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Color tunable electroluminescence is obtained from devices having spin-coated single emitting layer with
a novel Eu'"'tetrakis—/-diketonate complex NBu,[EuL,] (L™ = 4-(4'-Carbazol-9-yl-biphenyl-4-yl)-1,1,1-
trifluoro-4-oxo-but-2-en-2-ol anion) doped to CBP (4,4'-N,N'-dicarbazolebiphenyl)-OXD7 (1,3-bis[2-(4-
tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene) blend. The external quantum efficiency (EQE) as high as
2.8%, maximum brightness (L) of 1547 cd m™, current efficiency () of 5.14 cd A™ and power efficiency
(1) of 2.53 ImW™ were shown by a device having the structure ITO / PEDPT:PSS(50 nm) / CBP (56%) :
OXD7 (24%) : NBu,[EuL,4] (20%) (50 nm) / TPBI (50 nm) / LiF (1.5 nm) / Al (120 nm). The newly
designed f-diketonate ligand containing hole-transporting carbazole group and m-spacer extends the
excitation window of the Eu"'-complex to 450 nm and also improves the carrier transport properties. The
modification in the ligands results in low turn-on voltage of the devices (<5V). Furthermore, the devices

containing 10-20% NBu4[EuL,4] in the emitting layers show white emission in wide voltage range

(8-13V) with sizable efficiencies.

Introduction

The white organic light emitting diodes (WOLEDs), which can
be considered as high performance alternatives for the existing
low efficient incandescent and fluorescent lights, have become a
major area of research interest in recent years." Even though a
very large number of white organic electroluminescent devices
using organic dyes, polymers and organometallic complexes have
been extensively reported,' organo-lanthanide (Ln"") complexes
are still of great interest because of unique ability to emit ion
specific, narrow line-like emission bands in the visible region.?*
In principle, white emission requires the mixing of three primary
colours (blue, green, and red) or two complementary colours
(blue and yellow or orange). Kido et al. obtained while light from
a multilayered device consisting of Eu"" (red) and Tb"' (green)-
complexes in the emitting layer.® Later Zhao et al. developed a
binuclear complex Eu,Tby_(acac)sphen which can emit both red
and green colours simultaneously and produced white light in
combination with the blue light from the TPD/NPB host.° In a
similar work Quirino et al. realized white electroluminescence
from unsymmetrical binuclear complex involving Eu(BTFA);
and Tb(acac), connected through a bidentate terpyridine ligand.’
Near white electroluminescence (CIE, x = 0.33, y = 0.38) was
achieved from solution processed OLED containing Eu"'- and
Tb"'- tetrakis-B-diketonates in two different emitting layers.?
However, the efficiencies of the above mentioned devices were
not satisfactory. Moreover, these devices with additional emitting
layer will make the device fabrication more complex and

45 expensive. The best solutions for this problem is to use a single-
component emitter with tunable energy transfer process, which
can have the additional advantages such as higher stability, better
reproducibility, no phase separation, and low production costs.®**
In this context, WOLEDs containing mononuclear Eu"'-

so complexes doped in a conducting polymer which can emit blue-
green lights are well investigated.'2*® In another unique example,
Law et al. showed that white light can be generated from OLEDs
containing single molecular Eu'"'-complex which can emit blue,
green and red emissions simultaneously.* However it required a

ss relatively higher voltage of 16 V to achieve white light (CIE, x =
0.34,y =0.35).

Fluorinated-g-diketonates with organic chromophores have a
ubiquitous role in lanthanide coordination chemistry because they
can chelate and sensitize Eu" ion simultaneously.>"’

s Unfortunately, their poor carrier-transport ability cannot satisfy
the need of fabricating OLEDs and limits their practical
applications.**8!° The carrier-transport properties of lanthanide
complexes can be improved by introducing the charge-transport
groups to the chelating ligands.?’ Carbazole exhibits many

es advantages to the application because of inexpensive starting
material, good chemical and environmental stability, and being
easily anchored with a wide variety of functional groups to tune
the optical and electrical properties.?*?? Because of these reasons,
numerous Eu'"'-B-diketones containing carbazole moieties have

70 been reported.?% In most cases, the B-diketone moiety is
attached to the 3-, 6- or 2-, 7- positions of the carbazole ring. For
instance, He et al. obtained blue-light excitable Eu"-p-
diketonates containing 2,7-position substituted carbazole ring.?
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However, the photoluminescent efficiency was not satisfied for
OLED technology requirements due to the back energy transfer
from Eu'" to the ligand states. N-substituted carbazole units are
well known for their efficient photoconduction and charge-
transporting properties and hence they were introduced widely to
numerous host materials used in the emitting layers of OLEDs
such as poly(N-vinylcarbazole) (PVK), 1,3-bis(9-
carbazolyl)benzene (mCP), 4.4'4"-tri-(N-
carbazolyl)triphenylamine (TCTA) and 4,4'-N,N'-dicarbazole-
biphenyl (CBP) etc. Li et al. obtained white light emission (CIE,
x = 0.333, y = 0.348) with external quantum efficiency 1.1% and
maximum brightness of 229 c¢d m? from a device having the
structure ITO / NPB / CBP : Eu(TCPD);(Phen) / BCP / Mg : Ag,
where Eu(TCPD);(Phen) is (tris[1-[3,4,5-tris[4-(9H-carbazol-9-
yl)butoxy]-phenyl]-3-phenylpropane-1,3-dione])(1,10-

phenanthroline)europium(lll), a dendritic Eu"

containing carbazole units grafted through the N-atom.?’

