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A single component white electroluminescent
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Two new mixed ligand complexes [Eu(tfac)s(DPEPO)] (Eu-1) and [Tb(tfac)3(DPEPO)] (Tb-2) incorporating
trifluoroacetylacetone (Htfac) and bis(2-(diphenylphosphino)phenyllether oxide (DPEPO) were synthesized in
gram-scale quantities and used as emitters to fabricate single- and double-EML (light-emitting layer)
electroluminescence (EL) devices. The single-EML device with the structure: ITO/HAT-CN (6 nm)/HAT-CN
(0.2 wt%):TAPC (50 nm)/Eu-1 (1-6 wt%): 26DCzPPy (10 nm)/Tm3PyP26PyB (50 nm)/LiF (1 nm)/AlL (100 nm)
showed light red (CIE, x: 0.574; y: 0.275) emission for the Eu-1 based EL devices due to the presence of a
host emission with a brightness of 1274 cd m~2, current efficiency (1.), power efficiency (o) and external
quantum efficiency (EQE) of 0.58 cd A™%, 0.68 Im W™, and 0.70%, respectively. The single-EML device for
the Tb-2 complex with the same device structure displayed white-light emission. The optimized single-EML
device of Tb-2 with 14.0 wt% doping concentration showed an impressive EL performance with brightness
of 1637 cd m™2, e ~ 3.05cd A%, 5, ~ 2.80 Im W, EQE ~ 1.4%, Vium-on & 3.1V, respectively. This is the
first report of single component white organic light emitting diode (W-OLED) fabricated from an organo-
Tb() complex. The W-OLEDs show low turn-on voltages (Viym-on) & 3.1 V and are thus advantageous in

rsc.li/materials-c

1. Introduction

The development of W-OLEDs has gained momentum because
of their potential to be used as alternatives to existing low
efficient incandescent and fluorescent lights and as possible
candidates for full-color displays." White light can be generated'* by
(a) the monochromatic approach utilizing a single material capable
of emitting across the entire visible spectrum (400-700 nm), (b) the
bichromatic approach that needs two primary colors such as blue
and yellow or orange and finally (c) the trichromatic approach that
uses red, green and blue (RGB) emitting materials. In this respect a
number of white electroluminescent (EL) devices employing
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lowering the power consumption of the OLED display.

organic, polymeric and organometallic complexes have been
utilized.'** Organo-lanthanide complexes are interesting candidates
because of their fascinating optical properties such as long
luminescence lifetimes, ion-specific emission colors e.g. red for
trivalent europium [Eu(m)] and green for trivalent terbium
[Tb(m)], narrow line-like emission bands (Full Width at Half
Maxima (FWHM) < 10 nm).*> B-diketones with organic chromo-
phores have played a major role in lanthanide coordination
chemistry because they can chelate the metal centers and as well
as sensitize Eu(u) and Tb(ur) emissions. Several interesting appli-
cations have been envisioned using this class of lanthanide
coordination complexes such as single molecule magnets
(SMMs),* luminescent thermometers,” sensors,” and OLEDs.**’
The generation of W-OLEDs using organo-lanthanide complexes
kick-started from the pioneering work of Kido et al.,’ who fabricated
W-OLEDs with multilayer device structures using red and green
emitting ternary europium and terbium complexes [Eu(dbm);phen]
and [Tb(acac);phen] (acac = acetylactonate, dbm = dibenzoyl-
methanate and phen = 1,10-phenanthroline). Quirino et al’
obtained white EL (CIE, x = 0.28; y = 0.35, with 20.5 cd m > of
luminance) using Dbis-terpyridine bridged hetero-dinuclear
complex of [Eu(btfa);] and [Tb(acac);] (btfa = benzoyltrifluoro-
acetylacetonato). By following a similar approach, W-OLED of
[Eug.45Tby 55(btfa);(4,4’-bpy)(EtOH)] with (CIE, x = 0.353; y = 0.316)

This journal is © The Royal Society of Chemistry 2019
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Chart 1 Structures of new Eu-1 and Th-2 complexes and chemicals used in EL device fabrication.

