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7) ABSTRACT

Disclosed is an organic electroluminescent device, wherein
the light-emitting layer is composed of a non-doped neutral
free-radical electroluminescent material or a neutral free-
radical electroluminescent material doped in a matrix mate-
rial. The luminescence of the device is from the photons
emitted from the transition of doublet electrons in the outer
molecular orbit of the neutral free-radical electroluminescent
material from an excited state to the ground state; since there
is no limitation on spin-forbidden, the upper limit of the
internal quantum efficiency of the device is 100%. The neutral
free-radical electroluminescent material used in the device is
1,3-bis(diphenylene)-2-phenylallyl free radicals and deriva-
tives thereof; tri(2,4,6-trichlorophenyl)methyl free radicals
and derivatives thereof; (3,5-dichloro-4-pyridyl)bis(2.4,6-
trichlorophenyl)methy! free radicals and derivatives thereof;
(2,4,6-trichloro-5-pyrimidinyl)bis(2,4,6-trichlorophenyl)
methyl free radicals and derivatives thereof.
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ORGANIC ELECTROLUMINESCENT
DEVICE BASED ON NEUTRAL
FREE-RADICAL ELECTROLUMINESCENT
MATERIAL

TECHNICAL FIELD

[0001] The invention relates to an organic electrolumines-
cent device, and in particular an organic electroluminescent
device using a neutral free-radical electroluminescent mate-
rial as a light-emitting layer.

BACKGROUND ART

[0002] The organic electroluminescent device exhibits a
bright application prospect in the display and illumination
fields since it has the advantages, such as a simple manufac-
turing process, a wide range of materials, a controllable struc-
ture, being super-thin and flexible, etc. Some organic elec-
troluminescent devices industrially applicable or close to
industrially applicable have appeared, for example, display
screens based on an active matrix organic electroluminescent
diode from the Samsung company have been widely used in
Galaxy series mobile phones and the large size televisions
thereof also have appeared on the market. The organic white-
light illumination technology also has been developing
towards the target of low-cost, high-efficiency, and long-life
flat-panel light sources.

[0003] Inthe organicfluorescent electroluminescent device
invented by C. W. Tang et al., (U.S. Pat. No. 4,769.292; C. W.
Tang et al.,, Appl. Phys. Lett 51, 913 (1987)), an organic
fluorescent light-emitting material is used for luminescence
in 1987. Under the application of an electric field, holes and
electrons are injected from an anode and a cathode of a
device, respectively, and they meet in a light-emitting area,
forming excitons which emit light by radiative recombina-
tion. In the context of random spin directions of the electrons
and holes injected, the resulting ratio of the singlet excitions
to the triplet excitions is 1:3; for an organic fluorescent mate-
rial, the transition of a triplet excition to the ground state is
forbidden, there is only luminescence from the transition of a
singlet excition to the ground state; therefore the internal
quantum efficiency of the device has an upper limit 0f 25%.
[0004] In order to break through the upper limit of 25% of
the internal quantum efficiency in an organic fluorescent elec-
troluminescent device, M. E. Thompson et al., and Yuguang
Ma. et., have invented organic phosphorescent electrolumi-
nescent devices (i.e., a device in which an organic phospho-
rescent material is used for luminescence, U.S. Pat. No.
6,303,238; M. A. Baldo, et al., Nature 395, 151, (1998); Y. G.
Ma, et al., Synth. Met. 94, 245, (1998)). They incorporate
heavy metal atoms in the organic light-emitting materials,
i.e., the organic phosphorescent materials, wherein the tran-
sition of a triplet excition to the ground state becomes pos-
sible by the strong spin-orbital coupling of the heavy metal
atom. For the organic phosphorescent electroluminescent
device, the internal quantum efficiency can reach 100%.
However, the current high-efficiency organic phosphorescent
materials are all expensive rare metal coordination com-
plexes, resulting significant increase of the production costs
of organic phosphorescent electroluminescent devices.
[0005] In the organic florescent electroluminescent
devices, the light emission of the singlet excitions are used
(the upper limit of the internal quantum efficiency is only
25%); in the organic phosphorescent electroluminescent
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device, the light emission of the triplet excitions are used (the
organic phosphorescent light-emitting materials are expen-
sive); they have disadvantages of their own; therefore it is a
trend to develop an organic electroluminescent device which
can reach an upper limit of internal quantum efficiency of
100% without using expensive rare metals. So far there is no
report on an organic electroluminescent device using a neu-
tral free-radical electroluminescent material as a light-emit-
ting layer.

Contents of Invention

[0006] An object of the present invention is to provide an
organic electroluminescent device, which emits light on the
basis of the transition of a doublet electron between different
orbits of organic neutral free-radical electroluminescent
materials, can replace an organic phosphorescent electrolu-
minescent device. The device based on organic neutral free-
radical electroluminescent materials has relatively low costs
and has an internal quantum efficiency upper limit of 100%.

[0007] The neutral free-radical electroluminescent materi-
als described in the present invention are classified into the
following four classes: 1,3-bis(diphenylene)-2-phenylallyl
free radicals and derivatives thereof; tri(2,4,6-trichlorophe-
nyl)methyl free radicals and derivatives thereof; 3,5-
dichloro-4-pyridyl)bis(2,4,6-trichlorophenyl)methyl  free
radicals and derivatives thereof; (2.4,6-trichloro-5-pyrimidi-
nyl)bis(2,4,6-trichlorophenyl)methyl free radicals and
derivatives thereof, and have the following general structures:
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-continued
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[0008]
R, R, R,, R,—H,F.CLCN...

wherein R, R}, R, and R, are the same or different,

[0009] wherein R, R, R, and R; are selected from an aro-
matic amine, heterocyclic aromatic hydrocarbon or fused ring
aromatic hydrocarbon compound or an atom, a group as
shown in the above formulas or a derivative from any com-
bination thereof.