- ' OHo _ F30/ ‘}:
® ® o/
¢ Q) &)

:

NBuy[LnLg4] (Ln = La, Eu)

complex

Fig. 1 Chemical structures of the host CBP, the ligand HL and its Ln"

complexes.

Inspired from the above mentioned reports, in the present study
we have synthesized a new fluorinated B-diketone containing N-
biphenyl carbazole chromophore (HL). The synthesized ligand is
complexed with Ln"' ions (Ln= Eu, La) in tetrakis manner.
Tetrakis-S-diketonate complexes of Ln'"' are known to be
promising, due to their high thermal and chemical stabilities,
larger cross section of photon absorption and charge carrier
trapping and higher luminescence quantum yields than the widely
studied tris complexes.18 Moreover, due to the structural
similarities of HL (Fig. 1) with that of host CBP, good energy
level matches and phase compatibility for NBuy[EuL,] with the
host is expected. This can prevent crystallization of NBus[EuL,]
and may increase the electroluminescence efficiencies and
lifetime of the devices.

Experimental

Materials. Lanthanide(l1l) nitrate hexahydrates 99.99% (Ln =
Eu, La) were obtained from Sigma Aldrich. 4-(9H-Carbazol-9-
yl)phenylboronicacid 98 % (Sukailu), 4-bromo-acetophenone
98% (Beijing HWRK Chem), ethylTrifluoroacetate 98% (Accela
Chem Bio) and tetra-n-butylammoniumbromide 98% (Acros
Organics) were used without further purification. Solvents were
dried using standard methods. All the other chemicals used were
of analytical reagent grade.

Methods. Infrared spectra (IR) were recorded on a Magna 750
FT-IR spectrophotometer with KBr (neat) pellets. Elemental
analysis (C, H, N) was carried out on a Perkin-Elmer model 240
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C elemental analyzer. Electrospray ionization mass spectrometry
(ESI-MS) was performed on a Finnigan LCQ mass spectrometer
and HRMS on Synapt G2b Waters using dichloromethane as
mobile phases. *H and *C NMR spectra were recorded on a
Bruker Avance Ill 400 spectrometer with SiMe, as internal
reference. The thermogravimetric analysis (TGA) was performed
on a TGA-50H instrument (Shimadzu, Japan). The cyclic
voltammogram (CV) was measured using a
potentiostat/galvanostat model 263A in dichloromethane solution
containing 0.1 M (BuyN)(PFe) as the supporting electrolyte. CV
was performed at a scan rate of 100 mV s and DPV at a rate of
20 mV st with a pulse height of 40 mV. Platinum and glassy
graphite were used as the counter and working electrodes,
respectively, and the potential was measured against Ag/AgCl
reference electrode. UV—vis absorption spectra were measured on
a Perkin-Elmer Lambda 35 UV-vis spectrophotometer.
Photoluminescence emission, excitation, excited state lifetimes
(solid state) and electroluminescence emission spectra were
recorded on an Edinburgh analytical instrument (FLS920
fluorescence spectrometer). The PL emission quantum yields
(doveran) in solid-state were determined by the absolute method
using an integrating sphere attached to FLS920 fluorescence
spectrometer. All the spectra were corrected for experimental
responses.

Device Fabrication and Characterization: The devices were
fabricated on indium tin oxide (ITO) coated glass substrates.
Patterned 1TO coated glass substrates were washed with acetone,
detergent, distilled water and isopropanol, subsequently in an
ultrasonic bath. After UV Ozone treatment for 15 minutes,
PEDOT: PSS (Batron-P 4083, Bayer AG) from water solution
was spin-coated (at 3000 rpm) onto the substrate followed by
drying in a vacuum oven at 140 <C for 20 min, giving a film of 50
nm thickness. A mixture of CBP/OXD7 and NBu4EuL,] in
CH,CI, (5.5 mg/mL) was spin-coated on the top of PEDOT: PSS
(at 1500 rpm). Typically, the thickness of the emitting layer was
around 50 nm. The TPBI layer (50 nm) was then thermally
deposited followed by a thin layer of LiF (1.5 nm) with a 120 nm
thick Al capping layer deposited through a shadow mask in a
chamber with a base pressure of around 10 Pa. Current density
(J)-voltage (V)-luminance (L) data was collected using a Keithley
2400/2000 source measurement unit and a calibrated silicon
photodiode. The brightness in cd m™? was measured by a silicon
photodiode.