at 18 V (4,4'-bpy = 4,4’-bipyridine) has been reported.'® However,
these multilayer devices using one or more emitting species make
the fabrication of EL devices difficult and increase the manufac-
turing cost as well as the time taken to fabricate them, thereby
limiting their real-life applications. An efficient way to circumvent
these problems in W-OLEDs is to utilize a single-component
emitter with tunable emission, which endows the device with
important additional advantages such as good reproducibility and
color stability.'’ Based on this concept, Li et al, fabricated a
W-OLED (CIE, x = 0.333; y = 0.348) from the dendritic complex
[Eu(TCPD);phen] (TCPD = 1-3,4,5-tris[4-(9H-carbazol-9-yl)butoxy]-
phenyl]-3-phenylpropane-1,3-dione) with a maximum brightness
of 229 c¢d m™? at voltage 20.5 V."" Similarly Law et al.,' fabricated
a W-OLED from [Eu(tta);L] (tta = thenoyltrifluoroacetonate and
L = 2-(3,5-dimethyl-2H-pyrrol-2-yl)-4-(3,5-dimethyl-3H-pyrrol-2-yl)-
6-(4-(pentan-3-yl)phenyl)-1,3,5-triazine) with CIE, x = 0.337; y =
0.362 with 945.1 cd m™2 of luminance at 16 V. Later, Zucchi et al.,
fabricated an exciplex generated W-OLED CIE, x = 0.35; y = 0.33
with maximum luminance of 19.7 ed m™> at 7.6 V from the
symmetrical homodinuclear [Eu,(tta)s]bpm complex (bpm =
2,2'-bipyrimidine).”® Biju et al'* have fabricated color-tunable
OLED from the tetrakis Eu(m) complex NBuy[Eu(L"),] (L" = 4-(4'-
carbazol-9-yl-biphenyl-4-yl)-1,1,1-trifluoro-4-oxo-but-2-en-2-ol). The
single component device containing NBu,[Eu(L'),] in the emitting
layers (EML) showed white EL (CIE, x = 0.337; y = 0.328) at 8 V with
brightness of 1547 ¢d m > at 13.1 V. Notably, the devices
described above have utilized very high operating voltages to
obtain the white-light. Only a handful of reports are available in
the literature on the organo-lanthanide-based single component
W-OLEDs. It is even more interesting that most of the reported
W-OLEDs are based on Eu(m) complexes or Eu(m) and Tb(m)
heterodinuclear complexes such as [Eu(btfa);phenterpyTb(acac);]’
and [Eug.sTby.ss(btfa);(4,4'-bpy)(EtOH)].’® To the best of our

This journal is © The Royal Society of Chemistry 2019

knowledge, there is no report of single component Th(u) based
W-OLED.

Very recently’® we were able to see near white light (CIE,
x = 0.257; y = 0.337) emission from the [Tb(hfaa);Py-Im]
complex [hfaa = hexafluoroacetylacetone; Py-Im = 2-((2-
pyridyl)benzimidazole)]. The complex showed residual ligand
emission which covers almost the entire visible region of the
spectrum from 400-700 nm. This was due to the incompatible
triplet state (*nn*) of Py-Im with the *D, emitting level of Tb(u)
with AEC*nn*->Dy) &~ 76 cm™'. In the present study we have
synthesized two new ternary Ln(m) complexes [Ln(m) = Eu(m)
and Tb(ur)] with hemi-fluorinated B-diketonate ‘trifluoroacetyl-
acetone (Htfac) and bis(2-(diphenylphosphino)phenyl)ether
oxide (DPEPO) as the neutral bidentate ligand to obtain
[Ln(tfac);(DPEPO)| (Chart 1). The neutral and rigid chelate
phosphine oxide ‘DPEPO’ is chosen because of its ability to
coordinate to Ln(u) ions strongly and to transport electrons.'
Apart from this, the rigid structure of DPEPO is likely to increase
the thermal stability of the complexes as well as facilitate the triplet
energy transfer from ligands to the central Ln(m) ion."> Further-
more, it also serves as a host material for the EML of OLEDs.*® The
solid-state structures of [Ln(tfac);(DPEPO)] [Ln = Eu-1 and Tb-2]
complexes were determined by X-ray single-crystal analysis. The
photophysical properties of the complexes were evaluated in the
solid-state and in solution by steady-state and time-resolved
spectroscopy. Complexes Eu-1 and Tb-2 were further employed as
an EML(s) to fabricate single- and double-layer OLEDs. For the first
time Th(m) based single component W-OLED (CIE at 10 mA cm 2,
x = 0.293; y = 0.351) is fabricated with an impressive maximum
brightness of (B) 1637 cd m > and a maximum power efficiency (i7,,)
2.80 Im W' at a very low turn-on voltage (Viumon) Of 3.1 V
compared to the reported single component W-OLEDs based
on Eu(m) ion. The present work opens up a new avenue for
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utilizing Tb(m) complexes for high performance single component
W-OLEDs.