[0010] During the preparation of an organic electrolumi-
nescent device, the above-mentioned neutral free-radical
electroluminescent material can be made as a light-emitting
layer of the device by evaporation, etc.
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[0011] Comparing with the Prior Art, the Present Invention
has the Following Advantages:

[0012] (1) since there is only one electron in the outermost
molecular orbital of an neutral free-radical electrolumines-
cent material, the spin quantum number of one electron is %2,
corresponding to a doublet state. The light emission of the
organic electroluminescent device in the present invention is
from the transition of the doublet electron of the organic
neutral free-radical molecules from a higher level molecular
orbit to a lower level singly occupied molecular orbit
(SOMO), which is different from the emission from a singlet
excition or a triplet excition;

[0013] (2) an electron from the outermost molecular orbit
(SOMO) of the organic neutral free-radical electrolumines-
cent material is excited to a higher level molecular orbit, and
when the electron transits downward, it faces an empty
molecular orbit, thus there is no limitation of Pauli-exclusion-
forbidden transition; therefore the device using the emission
of neutral free-radical molecules has an upper limit of the
internal quantum efficiency of 100%.

DESCRIPTION OF THE DRAWINGS

[0014] FIG.1: anelectroluminescence spectrum ofa device
ata voltage of 6V, characterizing the luminescence spectrum
of the device from example 5;

[0015] FIG. 2: voltage-current density and voltage-lumi-
nance curves of a device, characterizing the voltage-current
density and voltage-luminance of the device from example 5;

[0016] FIG.3: anelectroluminescence spectrum ofa device
at a voltage of 7'V, characterizing the luminescence spectrum
of the device from example 6;

[0017] FIG. 4: voltage-current density and voltage-lumi-
nance curves of a device, characterizing the voltage-current
density and voltage-luminance of the device from example 6;

[0018] FIG.5: anelectroluminescence spectrum of a device
ata voltage of 9V, characterizing the luminescence spectrum
of the device from example 7;

[0019] FIG. 6: voltage-current density and voltage-lumi-
nance curves of a device, characterizing the voltage-current
density and voltage-luminance of the device from example 7.

PARTICULAR EMBODIMENTS

[0020] The present invention is further described in detail
in combination with particular embodiments. It is to be undet-
stood that the present invention is not limited to the following
embodiments, which are just illustrative embodiments of the
present invention.

[0021] Example of the Synthesis Process of Organic Neu-
tral Free-Radical Electroluminescent Material

Example 1

Synthesis of 1,3-bisdiphenylene-2-phenylallyl Free
Radical and Derivatives Thereof

[0022] Synthesis of the first class (I) of free radicals, they
are prepared according the method reported in the documents
(J. Chem. Soc., Perkin Trans. 1, 2000, 971-979) and (Org.
Lett., 2009, 11, (9), 171-1874.); the 1,3-bisdiphenylene-2-
phenylallyl free radical is exemplified for illustration.
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Step 1: Preparation of
2,7-disubstituted-9-(substituted
benzylidene)-9H-fluorene

[0023]

KOH
Benzyl alcohol

[0024] The preparation of 9-benzylidene-9H-fluorene is
exemplified for illustration.

O CHO
. KOH
Benzyl alcohol

_

[0025] To a 500 mL reaction bottle, fluorene (41 g, 0.25
mol), KOH (20 g, 0.36 mol), benzaldehyde (40 mL, 0.4 mol)
and 200 mL benzyl alcohol were added and reacted at 95° C.
for 1.5 h. The reaction mixture was poured into 2 L pure
water, stirred overnight and the precipitate was filtered by
suction and washed with ethanol to obtain a white crystal (4.3
g, 73%). 'H NMR and mass spectrometry results confirmed
that the product was 9-benzylidene-9H-fluorene.
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Step 2: Preparation of
2,7-disubstituted-9-bromo-9-[bromo-(substituted
benzylidene)]-9H-Fluorene

[0026]

Br2
—_—
AcOH

[0027] The preparation of 9-bromo-9-[bromo-(phenyl)me-
thyl]-9H-fluorene was exemplified for illustration.

Brz
—
AcOH
O Br Br

[0028] To a reaction bottle, 9-benzylidene-9H-fluorene
(12.5 g, 4 mmol) and 200 mL of an acetic acid solution were
added, and then Br, (7.6 g, 48 mmol) was added dropwise
with stirring and reacted overnight; after the completion of
the reaction, the mixture was filtered by suction and the
resulting solid is washed several times with ethyl ether to
obtain the title compounds as white crystal (18.4 g, 89%). 'H
NMR and mass spectrometry results confirmed that the prod-
uct was 9-bromo-9-[bromo-(phenyl)methylene]-9H-fluo-
rene.
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Step 3: Preparation of
2,7-disubstituted-9-[-bromo-(substituted
phenyl)methylene]-9H-fluorene

[0029]

NaOH
EtOH

[0030] The preparation of 9-[bromo-(phenyl)methylene]-
9H-fluorene was exemplified for illustration.