FsC OH

K;CO:, / Pd(PPh3), CF3C00C2H5

NaH /THF/ 60°C/ 12 h

n

HL

THF/H,O/ 95°CI 24 h

GO QO

Scheme 1. Synthetic procedure for ligand HL.

Synthesis of ligand HL. The ligand HL was prepared in two
steps with an overall yield of 60% (Scheme 1). In the first step, a
mixture of 4-(9H-carbazol-9-yl) phenylboronicacid (10 mmol), 4-
bromoacetophenone (11 mmol) and catalytic quantity of
Pd(PPhs), in degassed aqueous K,CO3 (20% )/THF (1:1, v:v) (60
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mL) was stirred and heated at 95<C for 1 d under inert
atmosphere. The hot mixture was cooled and the precipitate was
filtered to get a pale yellow solid. This solid was insoluble in
common organic solvents and hence purified by washing with
CH,CI, (3 x50 mL) to remove the unreacted starting materials.
Thus obtained 1-(4-(9H-carbazol-9-yl)biphenyl) ethanone (CBE)
in 60% vyield was used for the next step without further
purification. Yield: 60%. Anal. Calcd for C,sH;gNO (361.44): C,
86.40; H, 5.30; N, 3.88; Found: C, 86.65; H, 5.51; N, 4.00%.

In the second step, to the dispersion of 1-(4-(9H-carbazol-9-
yl)biphenyl)ethanone (CBE) synthesized in the first step (10
mmol) in 50 mL of dry THF, NaH (11 mmol) was added and
stirred for 10 min at 0<C. To this solution, ethyltrifluoroacetate
(11 mmol) was added dropwise in an inert atmosphere and the
temperature was increased to 60 <C with stirring for another 12 h.
To the resulting yellow solution, 50 mL of 2 M HCI was added,
and the mixture was extracted with dichloromethane (2 <50 mL).
The organic layer was separated and dried over MgSO,, and the
product was obtained as fine yellow crystals on keeping its
concentrated CH,CI, solution for one day. Yield: 60%. Anal.
Calcd for CygHigFsNO, (457.44): C, 73.52; H, 3.97; N, 3.06.
Found: C, 73.97; H, 4.11; N, 3.21%. FTIR (KBr, cm™): 3450 (v,
O-H); 3042, (v CpoH); 1599 (v C=0); 1526, 1495, 1461, 1450 (v
C=C); 1364, 1318, 1286 (v;C-N); 1147, 1098 (6C-H); 1107
(v<C—F); 841, 790 (6 C-H), 716 (6 CF3)."H NMR (CDCls, 400
MHz), § (ppm): 6.68 (1H, s), 7.33-7.37 (2H, t; J = 7.4 Hz), 7.45-
7.53 (4H, m; J =7.9 Hz), 7.72-7.74 (2H, d; J = 8.0 Hz), 7.84-7.91
(4H, g; J = 8.3 Hz), 8.10-8.12 (2H, d; J = 8.0 Hz), 8.19-8.29 (2H,
d; J = 7.6 Hz), 15.23 (1H, s: broad). 3C NMR (CDCls, 400 MHz)
S (ppm): 92.32 (CO-CH-CO); 109.75-145.80
(carbazole/biphenyl); 131.87 (CF3); 177.65, 185.46 (CO). ESI-
MS: m/z = 456.6 (100%) [M-H] .

FsC__OH FsC, e
l J—°
(0] Ln
=0
¢ SR
Ln(NO3)36H,0 / NBu,Br (\N
4
O NaOH/EtOH/H,0/ RT/ 12 h O <\/
S8
HL NBu,[LnL,] (Ln = La, Eu)

Scheme 2. Synthetic procedure for Ln" complexes NBua[LnLd] (Ln = La,
Eu).

Synthesis of Ln'"' complexes NBu, [LnL,]. To an ethanolic

suspension of HL (1 mmol) was added 1 mL of aqueous NaOH (1
M) at room temperature and the mixture was stirred until
complete dissolution of HL. Required volumes of aqueous Ln"
nitrates were then added slowly and the solution was diluted to 50
mL. The reaction mixture was then stirred for 6 h at room
temperature. A solution of BuyNBr (1.05 mmol) in deionized
water/ethanol (5/10 mL) was then added, resulting in the
formation of a precipitate (Scheme 2). After further stirring the
mixture for 6 h at room temperature, pale yellow solid product
was filtered, washed with cold ethanol, and dried. The obtained
NBuy[LnL,] complexes were re-dissolved in CH,Cl,, and were

allowed to stand for a period of 1-2 weeks. The NBuy[LnL,]

so complexes were obtained as amorphous powder. The products
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were dried in vacuum at 50 <C for 1 day.

