-PPV sample
showed photoluminescence of 80% of its original intensity
due to photo-degradation. The DP-PPV-d2 deuterium
sample, however, showed 95% of its original photolumines-
cence intensity.
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EXAMPLE 4
[0039] OLED Property Comparison

[0040] A solution of a DP-PPV-d2 polymer (where
X=Y=H, R,=H and R,=C, H,, (40 mg dissolved in 2
mL chloroform) is prepared and filtered through a filter with
a pore size of less than 0.45 microns. A polymer thin film of
PEDOT (Baytron®) is formed by spin-coating an aqueous
solution of PEDOT on a pre-coated ITO glass substrate
(1.5x1.0 inch, resistivity less than 50 ohm/in®) at 2000 rpm
and at room temperature for a spin-time of 1.5 minutes. The
thin film of PEDOT is used as a hole injection layer. The
deuterium polymer is spin-coated on top of the PEDOT film
by similar spin-coating techniques to form an emissive layer.
The emissive layer has a uniform thickness of about 100 nm.
A layer of calcium, with a thickness of 60 nm, is deposited
on top of the polymer film by vacuum thermal evaporation
at a rate of 0.2-2.2 nm/sec. A layer of Al with a thickness of
150 nm is deposited on top of the Ca layer at a rate of 2.2-12
nm/sec. The formed OLED device ITO/PEDOT/DP-PPV-
d2/Ca—Al is encapsulated by gluing a cover glass substrate
on top of the aluminum cathode. The metal evaporation and
encapsulation of the device are carried out in a dry box under
an argon atmosphere. Stable and uniform green light emis-
sion is achieved at a forward bias of 5 volts.

[0041] For comparison, a similar device of ITO/PEDOT/
DP-PPV/Ca—Al was also fabricated using a normal DP-
PPV (without deuterium, where X=Y==H, R,=H and
R,=C, H,,) as the emissive layer. Green electrolumines-
cence can be observed at a forward bias of 4 volts, but after
2 weeks storage the “normal” DP-PPV polymer produced
less stable light emission than the deuterium containing
polymer.

[0042] TLuminescent polymers according to the present
invention can be used in optically pumped laser devices.
Optically pumped laser devices can be made having a
variety of structures, including the following:

[0043] 1. A vertical microcavity-luminescent poly-
mer layer using a polymer according to the present
invention can be coated onto a commercially avail-
able Diffraction Bragg Resonance (DBR) mirror. A
silver mirror is then deposited on top of the polymer
layer;

[0044] 2. A polymer selected from among the poly-
mers of the present invention can be coated in the
shape of a disk, ring or sphere onto a plate or
rod-shaped material, as known in the art. Such
materials include aluminum and copper;

[0045] 3. An in-plane Fabry-Perot polymer is
selected from among those of the present invention
and is coated on a cladding material. The cladding
has a higher index of refraction than the polymer, but
an index of refraction less than about 1.8. Such
cladding materials are selected to be resistant to
typical organic solvents and polymers. Examples of
such materials include TiO, and SiO,. The cladding
materials are usually coated onto semiconductor
materials, such as Si or InP by known sputtering
deposition techniques; and

[0046] 4. A distributed feedback (DFB) polymer
selected from among the polymers of the present
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invention is coated on top of a specially designed
distributed feedback plate, which is typically an
insulator material such as rubber or ceramics, etc.
Such a feedback plate is designed to have periodic
modulation of either the refractive index or the gain
coefficient.

[0047] The above mentioned devices can be pumped by a
laser source with wavelengths of 300-550 nm. Various laser
sources within these wavelengths are commercially avail-
able. For instance, one can employ a frequency doubled
output of a regeneratively amplified femtosecond (fs) Ti:sap-
phire laser. This laser source can product a pulse duration of
less than 150 fs at a wavelength of 400 nm with a pulse
energy of 0.1 nJ to 5000 nJ. The pump beam is focused onto
a spot with a diameter of approximately 20-2000 pm, more
preferably around 200 um.