NaOH
EtOH
Br Br

[0031] To a reaction bottle, 9-bromo-9-[bromo-(phenyl)
methyl]-9H-fluorene (18.4 g, 44 mmol) and NaOH (99 g, 2.4
mol) were added and then 500 mL of anhydrous ethanol was
added therein, heated to refluxing, reacted for 1 h, and then
cooled to room temperature, neutralized with diluted hydro-
chloric acid and then the mixture was extracted with ethyl
acetate, washed several times with saline water, and dried to
over magnesium sulfate; the solvent was evaporated under a
reduced pressure and a yellow solid was obtained (12.6 g,
85%). 'H NMR and mass spectrometry results confirmed that
product was 9-[bromo-(phenyl)methylene]-9H-fluorene.
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Step 4: Preparation of ((2,7-disubstituted-9H-fluo-
rene-9-vinylidene)-2,7-disubstituted (9H-fluorene-9-
yl)methylene)substituted benzene

[0032]

‘BuONa, DMF

[0033] The preparation of ((9H-fluorene-9-vinylidene)
(9H-fluorene-9-yl)methylene)benzene was exemplified for

illustration.
' : ’BuONa DMF
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[0034] To a 100 mL two-necked reaction bottle, fluorene
(0.182 g, 1.1 mmol) and sodium tert-butoxide (0.35 g, 3.65
mmol) were added; then the reaction bottle was evacuated and
charged with nitrogen and repeated three times; then 25 mL of
anhydrous DMF was added and stirred for S min. To another
100 mL two-necked bottle, ((9H-fluorene-9-vinylidene),
(9H-fluorene-9-yl)methylene) (0.243 g, 0.73 mmol) was
added; the reaction bottle was evacuated and charged with
nitrogen and repeated three times; then 10 mL of anhydrous
DMEF is added therein; after the complete dissolution, the
solution was added dropwise to the solution of (fluorene and
sodium tert-butoxide in DMF) prepared in step 1 and the
reaction mixture changed into blue. The mixture was reacted
at room temperature for 1 h, then cooled with ice bath and 1
M dilute hydrochloric acid solution was added to the reaction
mixture until the blue disappeared; then the reaction mixture
was diluted with water, extracted with ethyle acetate, washed
with each of water and brine several times and dried over
magnesium sulfate. The crude product was purified by silica
gel chromatography eluting with methylene chloride: metha-
nol=95:5 (VAV). After removing the solvent (0.24 g, 79%) of
product was achieved. ‘H NMR and mass spectrometry
results confirmed that product was ((9H-fluorene-9-vi-
nylidene), (9H-fluorene-9-yl)methylene)benzene.

Step 5: Preparation of ((2,7-disubstituted-9H-fluo-
rene-9-vinylidene)-2,7-disubstituted (9H-fluorene-9-
yDmethylene)substituted pheny! free radical

[0035]

‘BuOK
DMF/BuOH(9:1)
AgNO:;

[0036] The preparation ofthe ((9H-fluorene-9-vinylidene),
(9H-fluorene-9-yl)methylene)phenylallyl free radical, i.e.,
1,3-bis(diphenylene)-2-phenylallyl free radical was exempli-
fied for illustration.

Apr. 7,2016

‘BuOK
DMF/BuOH(9:1)
AgNO3

BDPA

[0037] Toa 100 mL two-necked reaction bottle, ((9H-fluo-
rene-9-vinylidene), (9H-fluorene-9-yl)methylene)benzene
(0.054 g, 0.13 mmol) and potassium tert-butoxide (0.044 g,
0.9 mmol) were added; then the reaction bottle was evacuated
and charged with nitrogen and this was repeated three times;
the 80 mL anhydrous DMF: t-butanol (9:1) was added. The
reaction mixture was stirred vigorously for 20 min and then
silver nitrate (0.066 g, 0.390 mmol) was dissolved in 1.5 mL
of water and added to the reaction. After stirring for 2 min,
additional water was added and extracted with ethyl ether; the
organic layer was washed with water and brine four times,
dried over magnesium sulphate. In order to ensure the com-
plete removal of trace silver nitrate, the ether solution was
filtered through a small plug of silica on a fritted funnel, the
solvent was evaporated out under a reduced pressure, and a
dark brown solid was obtained (0.044 g, 82%). EPR and mass
spectrometry results confirmed that product was ((9H-fluo-
rene-9-vinylidene),  (9H-fluorene-9-yl)methylene)phenyl
free radical.

[0038] In addition, 4-49H-fluorene-9-vinylidene)(9H-
fluorene-9-yl)methylene)benzonitrile free radical was exem-
plified for the illustration of the preparation of other deriva-
tives of the free radical in this class.

[0039] The steps for the synthesis of 4-((9H-fluorene-9-
vinylidene) (9H-fluorene-9-yl)methylene)benzonitrile free
radical are similar to those above, only except that the starting
material benzaldehyde in step 1 was replaced with
4-caynobenzaldehyde.

CN



US 2016/0099415 A1l

Example 2

Synthesis of tri(2,4,6-trichlorophenyl)methyl Free
Radical and Derivative Thereof

[0040] Synthesis of the second class (II) of free radicals;
they are prepared according to the methods reported by Luis
Julia (J. Org. Chem., 2008, 73, (10), 3759-367) and reported
in the document (Chem. Eur. J. 2006, 12,9238-9253); the
tri(2,4,6-trichlorophenyl)methyl free radical was exemplified
for illustration.