NBus[LaL,] (yellow solid). Yield: 94%. Elemental analysis
(%) calcd. for CypgH;04laF15NsOg (2207.11): C, 69.66; H, 4.75;
N, 3.17. Found: C, 69.92; H, 4.88; N, 3.45%. FTIR (KBr, cm™):
3050 (v CgpoH); 2977, 2955, 2923, 2852 (v CepsH); 1626, 1602 (v
C=0); 1531, 1496, 1460, 1451 (v C=C); 1362, 1318, 1286
(v{C-N); 1147, 1097 (JC-H); 1105 (v,C-F); 841, 791 (6 C-H),
715 (6 CF3). 'H NMR (CDCl,, 400 MHz), § (ppm): 1.01-1.04
(12H, m; J=4.0 Hz ) 1.409-1.476 (8H, m; J=4.0 Hz ), 1.51-1.73
(8H; J = 4.0 Hz), 3.01-3.40 (8H; J = 4.0 Hz), 6.53 (4H, s), 7.31-
7.47 (24H, m; J = 7.0 Hz), 7.48-7.83 (24H, m; J = 8.0 Hz), 8.16-
8.18 (16H, m; J = 8.0 Hz). ESI-MS: m/z = 1964.4030 (40%)
[(LaLy)]

NBus[EuL,] (yellow solid). Yield: 95%. Elemental analysis
(%) calcd. for CipgH104EUF1,NsOg (2220.17): C, 69.25; H, 4.72;
N, 3.15. Found: C, 69.71; H, 4.94; N, 3.54%. FTIR (KBI) Vpax
(cm™): 3053 (v Cqp2H); 2975, 2959, 2936, 2873 (v Cyp3H); 1627,
1601 (v, C=0); 1528, 1495, 1461, 1450 (v C=C); 1363, 1318,
1286 (v;C—N); 1147, 1098 (5C—H); 1106 (vC-F); 842, 791 (¢
C-H), 716 (6 CFs). ESI-MS: m/z = 1977.4169 (40%) [(EuL,)] .

Results and Discussion

Spectroscopic Characterization of Ln""'-Complexes

The ligand HL was prepared by the well-known Suzuki coupling
followed by Claisan condensation with an overall yield of 60%
(Scheme 1). The *H and **C NMR spectra of HL (Figs. S1 and S2
in ESIt) show that the ligand exists as enol form in solution. The
synthetic procedures employed for NBuy[LnL,], (Ln=La, Eu) are
described in Scheme 2. FT-IR, *H NMR spectroscopy (Fig. S3 in
ESIT). and microanalysis data for Ln"' complexes NBu4[LnL,],
(Ln=La, Eu) demonstrate that the Ln"": L" mole ratio is 1 : 4 and
that one molecule of counter cation (NBu,") is present. The
carbonyl stretching frequency v(C=0) of HL (1599 cm™) shifts
to 1626-1627 cm™ in NBu4[LnL,], (Ln=La, Eu) along with the
appearance of a new peak in the range 1601-1602 cm*, thus
indicating coordination of carboxylates to the Ln"' cation in each
case. Furthermore, the presence of signals in the range 2800 —
3000 cm™ due to the <CH,— groups and the signal around 1200-
1300 cm™?, v(C-N), confirm the presence of NBu," in the
complexes. The absence of any broad bands around 3500 cm™
vs(O-H) in NBugLnL,], (Ln=La, Eu) proves that they are
anhydrous and, therefore, that all four p-diketonate ligands are
coordinated to the Ln"' cations. The high resolution ESI mass
spectral analysis (Figs. S4 and S5 in ESIf) of NBuy[LnL,]
samples (Ln = La, Eu) shows peaks at m/z = 1964.4030 (40%)
[(LaL,)]and 1977.4169 (40%) [(EuL,)] , confirming that these
complexes are tetrakis in nature. The thermal stability of the
Ln"'-complexes in air was examined by thermogravimetric
analysis and typical thermograms are depicted in Fig. S6 (ESI{).
From the Fig. S6, it is evident that the decomposition temperature
(Tq) of NBuy[LnL,] are 200 °C. These T4 value is falling in the
range expected for Ln'"'-complexes without solvent molecules in
the first coordination sphere. Further thermal decomposition of
NBuy[LnL,] appears with steps around 225-300, 300-400 and
400-650°C, corresponding to the loss of organic groups and

10s formation of the Lanthanide oxides. The residual weights (7.6 —

8.2%) correspond to the weight of rare-earth oxides (calcd. 7.4 —
7.9 %).

This journal is © The Royal Society of Chemistry [year]
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Electronic Spectroscopy and Ligand-Centred Energy Levels

The UV-Vis absorption spectra of the new ligand HL and its
Ln"-complexes in CH,Cl, solutions were recorded at room
temperature and are presented in Fig. 2. Relevant data are
gathered in Table 1. The absorption profile of free ligand HL
show a maximum at 240 nm due to the ‘(n—n*) absorption of the
carbazole moiety?® and a less intense absorption band in low
energy region (342 nm), which can be attributed to the (n—n*)
enol absorption of aromatic S-diketone.”*° The lower energy
absorption band of ligand HL is red-shifted by 13 nm compared
to the one reported for the HBTFA (Amax = 329 nm in DMF),®
probably due to the elaboration of conjugation length. The
absorption spectra of Ln"' complexes are similar to that of free
ligand. This is in accordance with the fact that the coordination of
s Ln" ions with p-diketonate moieties has little effect on
coordination. Furthermore, the molar absorption coefficients of
the lowest-energy transition for NBu,[LnL,] (100400-101150 M
Lem™ are approximately four times higher than the value for the
free ligand (27080 Mt cm™), pointing to the presence of four L~
20 anions bonded to each Ln"" cation. The energy of the singlet state
level of the ligand was calculated from the higher wavelength
absorption edge of the absorption spectrum of NBu,[LaL,], and is
equal to 25200 cm™/3.12 eV (397 nm).