2. Experimental section: materials
and instrumentation

All chemicals were procured from commercial sources and were
used without further purification unless otherwise specified.
Metal chlorides of Eu(m) and Tb(ur) were purchased from Strem
Chemicals, Inc. Solvents used in the experiments were dried
and distilled prior to use. Combustion analysis of the complexes
Eu-1 and Tb-2 were performed on Euro EA-CHN Elemental
Analyser. The Fourier transform infrared (FTIR) spectra of the
solid complexes Eu-1 and Tb-2 were obtained using a Cary 630
FT-IR spectrometer in the attenuated total reflectance (ATR)
mode. The electrospray ionization (ESI) mass spectra were
obtained using a VG Autospec magnetic sector instrument.
Thermal analyses of Eu-1 and Tb-2 were recorded on PerkinElmer
TGA-4000 under a N, atmosphere.

2.1. Synthesis of [Ln(tfac);(DPEPO)] [Ln: Eu and Tb]

[Ln(tfac);(DPEPO)]. Mixed ligand complexes [Ln(tfac);(DPEPO)]
were synthesized by mixing an equimolar ethanolic solution of
DPEPO = 0.615 mmol (0.351 g for Eu; 0.348 g for Tb) dropwise
with an ethanolic solution of [Ln(tfac);(H,0),] (0.615 mmol; 0.4 g)
(please see the details of synthesis and characterization in ESIT and
their chemical structures in Chart S1). The reaction mixture was
stirred overnight at RT and left for slow solvent evaporation for a
week, after which period the solvent was decanted and the crystals
were washed with ice-cold ethanol followed by hexane and dried
in the air.

[Eu(tfac);(DPEPO)] (Eu-1). Calculated for Cs;H;0EuFoOoP,:
C, 51.83; H, 3.41, found C, 52.05; H, 3.00%; ESI-MS' m/z:
1028.90 [Eu(tfaa),(DPEPO)[", (Fig. S1, ESIf); FT-IR (solid; ecm*,
Fig. 2, ESIt) - Y{C—=0) ~ 1628(s); {C—C) ~ 1532(m); AP—O0) ~
1175(s); melting point (Ty,): 223 °C as determined by the
differential scanning calorimetry (DSC); decomposition tem-
perature (Ty): 287 °C.

[Tb(tfac);(DPEPO)] (Tb-2). Calculated for Cs;H,;oTbFoOqP,:
C, 51.53; H, 3.39, found C, 51.59; H, 3.02%; ESI-MS® m/z:
1035.00 [Th(tfaa),(DPEPO)]" (Fig. 3, ESIT); FT-IR (solid; cm™?) -
Y[C=0) ~ 1629(s); Y(C=C) ~ 1532(m); Y(P—=0) ~ 1174(s)
(Fig. S4, ESIT); melting point (Ty,): 217 °C as determined by
DSC; Ty4: 287 °C.

2.2. Molecular structure determination by single-crystal X-ray
crystallography

Crystals of the Eu-1 and Th-2 complexes for X-ray analysis
were grown at room temperature by slow evaporation of
concentrated ethanolic solution. X-ray intensity data were
collected using ¢ and o scans on an Oxford Diffraction Gemini
A-Ultra diffractometer using monochromated Mo-K, radiation
(A =0.71073 A) at 150 K. The structures were solved by direct
methods (SIR-92)"” and refined with full-matrix least-squares,
based on F* (ShelXL),'® within the OLEX-2 program suite.'®

13968 | J. Mater. Chem. C, 2019, 7, 13966-13975
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One of the CF; groups in each structure was found to be disordered
and was refined over two sites, with partial occupancies, restrained
to unity. Hydrogen atoms were placed in idealized positions and
refined using a riding model with isotropic displacement para-
meters refines with Ugq(H) = 1.2U,4(C) for the aromatic H-atoms
and 1.5 Ugy(C) for the methyl H-atoms. The details of the measure-
ments and structure refinements are presented in Table S1, ESLt