Step 1: Preparation of
tri(2,4,6-trichlorophenyl)methane

[0041]
Cl
al . cHey, Ak
Cl
Cl Cl Cl Cl
CH
Cl Cl
Cl Cl
Cl
aHTTM
[0042] A mixture of 1,3,5-trichlorobenzene (10.14 g, 55.9

mmol), anhydrous chloroform (0.5 mL, 6.2 mmol) and anhy-
drous aluminium chloride (0.91 g, 6.8 mmol) was heated at
80° C. for 2.5 h in a glass pressure vessel. After cooling to
room temperature, the reaction mixture was poured into 1 M
hydrochloric acid and extracted with chloroform three times
and dried over sodium sulfate. The solvent was evaporated
and the product was purified by silica gel chromatography
eluting with petroleum ether. A white solid (2.8 g, 82%) was
obtained. "H NMR and mass spectrometry results confirm
that product was tri(2,4,6-trichlorophenyl)methane.

Step 2: Preparation of
tri(2,4,6-trichlorophenyl)methyl free radical

[0043]

Cl Cl Cl Cl

cH (i) BiuNOH, THF
(ii) tetrachloro-p-quinone
Cl Cl »
Cl Cl

Cl
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-continued
Cl Cl Cl Cl
C
Cl Cl
Cl Cl
Cl
™

[0044] Under the nitrogen atmosphere, tetrabutyl ammo-
nium hydroxide solution in methanol (0.8 mL, 2.34 mmol, 2
M) was added to the a solution of tri(2.4,6-trichlorophenyl)
methane (aHTTM) (0.732 g, 1.32 mmol) in freshly distilled
THF (35 mL). The mixture was allowed to react at room
temperature in dark for 5 h; then p-chloranil (0.876 g, 3.564
mmol) was added and further reacted for 1 h, the solvent was
evaporated. The product was purified by silica gel chroma-
tography eluting with petroleum ether, and a dark red solid
was obtained (0.62 g, 85%). EPR and mass spectrometry
results confirmed that product was tri(2,4,6-trichlorophenyl)
methyl free radical (TTM).

Step 3: Preparation of tri(2,6-dichloro-4
substituted-phenyl)methyl free radical

[0045]
Cl Cl
R ¢ al
" 31
Cl Cl
n=1,2,3
[0046] [4-(N-carbazolyl)-2,6-dichlorophenyl]bis(2,4,6-

trichlorophenyl)-methyl free radical was exemplified for the
illustration of other derivatives of this class free radical.

Cl Cl Cl Cl
. N
C H
Cl Cl (ii) BuyNOH, THF
(iii) tetrachloro-p-quinone
Cl
T™M
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-continued

»

Cl Cl Cl Cl
TTM-1CZ

[0047] Under the nitrogen atmosphere, a 50 mL two-
necked round-bottom flask was charged with tri(2,4,6-
trichlorophenyl)methyl free radical (TTM) (1.0 g, 1.81
mmol), carbazole (1.51 g, 9.05 mmol), cesium carbonate
(0.94 g, 2.9 mmol) and 20 mI. DMF and heated to 160° C. in
the dark for 2 h. After the reaction finished, the mixture was
cooled to room temperature and poured into a 1 M hydrochlo-
ric acid solution, a large amount of grey precipitate was
obtained, which are filtered, washed with water, dried and
purified by silica gel chromatography eluting with petroleum
ether: methylene dichloride/5:1 (V\VV/V). A red brown
solid, [4-(N-carbazolyl)-2,6-dichlorophenyl]bis(2,4,6-
trichlorophenyl)methane (0.31 g, 25%) was obtained, which
was directly reacted in the next step. Under the nitrogen
atmosphere and in dark, tetrabutylammonium hydroxide
solution in methanol (0.32 mL, 0,639 mmol, 2 M) was added
to the solution of [4-(N-carbazolyl)-2,6-dichlorophenyl]bis
(2,4,6-trichlorophenyl)methane (031 g, 0.45 mmol) in
freshly distilled 25 mI. THF and stirred at room temperature
for 5 h. After than p-chloranil (0.30 g, 1.22 mmol) was added
and reacted additionally for 1 h. The solvent was evaporated,
the mixture was purified by silica gel chromatography eluting
with petroleum ether:methylene dichloride=5:1 (V\V) to
obtain a purple brown solid (0.268 g, 87%). EPR and mass
spectrometry results confirmed that product was [4-(N-car-
bazolyl)-2,6-dichlorophenyl]bis(2,4,6-trichlorophenyl)-me-
thyl free radical (TTM-1CZ).

Example 3

Synthesis of (3,5-dichloro-4-pyridyl)bis(2,4,6-
trichlorophenyl)methyl Free Radical and Derivative
Thereof

[0048] Synthesis of the third class (I1I) of free radical, they
are prepared according to the method in the documents (Tet-
rahedron, 2006, 62, 5915-5921) and (Angew. Chem. Int. Ed.
2014, 53, 1-5). (3,5-dichloro-4-pyridyl)bis(2,4,6-trichlo-
rophenyl)methyl free radical was exemplified for illustration.
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Step 1: Preparation of 3,5-dichloropyridine-4-dehyde
[0049]