o

=
1S}

[——HL (b) s,
1.5%10° - ——NBu,[LaL ] 25] 1o o
—msufeatl] . Tl —
z —n
= 154 o
=
e 1.0x10° B 10
5 g
= ol . 2
— T
P S, = Fu
N 0
L Eu"
4
5.0x10 (@)
400 450 500 550 600 650 700
0.0

250 300 350 400 450 500 550
Alnm

Fig. 2 UV-Vis absorption spectra of HL and its Ln"-complexes in CH,Cl, at

298 K; (c ~ 1x10”): inserts; (a) Corrected phosphorescence spectra of
NBug[LaLs] at 77 K in CDCls, (¢ ~ 1x107°, delay increment 0.5 ms, Ao, = 343
nm); vertical scales are arbitrary units, (b) energy transfer diagram of
NBU4[EUL4].

2

a

30

The ligand-centred absorption bands in Eu"' complexes can
undergo intersystem crossing leading to enhanced population of
its lowest triplet level and subsequent energy transfer to the
nearby °D; states.** This mechanism will not work for the La"'
complexes due to the lack of 4f-electrons. Thus the investigation
of the phosphorescence spectra of the NBu4[LaL,] complex at
low temperature gives useful information about the ligands triplet
state. Fig. 1, insert (a) displays the phosphorescence spectrum of
NBuy[LaL,] at 77 K obtained by excitation at 342 nm. The
emission band centred around 540 nm can be considered as the
emission from the triplet (3r—n*) state of bound L. The energy of
the lowest triplet states was calculated from the higher

3

&

4

S

wavelength emission edge and the value is 19050 cm™/ 2.36 eV
(525 nm). The Y(n—n*) and 3(n—n*) state energies of L~ are
s higher than receiving Eu"' (°Dy.,) states and hence efficient
sensitization can be expected. However, AE = 3(n—n*) — °D, =
1800 cm™ is not sufficient enough to prevent the back energy
transfer.%2 A schematic energy level diagram and energy transfer
processes in NBuy[EuL,] are sketched in Fig.1, insert (b).

50

Table 1. UV-Vis absorption spectral data of the ligand HL and its Ln"'-
complexes in CH,Cl, at 298 K; (¢ ~ 1<107%).

Compound Amax | NM (g1 M cm™)
HL 342 (27078) 240 (49614)
NBuJfLals 343 (101152) 239 (155657)
NBuJEUL] 343 (100412) 239 (146004)
n-n*
2
530 540 550 580 570
Al nm
(a) *n,'F,
SDu—h?
J
4
) 1 ) ) L) L L L) 1 L) 1
250 300 350 400 450 550 600 650 700 750 800

Al nm

s5 Fig. 3 Corrected, normalized excitation (Aem= 612 nm) and emission (Aec=
400 nm) spectra of NBuy[EuL,],at 298K in solid state; vertical scales are
arbitrary units; inserts (a) enlarged view of *Dg=>"Fos transitions, (b)
enlarged view of 5D197F1,3 transitions.

6 Eu'-Centred Photoluminescence Properties

The room temperature PL excitation and emission spectra of

NBu4[EuL,] recorded in solid state are depicted in Fig.3. The

excitation spectrum composed of a broad band covering the entire

UV region and extended up to visible region (250-450 nm) with a
65 maximum around 400 nm and a high energy shoulder at 300 nm.
The maximum around 400 nm can be attributed to the *(n—n*)
absorption of the aromatic pS-diketonate, whereas the higher
energetic shoulder is due to the (n—n*) absorption of the
carbazole group. The Eu"'-centred excitation lines due to 'Fy —
°F, (296 nm), *Hg (362 nm), °D, (381 nm), °G, (394 nm), °Lg
(415 nm), °D; (466 nm), °D, (527 nm) and 'F, — °D; (533 nm)
transitions were hardly observed as they are overlapped by the
broad ligand centred bands which can be regarded as a strong
evidence in favour of antenna mechanism.**3® The emission
spectrum of NBuy[EuL,] recorded in solid state by exciting at the
excitation maximum (400 nm) comprises the characteristic
emissions lines at 582, 593, 612, 653 and 702 nm, which
originate from Eu"' ion corresponding to °Dy—7F; (J = 0-4)
radiative deactivation transitions.>>3 The lack of the broadening