2.3. Spectroscopic measurements, photophysical parameters
and fabrication of EL devices

Spectroscopic measurements of the free DPEPO ligand and the
Eu-1 and Th-2 complexes including optical absorption, excitation,
emission spectra and decay profiles were obtained at room
temperature and full details of the measurements have been
reported previously.>***° Optical absorption spectra were obtained
using Varian Cary 50 spectrophotometer while excitation,
emission spectra and decay profiles were recorded on an Edinburgh
FS5 fluorimeter. Important photophysical parameters such as Judd-
Ofelt (J-O) parameters (2, and €,), radiative (Ag) and non-radiative
(Angr) decay rates, radiative lifetime (t.,q) and intrinsic quantum yield
() were calculated using following eqn (1)~(7) and details are
reported elsewhere.>**°

371AR [SDO — 7F]}

Qexp _ 1
: )
3223y Do — "F; 7| (Do | UW || )|

4
Ar =Y Ar[’Dy — "F/] (2)
7=0
v[* Dy — "F]
A SD 71: P . .
r[Do—'F] v’Do — 7F,] (3)
A[SDO—’7FJ]A Dy — TF
4D, 7, [P0 F]
1
Aop = — = Ar + Anr 4
obs
Trad = 1/AR (5)
Eu Tobs Ar
= =" 6
Eu ™ rpap AR + ANr ©)
QL
nsen = ]EEE (7)
Eu

The structure of the materials used in the fabrication
process together with the complexes Eu-1 and Tb-2 are shown
in Chart 1. All organic materials used in the fabrication were
obtained commercially and used as received, while Eu-1 and
Tb-2 were synthesized and purified in our laboratory (Chart 1).
ITO coated glass with the sheet resistance of 10 Q sq~ " was used
as the anode substrate. Prior to film deposition, patterned ITO
substrates were cleaned with detergent, rinsed in de-ionized
water, and finally dried in an oven. All organic layers were deposited
at a rate of 0.1 nm s~ * under high vacuum (<3.0 x 10~° Pa).

This journal is © The Royal Society of Chemistry 2019
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The doped and co-doped EMLs were prepared by co-evaporating
dopant(s) and host material from two or three individual sources,
and the doping concentration was modulated by controlling the
evaporation rate of dopant(s). LiF and Al were deposited in
another vacuum chamber (<8.0 x 107> Pa) at rates of 0.01 and
1.0 nm s, respectively, without being exposed to the atmo-
sphere. The thicknesses of these deposited layers and the evapora-
tion rate of individual materials were monitored in vacuum with
quartz crystal monitors. A shadow mask was used to define the
cathode and make eight emitting dots with the active area of
9 mm” on each substrate. Current density-brightness-voltage
(J-B-V) characteristics were measured by using a programmable
brightness light distribution characteristics measurement system
C9920-11. The Photoluminescent (PL) and EL spectra were
measured with a calibrated Hitachi F-7000 fluorescence spec-
trophotometer and an Ocean Optics spectrophotometer.

3. Results and discussion

3.1. Synthesis, characterization and thermal analysis

Gram scale syntheses of the Eu-1 and Th-2 complexes shown in
Chart 1 (inset) were accomplished in two steps. The binary
hydrated complexes [Ln(tfac);(H,0),] [Ln = Eu(m) and Tb(u)]
(please see ESIt for synthesis) were first prepared and then
reacted with the DPEPO ligand in ethanol (EtOH) at room
temperature to obtain the final complexes. The synthesized
Eu-1 and Tb-2 complexes were characterized by analytical and
spectroscopic techniques while the structures were determined
by single crystal X-ray diffraction (SC-XRD). The results of
microanalysis and ESI-MS are consistent with Ln(ui) to Htfac
to DPEPO ratio of 1:3:1 as shown in Chart 1. The IR spectra
of free DPEPO and Eu-1 and Tb-2 complexes are shown in Fig. S2
and S4, ESL{ The complexes do not display any absorption between
3200-3600 cm™ ' implying that DPEPO has successfully replaced
the coordinated water molecules from the [Ln(tfac);(H,0),]. The IR
spectra of both the complexes are almost similar and displayed two
stretching absorption peaks [Eu-1; {C—0) ~ 1629(s); f/C—C) ~
1532(m)] typical for B-diketonate chelated lanthanide complexes.
Furthermore, P=0 stretching frequency at 1189 cm ™ of DPEPO is
red shifted in the Eu-1 and Tb-2 complexes to 1174-1175 cm "
confirming its coordination to the Ln(ur) center. Thermal stability
of the complexes is a very important factor since devices from low
thermally stable (decomposition temperature, T3) complexes
reduce the EL performance. The thermal stability of the new Eu-1
and Tb-2 complexes was determined by TGA and DSC under
dinitrogen atmosphere and are shown in Fig. 1 and Fig. S5
and S6, ESL{ The thermogram of both complexes are nearly
identical in shape and show two-step weight loss with almost the
same Tq ~ 287 °C. The high Ty facilitates the device fabrication.
The complexes have higher T, than [Eu(hfaa);DPEPO] (T4 ~ 228 °C)
and marginally lower Ty than [Eu(btfa);DPEPO] (T4 ~ 320 °C) and
[Eu(nta);DPEPO] (T4 =~ 318 °C) (nta = 3-(2-naphthoyl}-1,1,1-
trifluoroacetonate).>* The DSC of the complexes displayed sharp
endothermic peaks at 223 °C and 217 °C for Eu-1 and Tb-2, respec-
tively, representing the Ty, of the complexes (Fig. S5 and S6, ESIt).