Cl Cl

(i) LDA, THF,-78° C. N
_—m-s
\ /7 \

\ / (ii) DMF \

Cl Cl

[0050] Under nitrogen atmosphere, a 250 mL two-necked
round-bottom flaskcharged with freshly distilled diisopropyl
amine (7.25 mL, 37.2 mmol) and 10 mL THF and cooled to
-78° C., then a butyl lithium (n-Buli) solution (23.1 mL, 37
mmol) in n-hexane was added slowly, after then reaction was
maintained at =78° C. for 0.5 h and reaction mixture slowly
warming to room temperature, another 30 mL TH was added
to the reaction. The temperature of cooled to -78° C. again,
3,5-dichloropyridine (5 g, 33.7 mmol) solution in 60 mL THF
was added dropwise and reacted for 1 h, a mixture solution of
DMEF (3.14 mL, 5.7 mmol) and 15 mL. THF was added drop-
wise to the reaction and stirered at —=78° C. for 2 h. Reaction
was warmed to room temperature, the mixture was poured
into 400 mL of a saturated sodium carbonate solution,
extracted with ethyl acetate, washed with a sodium carbonate
solution and brine several times, dried over magnesium sul-
fate and purified by silica gel chromatography eluting with
petroleum ether:ethyl acetate=10:1 (V\V). Obtained a light
yellow solid (4.81 g, 81%). "H NMR and mass spectrometry
results confirmed that product was 3,5-dichloropyridine-4-
aldehyde.

Step 2: Preparation of (3,5-dichloro-4-pyridinyl)bis
(2,4,6-trichlorophenyl)methane

[0051]

20 eq.

TfOH

cl N c * >
A Cl

(6]
Cl+ ; :Cl Cl Cl
\[5/ Cl
aHPyBTM
[0052] A 100 mL round-bottom flask was charged with

3,5-dichloropyridine-4-aldehye (1.76 g, 10.0 mmol), 1,3,5-
trichlorobenzene (18.14 g, 100 mmol) and trifluoromethane-
sulphonic acid (30.0 g, 200 mmol) and heated to 180° C. for
10 h. After the reaction was completed and cooled to room
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temperature, the mixture was dissolved with dichlo-
romethane and added to ice water. The mixture was neutral-
ized to pH 7 using saturated sodium hydrogen carbonate
solution, extracted with dichloromethane, washed with a
sodium hydrogen carbonate solution several times, dried over
magnesium sulphate. The solvent was evaporated under the
reduced pressure. Product was purified by silica gel chroma-
tography eluting with petroleum ether:methylene dichlo-
ride=1:1 (V\V). A white solid (2.6 g, 50%) was obtained.

[0053] H NMR and mass spectrometry results confirmed
that product was (3,5-dichloro-4-pyridine)bis(2,4,6-trichlo-
rophenyl)methane.

Step 3: Preparation of (3,5-dichloro-4-pyridinyl)bis
(2,4,6-trichlorophenyl)methyl free radical

[0054]
Cl Cl Cl Cl
BuOK
CH
THF
—_—
Clcl ClCl IZ, Et,O
Va
x
N
<HPyBTM
Cl Cl Cl Cl
C
Cl Cl
Cl Cl
Vs
x
N
PYBTM
[0055] Under the nitrogen atmosphere and in the dark, a

250 mL round-bottom flask was charged with (3,5-dichloro-
4-pyridinyl)bis(2,4,6-trichlorophenyl)methane (aHPyBTM)
(468 mg, 0.90 mmol), 30 mL freshly distilled THF A potas-
sium tert-butoxide solution in THF (1.4 mL, 1 M) was added
dropwise and the reaction mixture turned into red immedi-
ately and reacted overnight. An I, (1.328 g, 5.21 mmol) solu-
tion in 60 mL anhydrous ethyl ether was added dropwise and
the mixture was reacted for 2.25 h. The excessive 1, was
washed with a 10% Na,S,0; solution three times, the water
layer was extracted with ethyl ether several times, dried over
to anhydrous MgSO,. The solvent was evaporated, Product
was purified by AL,O; column chromatography eluting with
(ethyl ether:petrolum ether=1:4; VIV). a dark red solid was
obtained (400 mg, 88%). EPR and mass spectrometry results
confirmed that product was (3,5-dichloro-4-pyridinyl)bis(2,
4,6-trichlorophenyl)methyl free radical.
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Step 4: Preparation of
[(3,5-dichloro-4-pyridinyl)(4-substituted
chlorophenyl)methyl free radical

[0056]
Rs. ; :c1 cl R,
é
Cl Cl
Cl Cl
_ )
A
N
[0057] [(3,5-dichloro-4-pyridinyl)(4-(N-carbazolyl)-2,6-

dichlorophenyl)](2,4,6-trichlorophenyl)methyl free radical
is exemplified for the illustration of the preparation of other
derivatives of this class of free radical.

N 7 | Cl Cl Cl
\ ; O Q
C
N
H

Cl Cl
Cl Cl (i) Cs»CO3, DMF
(ii) Bu,NOH, THF
(iii) I, EL,O
Cl
PyBTM
N
Cl Cl
Cl Cl
e
B
N
A« a
PyBTM-1CZ
[0058] Under the nitrogen atmosphere, a 50 mL two-

necked round-bottom flask was charged with (3,5-dichloro-
4-pyridinyl)bis(2,4,6-trichlorophenyl)methyl free radical
(PyBTM) (0.5 g, 0.96 mmol), carbazole (0.75 g, 4.5 mmol),
cesium carbonate (0.47 g, 1.45 mmol) and 20 mL. DMF and
heated to 160° C. in the dark for 2 h. After the reaction
finished, the mixture was cooled to room temperature and
poured into a 1 M hydrochloric acid solution, precipitate was
filtered, washed with water, dried and purified by Al,O; col-
umn chromatography. Under the nitrogen atmosphere, to a
250 mL round-bottom flask, the product (0.656 mg, 1.0
mmol) (obtained from the above step) and 60 mL freshly
distilled THF in dark. A potassium tert-butoxide solution in
THF (1.55mL, 1 M) was added dropwise and the mixture was
reacted overnight. Then I, (1.48 mg, 5.79 mmol) solution in
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110 mL anhydrous ethyl ether was added dropwise and the
mixture was reacted for 2.25 h. The excessive 1, was washed
with a 10% Na,S,0; solution three times; the water layer was
extracted with ethyl ether several times, dried over anhydrous
MgSQ,; the solvent was evaporated. The mixture was puri-
fied by A1203 column chromatography.