7
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7

a

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 9



Page 5 0of 9

1

1

2

2

3

3

4

4

5

5

3}

15

@

S

a

S

&

S

o

S

@

Journal of Materials Chemistry C

emission bands arising from the ligands suggests the efficient
intramolecular energy transfer from the carbazole and f-
diketonate moieties of the ligand (L") to Eu"" ion. The spectrum is
dominated (85%) by the so-called hypersensitive *Dy—'F,
transition, which is responsible for the highly intense red
luminescence with CIE coordinates x = 0.610, y = 0.315. The
intensity ratio, R = (Ispo—7r2 / lspo—7r1) Was found to be 17.4, a
typical value expected for Eu''-tetrakis-p-diketonates. Such a
high R value was only possible when the Eu"" ion did not occupy
a site having inversion symmetry.***¢ Thus it is clear that strong
coordination interactions took place between the p-diketonate
anion and Eu"' cation in NBu,[EuL,]. Furthermore, the emission
spectrum of the complex showed only one signal for the Dy—'F,
transition (Fig. 3; insert a), indicating the presence of a single
chemical environment around the Eu'" ions.®**%3¢ Apart from
these highly intense emission lines, the emission spectrum of
NBu4[EuL4] shows some faint signals in the higher energy region
(Fig. 3, insert b) due to the transitions °D; —'F; (J =1-3). The
presence of such signals is pointing towards the possibility of a
less common energy transfer process involving the }(n—n*) state
of ligand and higher excited states (°Dy.;) of Eu"' ¥ (Fig. 1, insert
a).
The °Dy lifetime (zy) of NBusEuL,] was investigated by
exciting the sample at 400 nm and monitoring the intense
®Dy—'F, transition at 612 nm at 298 K. The decay curve could be
fitted with single exponential function (zps= 469 =+ 58),
consistent with the presence of a single major luminescent
species in the complex (Fig. S7 in ESIY). The radiative lifetime
(7rag) and the Eu-centred luminescence quantum yield (intrinsic
quantum yield;¢,) are evaluated by the equations 1/7.4=
Anp,0>0*% (lolup) and dey = 7ops /g% where Ampo =
14.65 s is the spontaneous emission probability for the SDy—'F;
transition in vacuo,Y® n = 1.5%% js the refractive index,
lot!Imp= 20.4 is the ratio of the total area of the corrected Eu'"'
based emission spectra to the area of the magnetic-dipole allowed
°Dy—'F; transitions. The overall quantum yield of Eu"" sensitized
emission (doveran), Which is the ratio between the number of
photons absorbed by the antenna to the number of photons
emitted by the Eu"" ion is regulated by the sensitization efficiency
of the antenna molecule (), and the intrinsic luminescence
quantum yield of the Eu" ion (dew): doveran = dsen<deu. 02> The
doverann TOr NBuy[EuL 4] was determined at room temperature by an
absolute method. The parameters obtained for NBuU,[EuUL,] in
solid state at 298 K are radiative lifetime (z,q) of 995 s, intrinsic
quantum yield (¢ ,) of 47%, sensitization efficiency (¢en) Of 96
%, and overall quantum yield (goyeran) OF 45 £5 %.

Electroluminescence and

OLEDs

A series of EL devices with configuration ITO / PEDOT : PSS
(50 nm) / CBP : OXD7 ( 7 : 3) : NBu,[EuL,] (10-100%) (50 nm)
/ TPBI (50 nm) / LiF (1.5 nm) / Al (120 nm) were fabricated and
investigated. Here the emitting layer is NBu,[EuL,] with a doping
concentration of 10-100 wt% in CBP (70%) and OXD7 (30%)
blend. CBP is an excellent host for phosphorescent dopants due
to its high triplet energy of 2.56 eV and ambipolar charge-
transporting ability.® The presence of OXD7, which is a good
electron-transport host, will balance the electron and hole carriers

performance chromaticity of

within the emitting layer. The energy values of HOMO and
LUMO of NBu4[EuL,] were estimated from the result of cyclic

s0 Voltammetry (Fig. S8 in ESIt) and absorption spectrum. From the
Fig. 4, it can be seen that the HOMO level of NBuy[EuL,] fall
within that of the CBP host with a shallow hole trap depth of 0.08
eV and at the same time its LUMO value (2.7 eV) is same as that
of the electron transport layer TPBI. This peculiar alignment of

es energy levels may facilitate efficient charge trapping and
recombination within the emitting layer.

-2 LUMO
29 2T 28 27
-3 4 33
o T -
3 -4 . la |2 s | & [uiFa
+ - o o = o
< o |19 |31 ]|F Jaz
> ITO | o = '
< ey -
g 5| 4
w
5.2
-6 4 59 -5.82
6.2
-6.5
7. HOMO
Fig. 4 Energy level diagram of the devices.
—6V
—7V
—8V
—9V
—10V
—11V
—_—12V
-13V
4[')0 4.")0 5(']0 55';0 660 6.;)0 7(']0
Llnm

70 Fig. 5 Electroluminescence spectra of NBuy[Euls;] based on device
configuration ITO / PEDOT: PSS (50 nm) / NBus[Euls] (10%) : CBP(63%) -
OXD7 (27%) (50 nm) / TPBI (50 nm) / LiF (1.5 nm) / Al (120 nm) at
different bias voltages: inserts photograph of device at 9 V (a) and 7 V
(b).