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 TGA profiles of the Eu-1 (black) and Tb-2 (red) complexes under
dinitrogen atmosphere.

The higher T4 and T}, arise presumably due to the rigid structure of
the ancillary DPEPO ligand, making the complexes suitable for
device fabrication by the thermal evaporation method. Furthermore,
TGA profiles of Eu-1 and Th-2 do not display any weight loss in the
temperature region 60-180 °C and this suggests that the complexes
do not have any water or solvent molecules, further attesting to the
results of IR spectra.

3.2. Molecular structure determination by single-crystal X-ray
crystallography

The crystal and molecular structures of [Ln(tfac);(DPEPO)]
(Ln: Eu(Eu-1) and Tb(Tb-2)) have been determined using
single-crystal X-ray diffraction techniques. The two complexes
are isomorphous and isostructural, crystallizing in the triclinic
space group P1 with one molecule in the asymmetric unit.
Within each crystal structure the complexes are separated by

Fig. 2 The molecular structure of Eu-1 with displacement ellipsoids
drawn at the 50% probability level.

J. Mater. Chem. C, 2019, 7, 13966-13975 | 13969
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van der Waals distances and there are no significant short
contacts between the molecules.

The Eu and Tb centers, in the two structures, are eight
coordinate, bonded to three bidentate trifluoroacetate groups
and a bidentate bis(2-(diphenylphosphino)phenyl)ether oxide
ligand. The molecular structure of the Eu complex is shown in
Fig. 2 (with that of the isostructural Tb complex in Fig. S7,
ESIT). Because of the chelating nature of the four ligands the
coordination geometry around the metal is distorted from the
possible limiting geometries,> however it approximates most
closely to a trigonal dodecahedron.

The three tfac ligands coordinate fairly symmetrically with
Eu-O ranging from 2.373(2) to 2.437(2) A and Tb-O from
2.347(2) to 2.410(2) A, respectively. The chelating DPEPO ligand
also coordinates symmetrically with the Eu-O bond lengths of
2.361(2) and 2.377(2) A and those for Tb-O of 2.334(2) and
2.357(2) A. The slightly shorter distances for the Th complex are
consistent with the slight reduction of the Tb covalent radius
compared to that of Eu, consistent with the effect of the
lanthanide contraction, in moving from left to right across
the lanthanide series. The Eu-O(DPEPO) distances are similar
to those in related eight coordinate Eu(m) phosphine oxide
complexes (2.345-2.446 A)** as are the Tb-O(DPEPO) bond
lengths (2.265-2.355 A).>* The other molecular parameters
within the structures are unremarkable and full listing of the
structural parameters for the two complexes are presented in
Tables S2-S15, ESL. ¥