Example 4

Synthesis of (2,4,6-trichloro-5-pyrimidinyl)bis(2,4,6-
trichlorophenyl)methyl Free Radical and Derivative
Thereof

[0059] Synthesis of the fourth class (IV) of free radical,
they are prepared according to the method in the documents
(Tetrahedron, 2006, 62, 5915-5921) and (Angew. Chem. Int.
Ed. 2014, 53, 1-5). (3,5-dichloro-4-pyrimidyl)bis(2,4,6-
trichlorophenyl)methy! free radical was exemplified for illus-
tration.

Step 1: Preparation of
2.4,6-trichloropyrimidine-5-aldehyde

[0060]
Cl
HN POCI3 X CcHO
)\ DME )|\
F
0 N 0 al N
[0061] In an ice bath and nitrogen atmosphere, 140 mL

phosphorus oxychloride was slowly added into 25 mL of a
DMEF solution, and the mixture was stirred for 20 min, then
barbituric acid (30.0 g, 0.234 mol) was added. The reaction
was heated to 120° C. and allowed to reflux for 16 h, then
cooled to room temperature and excess amount of phospho-
rus oxychloride was evaporated under a reduced pressure, the
reaction mixture was slowly added into a large amount of ice
water (2000 mL) with vigorously stirring, the suspension was
stirred for 15 min, then filtered by suction, dried for 24 h. The
crude product was purified by silica gel chromatography elut-
ing with petroleum ether:methylene dichloride (2=1; V\V).
aAwhite solid is obtained (21 g. 42%). *"H NMR and mass
spectrometry results confirmed that product was 2.4,6-
trichloropyrimidine-5-aldehyde.

Step 2: Preparation of (2,4,6-trichloro-5-pyrimidinyl)
bis(2,4,6-trichlorophenyl)methane

[0062]
CHO
cl
cl cl
= 20 eq.
| TfOH
N + —
X
cl Cl
Cl
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-continued
Cl Cl Cl Cl
CH
Cl Cl
Cl Cl
7 |
N\(N
Cl

[0063] Under the nitrogen atmosphere, a 100 mL round-
bottom flask was charged with, 3,5-dichloropyrimidine-4-
aldehye (2.11 g, 10.0 mmol), 1,3,5-trichlorobenzene (18.14
g, 100 mmol) and triftuoromethanesulphonic acid (30.0 g,
200 mmol) and treated at 180° C. for 10 h. After the reaction
was completed, cooling to room temperature. The mixture
was dissolved with dichloromethane, added to the ice water.
The mixture was neutralized to pH 7 using saturated sodium
hydrogen carbonate solution, extracted with methylene
dichloride, washed with a sodium hydrogen carbonate solu-
tion several times, dried over magnesium sulfate. The solvent
was evaporated under a reduced pressure, Product was puri-
fied by silica gel chromatography eluting with petroleum
ether methylene dichloride=1:1 (V\V). A white solid (1.11 g,
20%) was obtained. "H NMR and mass spectrometry results
confirmed that product was (2,4,6-trichloro-5-pyrimidyl)bis
(2,4,6-trichlorophenyl )methane.

Step 3
[0064]
Cl Cl Cl Cl
CH ‘BuOK
a al TE
Cl 7 | Cl L, Et,O
N\r N
Cl
aHPmBTM
Cl ; :Cl Cl Cl
w)\(
¥ \
Cl
PmBTM
[0065] Under the nitrogen atmosphere and in the dark, To a

250 mL round-bottom flask was charged with (2.4,6-
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trichloro-5-pyrimidinyl)bis(2,4,6-trichlorophenyl)methane
(aHPmBTM) (0.50 mg, 0.90 mmol) and 30 mL freshly dis-
tilled THE A potassium tert-butoxide solution in THF (1.4
mL, 1 M) was added dropwise and the reaction mixture
turned to red colour immediately and reacted overnight. I,
(1.328 mg, 5.21 mmol) solution in 60 mL anhydrous ethyl
ether was added dropwise and the mixture was reacted for
2.25 h. The excessive 1, was washed with a 10% Na,S,0,
solution three times, the water layer was extracted with ethyl
ether several times, dried over anhydrous MgSO,. The sol-
vent was evaporated, Product was purified by ALLO, column
chromatography.

[0066] Example of the Preparation of Organic Electrolumi-
nescent Device Using Organic Neutral Free-Radical Elec-
troluminescent Materials

[0067] In the present invention, the basic structure of an
organic electroluminescent device comprises a substrate, a
pair of electrode (an anode and a cathode) and an organic
light-emitting layer between this pair of electrodes; the device
further comprises a hole transport layer disposed between the
light-emitting layer and the anode; (generally an aromatic
amine derivative, such as N,N'-diphenyl-N,N'-(1-naphthyl)-
1,1'-biphenyl-4.4'-diamine (abbreviation, NPB), 4,4',4"-Tris
(3-methylphenylphenylamino)triphenylamine (abbreviation,
m-MTDATA), etc.); an electron transport layer disposed
between the light emitting layer and the cathode (generally
consisting of electron-withdrawing groups, such as 1,3,5-tri
(1-phenyl-1-hydrogen-benzimidazole-2-yl)benzene

(TPBI)).