75
The EL spectra of the devices at 10wt% and 20wt% doping
concentration show only the characteristic sharp red Eu"'-
emission peak at 612 nm (*Dy—'F,), the intensity of which
increases with applied voltage up to 7 V (Figs. 5 and 6). With
g0 further increase in voltage, the EL spectra of both the devices
(Figs. 5 and 6) show two broad bands in the higher energy
regions. The first band with maxima around 400 nm is due to the
blue emission from the host CBP and the second band with
maxima around 480 nm can be attributed to the emission of
ss exciplexes and/or excimers from CPB : [EuL,] . The contribution
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from °D,;—'F; transition of Eu"' at 536 nm towards green light 1750 -
cannot be ignored. Thus the blue emission from CBP combined
with the green emission from exciplex and/or eximer and Eu'"'- 1500+ = 10%
centred red emission results in white emission (Fig. 7) in wide = 1250- : gg:’/’:
s range of voltages (8-13V) (Table S1 in ESIY). Nearly perfect - v 50%
white luminescence was achieved at 9 V (x = 0.337, y = 0.321) £ 1000 <« 100%
from the device containing 10% NBu4[EuL,] (Fig. 5: insert) and -
at 8 V (x = 0.337, y = 0.328) from the device containing 20% ﬁ 750+
NBuy[EuL,] (Fig. 6: insert). This colour change is reversible and g 5004
10 thus the emission colour can be tuned by adjusting the voltage. 2
The devices are stable until the device limit is not exceeded, @ 250
which is at 13 V. However, the devices composed of 30%, 50% .

and non-doped 100% of NBu,[EuL,] as the emitting layer shows
m

o 2 4 6 8 10 12

only red emission from the Eu Voltage / V

15 (Fig. S9-S11 in ESIY).

ion in the entire voltage ranges

Fig.8 Voltage (V) — brightness (L) curves of ITO / PEDOT : PSS (50 nm) /

NBug4 [EuL,] (10-100%) : CBP:-OXD7 (7 : 3) (50 nm)/ TPBI (50 nm) / LiF (1.5
&V | 30 nm) / Al (120 nm) devices.
—7V
—28V
—9V 10
— 10V
— 11V
—12V

o
-

400 450 500 550 600 650 700
Al nm

Current efficiency (ng) / cd A”

PSR T |

11—
Fig. 6 Electroluminescence spectra of NBuy[Euls;] based on device 1 10 10_9
configuration ITO / PEDOT: PSS (50 nm) / NBus[Euls] (20%): CBP (56%)- Current density (/) / mA cm
OXD7 (24%) (50 nm) / TPBI (50 nm) / LiF (1.5 nm) / Al (120 nm) at
20 different bias voltages: inserts photograph of device at 8 V (a) and 7 V Fig. 9 Current density (J) - power efficiency (n,) curves of ITO / PEDOT:
(b). PSS (50 nm) / NBug[EuL,] (10-100%) : CBP -OXD7 ( 7 : 3) (50nm) / TPBI (50

nm) / LiF (1.5 nm) / Al (120 nm) devices.

EQE /%

0.0 S ——

1 10 100 1000
Brightness (L) / cd m™

35
Fig. 10 External quantum efficiency versus brightness of device ITO /
PEDOT : PSS (50 nm) / NBug[EuL,] (20%) : CBP (56%)-OXD7 (24%) (50 nm)
/ TPBI (50 nm) / LiF (1.5 nm) / Al (120 nm) at 7-13V.

25 Fig. 7 CIE colour coordinates for devices with 10% (black) and 20% (blue)
NBug[Eul,] at 6-13V.
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Table 2. EL characteristics of devices containing NBus[EuL.,].

doping/% Vo /V  L/cdm? el cd At o/ Im W Hext | %

max L =100 L = 1000
10 525 1645 (13V) 439 (74 V) 189 (74 V) 26(13V) 15(13V) 06 (13V)
20 490 1547 (13V) 5.14 (6.4V) 253 (5.1V) 2.8(13V) 2.4 (13 V) 12 (13V)
30 615  801(13V) 356 (7.3 V) 1.54 (7.3 V) 19 (12 V) 12(12V) _
50 655  125(12V) 091 (8.6 V) 0.33(8.6 V) 0.4 (10 V) 0.1 (10V) —
100 6.65 129 (11.6V) 110 (7.3 V) 047 (7.3 V) 0.3 (10 V) 0.1 (10 V) _

Table 3. EL characteristics of WOLEDs containing Eu"'--diketonates as emitting materials reported in literatures.?