EXAMPLE 5
[0048] Optically Pumped Laser Device

[0049] A polished InP substrate is pre-coated with a 2-um-
thick layer of SiO, (deposited by plasma enhanced chemical
vapor deposition). The polymer (DP-PPV-d) is coated on the
surface (100) of the SiO, by spin coating. The polymer film
(refractive index n=1.8) forms a slab optical wave guide
with the SiO, cladding layer (n=1.46) on one side, and air
(n=1) on the other. The thickness of the organic film was
chosen in order to form a single mode slab wave guide
confining the optical field in the gain region. The OSL is
optically pumped with 500 ps pulses generated at a 50 Hz
repetition rate by a nitrogen laser at lambda=337 nm. The
pump beam was focused onto a 50-um-wide stripe on the
surface of the organic film forming the gain region. At pump
level above threshold (4 nJ), a well defined green laser beam

is clearly observed emerging from the edges of the film
(FIG. 5).

[0050] An organic laser device can also be constructed in
accordance with the present invention. Such a device would
have a cathode with a low work function of less than 4.5 eV
and an anode with a higher work function of more than 4.8
eV, together with an active layer containing a luminescent
polymer according to the present invention.

What is claimed is:
1. A luminescent polymer having a structure

@

R} R, D

wherein Ar; and Ar, are aromatic or heteroaromatic rings,
such as phenyl, biphenyl, fluorene, thiophene, pyridyl, or
their substituted aromatic or heteroaromatic rings with or
without deuterium and R; and R, are independently each
selected from the group consisting of hydrogen, deuterium,
substituted or unsubstituted alkyl, alkoxyl, aryl and het-
eroaryl, or halogen; wherein D represents deuterium; and
wherein n is an integer greater than 3.
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2. The luminescent polymer according to claim 1, wherein
R, and R, are the same and are selected from the group
consisting of substituted or unsubstituted alkyl, alkoxyl, aryl
and heteroaryl.

3. The luminescent polymer according to claim 2, wherein
Ar, and Ar, are phenyl or pyridyl or substituted phenyl or
pyridyl.

4. The luminescent polymer according to claim 1, selected
from the group consisting of:

Formula 1
X Y
Q D
n
R, R, D
Formula 2
Formula 3
X Y
N\ / N N N
D
n
i R, D
Formula 4
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-continued

Formula S

Formula 6

n

Ry Ry

O

where X and Y are selected from the group consisting of F,
Cl, Br, CN, NO,, OR;,, SR, phenyl, pyridyl or thiophene;
and R,, R, may be H, alkyl C,-C,,, C,-C,, alkoxyl, F, Cl or
Br.

5. An organic light emitting device comprising:
(a) a transparent electrode;
(b) a cathode; and

(¢) an active layer containing the luminescent polymer
according to any one of claims 1-4.

Dec. 11, 2003

6. An optically pumped laser device comprising:

(2) a substrate coated with a cladding layer having an
index of refraction less than about 1.8;

(b) a luminescent polymer according to any one of claim
1-4 coated on top of the substrate; and

(c) a laser pumping light with a wavelength between
about 300 nm and 550 nm.
7. An organic laser device comprising:

(a) a cathode with a low work function of less than 4.5 eV,

(b) an anode with a higher work function of more than 4.8
eV; and

(¢) an active layer containing a luminescent polymer
according to any one of claims 1-4.

8. A method for making the organic light emitting device
of claim 5 comprising the step of placing the luminescent
polymer as the emissive layer between two electrodes.

9. A photovoltaic cell comprising an active layer contain-
ing a luminescent polymer according to any one of claims
14.

10. A method for making the photovoltaic cell of claim 9
comprising the step of placing the luminescent polymer as
the active layer between two electrodes.

11. An electrochromic display device comprising an
active layer containing a luminescent polymer according to
any one of claims 1-4.

12. A method for making the electrochromic display
device of claim 11 comprising the step of placing the
luminescent polymer as the active layer between two elec-
trodes.

13. A method of making a luminescent polymer according
to any one of claims 1-4 comprising the steps of using
LIAID, as the deuterium source to include deuterium on a
vinyl group of the polymer.

#* % * & #*
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