[0068] The substrate is a transparent base body; the first
electrode layer (anode layer) can be an inorganic material or
an organic conductive polymer, wherein the inorganic mate-
rial is generally a metal oxide, such as ITO, zinc oxide, tin
zinc oxide, etc., or a metal having a relatively high work
function, such as gold, copper, silver, etc., most preferably is
selected from ITO, and the organic conductive polymer is a
material of one of poly thiophene/sodium polyvinyl benzene
sulfonate (abbreviation, PEDOT PSS), polyaniline (abbrevia-
tion, PANI); the second electrode layer (cathode layer) is
generally a metal having a low work function or an alloy
thereof with gold, silver, or a metal fluoride; in the present
invention, the cathode layer is preferably LiF/Al.

[0069] Thelight-emitting layer consists of a compound ofa
general formula in the present invention or a compound of a
general formula in the present invention doped into a matrix
material. The matrix material in the present invention is 4,4'-
di(9-carbazole)biphenyl (abbreviation, CBP) or 1,3'-di(9-
carbazole)benzene (abbreviation, mCP) and the doping mass
concentration range is 0.1%-50%. The above device structure
also can comprise a hole injection layer located between the
anode and the hole transport layer, wherein the hole injection
layer generally is a metal oxide, such as molybdenum trioxide
(MoO,); an electron injection layer disposed between the
electron transport layer and the cathode, wherein the electron
injection layer material is typically such as lithium fluoride
(LiF), fluorine cesium (CsF), cesium carbonate (Cs,CO5); a
hole blocking layer located between the electron transport
layer and the light-emitting layer, for example, 2,9-dimethyl-
4,7-biphenyl-1,10-o-phenanthroline (abbreviation BCP); an
electron blocking layer located between the hole transporting
layer and the light-emitting layer, such as 4,4',4"-tri(carba-
zole-9-yDtriphenylamine (abbreviation TCTA), 4,4'-cyclo-
hexyl[N,N-bis(4-methylphenyl)phenylamine (abbreviation
TAPC), mCP.
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[0070] The device of the present invention is manufactured
as follows:
[0071] The organic electroluminescent device is prepared

by a multi-source organic molecule vapor deposition system,
wherein the degree of vacuum of the system can reach 1x10™*
Pa. The materials to be evaporated are charged in quartz
crucibles, wherein the temperature of each crucible can be
controlled independently, and the control accuracy is 0.1° C.
The substrate is placed in the upper part of the vacuum cham-
ber with a distance of 20 cm from the evaporation source. The
substrate is treated by the following procedures: the substrate
1s rinsed with toluene, acetone, ethanol, and deionized water
and ultrasonic-cleaned, and then treated by ultraviolet light
radiation. The evaporation materials used are placed into
different quartz crucibles in the organic molecule vapor depo-
sition system, respectively, and grow the organic materials of
different contents and thicknesses according to the designed
structure, and during the growing, the degree of vacuum ofthe
system is maintained at about 3x10™* Pa. The growth thick-
ness and rate are monitored by a thickness gauge.

[0072] Thefollowing devices are all prepared according the
above method:

Example 5

Organic Electroluminescent Device Based on
1.3-bisdiphenylene-2-phenylallyl Free Radical
(Abbreviation BDPA)

[0073] mCP is used as the hole transport layer; Alg, is used
as the electron transport layer; BDPA-doped Alq, is used as
the light-emitting layer. The device has the following struc-
ture: ITO/MoQO,(5 nm)/mCP(10 nm)BDPA:Alq,(wt. 10%,
50 nm)/Alq5(10 nm)/LiF(0.8 nm)/Al.

[0074] Theelectroluminescence spectrum of the device at 6
Vis as shownin FIG. 1, the peak wavelength is at 572 nm, and
is the emission of BDPA. FIG. 2 is voltage-current density
and voltage-luminance curves of the device.

Example 6

Organic Electroluminescent Device Based on a
tri(2,4,6-trichlorophenyl)methyl Free Radical
Derivative

[0075] NPBisused as the hole transport layer; TPBi is used
as the electron transport layer; CBP doped with [4-(N-carba-
zolyl)-2,6-dichlorophenyl]bis(2,4,6-trichlorophenyl)-me-
thyl free radical (abbriviation, TTM-1Cz) is used as the light-
emitting layer; the structure is: ITO/NPB (30 nm)/TTM-1Cz:
CBP (wt. 5%; 40 nm)/TPBI (35 nm)/LiF (0.8 nm)/Al (100
nm).

[0076] Theelectroluminescence spectrum of the device at 7
Vis as shown in FIG. 3, the peak wavelength is at 694 nm, and
is the emission of TTM-1Cz. FIG. 4is voltage-current density
and voltage-luminance curves of the device.

Example 7

Organic Electroluminescent Device Based on (3,5-
dichloro-4-pyridinyl)bis(2,4,6-trichlorophenyl)me-
thyl Free Radical

[0077] mCP is used as the hole transport layer; PO-T2T is
used as the electron transport layer; PO-T2T doped with
(3,5-dichloro-4-pyridinyl)bis(2,4,6-trichlorophenyl)methyl
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free radical (abbreviation, PyBTM) is used as the light-emit- _continued
ting layer; the structure is: I[TO/MoO3(6 nm)/mCP(10 nm)/

PyBTM:PO-T2T(wt. 7%, 25 nm)/PO-T2T(30 nm)/LiF(0.8n

m)/Al(100 nmn).