Eu""-complex nel cd At i/ Im Wt Next | Y0 CIE

NBu,[EuL,] 5.14(6.4V) 2.53 (6.4V) 25(8V) 0.337,0.328 (8V)
Eu(TCPD)3(Phen)” — 0.2 (10.5V) 1.1 (10.5V) 0.333, 0.348 (16.2V)
[(Eu(tta)s),(u-bpm)]* — — 0.03 (13.3V) 0.350, 0.330 (13.3V)
Eu(phen)(L1-Br)(L1)," — — 0.15 0.320, 0.260
[Eu(DBM);FDPO],’ 0.71 0.27 0.37 0.380, 0.320

“TCPD = 1-[3,4,5-Tris[4-(9H-carbazol-9-yl)butoxy]-phenyl]-3-phenylpropane-1,3-dione, phen = 1,10-Phenanthroline, p-bpm = 2,2'-Bipyrimidine, L1 = 4,
4, 4-Trifluoro-1-5-(11-(m-toloyloxy)undecyl)thiophen-2-yl)butane-1,3-dione, L1-Br = 1-5-(11-(Bromoundecyl)thiophen-2-yl) 4, 4, 4-trifluorobutane-1,3-
dione, tta = 2-Thenoyltrifluoroacetone, DBM = Dibenzoylmethane, FDPO = 9,9-Bis(diphenylphosphorylphenyl)fluorene.

The voltage (V) — brightness (L), current density (J) — current
efficiency (5.), voltage (V) — current density (J) and current
density (J) — power efficiency () curves at various NBuy[EuL,]
doping concentrations are presented in Figs. 8-9 and Figs. S12-
S13 in ESIf. The detailed performances of devices were
summarized in Table 2. It can be noticed from Table 2 that the
measured parameters of the devices shows slight increase with
increasing doping concentration up to 20%, whereas further
increase in NBuy[EuL,] concentration results in the decrease of
device parameters, a possible effect of concentration quenching.
The maximum external quantum efficiency (EQE) of 2.8% is
obtained for the device with 20wt% doping concentration (Fig.
10) with maximum current efficiency of 5.14 cd A and power
efficiency of 2.53 Im W at 6.4 V. The highest brightness is 1547
cd m? at 131 V. It is well-known that, efficiency of
phosphorescent devices decreases significantly with increasing
current density due to increased triplet—triplet annihilation at high
current density*® and field-induced quenching effects.** However,
in the present study, the external quantum efficiency (EQE) of
devices showed a moderate drop with increasing current density
and brightness (Figs. 10 and S14-S16 in ESI¥). In particular, the
device with 20% NBu4[EuL,] shows EQE of 2.4% at L= 100 cd
m? and 1.2% at 1000 cd m™ (Table S1 in ESIt). To the best of
our knowledge, this is the best EL performance of a WOLED
based on Eu"" complex reported so far in literature (Table 3).
Furthermore, the turn-on voltage (Vo,), which is defined as
voltage at 1 cd m™2 and voltage required to obtain white light
(Vwhite) Shown by the devices in the present study are 4.9-6.7 V
and 8 V, respectively. These values are considerably lower than

those obtained for the device having Eu'"'-complex with carbazole

substituted dendritic ligand, (Vo= 10.5 and Vi = 16V).?

« Conclusions

A novel luminescent Eu'" tetrakis-g-diketonate complex
containing carbazole unit has been synthesized and characterized.
The EL devices fabricated from the new complex doped into
CBP : OXD7 mixed host as the emitting layer show good
45 performance. Devices with 10% and 20% of NBu,[EuL,] shows
white-light emission with maximum EQE of 2.6% and 2.8%, the
highest EQE reported so far for WOLEDs based on Eu"
complexes. Due to the presence of carbazol-9-yl-biphenyl group
in the ligand, a significant reduction of turn-on voltage and
so improvement of device efficiency was noticed, because of
probably good energy level matches and phase compatibility for
NBuy[EuL,] with the host. Furthermore, the strong electron
affinity of NBu,[EuL,] contributes to improve electron injection
into the emitting layer and causes balanced charge injection and
ss transport, which accounts for the red EL emission from a host
free device ITO / PEDOT : PSS (50 nm) / NBuy[EuL4] (50 nm) /
TPBI (50 nm) / LiF (1.5 nm) / Al (120 nm). Currently, research is
progressing in our laboratory on the development of stable Ln"'-
complexes containing phosphine oxides and N-donor ligands
e0 With the aim of further improving the EL properties. Preliminary
results are encouraging.
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White OLEDs Based on a Novel Eu''—Tetrakis——Diketonate
Doped into 4,4'-N,N'-Dicarbazolebiphenyl as Emitting Materialt

Silvanose Biju, Liang-Jin Xu, Cheng-Zhe Sun and Zhong-Ning Chen

EQE=2.8%

White OLED’s with external quantum efficiency (EQE) 2.8%, maximum brightness (L) of 1547

cd m?, current efficiency (17¢) of 5.14 ¢d A™ and power efficiency (np) of 2.53 ImW™" were

111

fabricated using a newly developed Eu —tetrakis—/ —diketonate compound.