[0078] Theelectroluminescence spectrum of the device at 9

N N
VisasshowninFIG. 5, the peak wavelength is at 694 nm, and
is the emission of PyBTM.
[0079] i i i N

FIG. 6 is voltage-current density and voltage-lumi-
nance curves of the device.

[0080] Some accessory materials used in the present inven-
tion have the following structures (all raw materials used in
the present invention can be purchased):

N

v GO

QQ

A

/
/
\

oy g
;OOO
avas

<

CBP NPB

0 @b*fg?

/ PO-T2T

[0081] Although the present invention s illustrated in com-

bination with the embodiments, the present invention is not
limited to the above embodiments; it is to be understood that

TPBi aperson skilled in the art can made various modifications and
improvements under the teaching of the concept of the
present invention; the scope of the present invention is cov-
ered by the claims attached.

1. An organic electroluminescent device, wherein the light-
emitting layer is composed of a neutral free-radical electrolu-
minescent material.
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2. An organic electroluminescent device, wherein the light-
emitting layer is composed of a neutral free-radical electrolu-
minescent material doped in a matrix material.

3. The organic electroluminescent device according to
claim 1, wherein the neutral free-radical electroluminescent
materials used are classed into the following four classes,
with the general formulas being:

@

an

a

)

Rs. ; :c1 al R,
C
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wherein R, R, R, and R; are the same or different,

R,R,,R,, R—H,F,CL,CN ...

wherein R, R}, R, and R; are selected from an aromatic
amine, heterocyclic aromatic hydrocarbon or fused ring
aromatic hydrocarbon compound or an atom, a group as
shown in the above formulas or a derivative from any
combination thereof.

4. The organic electroluminescent device according to
claim 1, wherein the organic electroluminescent device also
comprises a substrate, and a pair of electrodes (an anode and
acathode) and said light-emitting layer is located between the
pair of electrodes.

5. The organic electroluminescent device according to
claim 4, wherein the organic electroluminescent device fur-
ther comprises a hole transport layer disposed between the
light-emitting layer and anode and said hole transport layer is
an aromatic amine derivative.

6. The organic electroluminescent device according to
claim 5, wherein the aromatic amine derivative forming said
hole transport layer is N,N'-diphenyl-N,N'-(1-naphthyl)-1,
I'-biphenyl-4.4'-diamine (NPB), 4.,4'.4"-Tris(3-methylphe-
nylphenylamino)triphenylamine  (abbreviation, m-MT-
DATA).
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7. The organic electroluminescent device according to
claim 4, wherein the organic electroluminescent device fur-
ther comprises an electron transport layer disposed between
the light-emitting layer and cathode and said electron trans-
port layer consists of electron-withdrawing groups.

8. The organic electroluminescent device according to
claim 7, wherein said electron transport layer consists of
1,3,5-tri(1-phenyl-1-hydrogen-benzimidazole-2-yl )benzene
(TPBi).

9. The organic electroluminescent device according to
claim 5, wherein said organic electroluminescent device also
comprises a hole injection layer located between the anode
and the hole transport layer and said hole injection layer is a
metal oxide.

10. The organic electroluminescent device according to
claim 7, wherein said organic electroluminescent device also
comprises a electron injection layer located between the elec-
tron transport layer and the cathode and said electron injec-
tion layer is lithium fluoride (LiF), caesium fluoride (CsF) or
caesium carbonate (Cs,CO,).

11. The organic electroluminescent device according to
claim 7, wherein said organic electroluminescent device also
comprises a hole blocking layer located between the electron
transport layer and the light-emitting layer.

12. The organic electroluminescent device according to
claim 5, wherein said organic electroluminescent device also
comprises an electron blocking layer located between the
hole transport layer and the light-emitting layer.

13. The organic electroluminescent device according to
claim 2, wherein the neutral free-radical electroluminescent
materials used are classed into the following four classes,
with the general formulas being:

M

n

Cl Cl

Cl cl
n=1,2,3
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-continued

Rz ; :Cl cl Ry
C

A .

wherein R, R, R, and R, are the same or different,

R,R,.R,, Ry—H.F,CL.CN ...

(m

Iv)
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-continued

wherein R, R, R, and R; are selected from an aromatic
amine, heterocyclic aromatic hydrocarbon or fused ring
aromatic hydrocarbon compound or an atom, a group as
shown in the above formulas or a derivative from any
combination thereof.

14. The organic electroluminescent device according to
claim 2, wherein the organic electroluminescent device also
comprises a substrate, and a pair of electrodes (an anode and
acathode) and said light-emitting layer is located between the
pair of electrodes.
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15. The organic electroluminescent device according to
claim 6, wherein said organic electroluminescent device also
comprises a hole injection layer located between the anode
and the hole transport layer and said hole injection layer is a
metal oxide.

16. The organic electroluminescent device according to
claim 8, wherein said organic electroluminescent device also
comprises a electron injection layer located between the elec-
tron transport layer and the cathode and said electron injec-
tion layer is lithium fluoride (LiF), caesium fluoride (CsF) or
caesium carbonate (Cs,CO;).

17. The organic electroluminescent device according to
claim 8, wherein said organic electroluminescent device also
comprises a hole blocking layer located between the electron
transport layer and the light-emitting layer.

18. The organic electroluminescent device according to
claim 6, wherein said organic electroluminescent device also
comprises an electron blocking layer located between the
hole transport layer and the light-emitting layer.

* ok % k&
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