3.3. Photophysical properties of Eu-1 and Tb-2 complexes

The optical absorption spectra of the free DPEPO ligand, Eu-1
and Tb-2 complexes were obtained in dichloromethane
(DCM:CH,CL,) solution (¢ &~ 5 x 10> M) at room temperature
shown Fig. S8, ESI.f The free ligand displayed two major
absorption peaks at 228 nm (¢ ~ 48506 M ' cm ') and
290 nm (¢ ~ 8863 M ' cm™'). The spectra of Eu-1 and Tb-2
complexes are identical in shape and showed combined absorp-
tion peaks of both B-diketone and ancillary DPEPO ligand with
&£~ 51314M 'cm ' for Eu-1and ¢ ~ 50270 M~ " cm™ " for Th-2
at 291 nm, respectively. For an efficient sensitization of Ln(m) ion
emissions in organo-lanthanide complexes, an appropriate energy
difference (AE) between the triplet state of organic ligands and the
emitting levels of Ln(m) ions must exist. For Eu(u) it should be
higher than 2500 cm ™" >* while for Tb(m) it should be in the range
of 2500-4000 cm™".*® In our present study there are two types
of organic ligands with triplet states (*nn*) at 22720 cm™* and
24116 cm™* for tfac and DPEPO, respectively.>” The *nn* of the
organic ligands are well above the *Dg (17 500 cm ™ ') emitting state
of Eu(m); with AE(nn*-"Dy) & (5220 cm™ ), an efficient ET can
be observed. However, for the D, (20500 cm™ ') emitting state
of Tb(m), this difference is 2220 cm ™" and perhaps could lead
to back ET.

In view of this, we first analyzed the PL properties of the Eu-1
complex in the solid-state and in DCM solution, which are
depicted in Fig. 3 and Fig. S9, ESLt The excitation spectra
in both cases were obtained by monitoring the °D, — ’F,
emission transition and is composed of broad band that covers
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Fig. 3 Excitation and corrected emission spectra of Eu-1in the solid state
atRT. * Fy — °Dy.

the region between 250-400 nm with maxima at 359 nm and
340 nm for solid and DCM solution, respectively. The spectrum
in the solid-state is also composed of Eu(i) centered excitation
transitions i.e., intra-configurational f-f transition and are
assigned to the transition as shown in Fig. 3. Moreover, the
intensity of the broad band is almost three times higher than
"Fo — °D, (21505 cm™'; 465 nm) excitation transitions and can
be taken as evidence in favor of the antenna mechanism.***°
The emission spectra of Eu-1 in the solid-state and in DCM
solution recorded by exciting it at A%, displayed typical well-
resolved Eu(m) emission transitions*****® corresponding to
°Dy — "Fo1234 as shown in Fig. 3 and Fig. S9, ESL{ The
relevant data such as peak positions and intensity relative to
°D, — ’F, transition are gathered in Table S16, ESL.} In both
cases, the spectra do not show any residual ligand-based
emission suggesting an efficient intramolecular energy transfer
from the ligands to Eu(m) center.>*>%?%¢

A narrow (FWHM =~ 7.84 nm and 10.21 nm for the solid-
state and in DCM solution, respectively, Table 1) hypersensitive
°Dy — 'F, (accounting ~ 79.50-82.41% of total integral intensity,
Table S16, ESIf) transition dominates the spectra, which is
responsible for the bright red emission (CIE, x = 0.664; y =
0.324 for solid-state), Table S16 and Fig. S10 (ESIt). Apart from
this intense emission transition, the spectra displayed some weak
transitions °Dy — “Fy, °Dy — 'F3 and °D, — “F, with total integral
contribution of 16.39-19.82% towards the entire emission. The
magnetic-dipole (MD) °D, — ’F, emission transition showed a
well-resolved single peak (Fig. 3 and Fig. S9, ESIt) with FWHM =~
(1.09 nM)solig-state and (1.60 nm)pcy Table 1, suggesting a single
chemical environment around the Eu(m) ion.****?% The steady-
state emission spectra were used to obtain the Q, and €, intensity
parameters using eqn (1) above and the results obtained are
shown in Table 1. For comparison excitation and emission
spectra of [Eu(tfac);(H,0),] were obtained under the same
experimental condition and the results are shown in Fig. S11
and Tables S16 and S17 (ESIt). Eu-1 shows a high value of
Q, ~ 21.94 x 10 2° cm?, indicative of lower symmetry with
increased covalency between the Eu(m) ion and coordinated
ligand®® compared to [Eu(tfac);(H,0),] (2, ~ 18.60 x 107%° cm?,
Table S3, ESIt). The luminescence lifetime (tps) Of the *Dy excited
state in both the solid-state and in solution were determined by

This journal is © The Royal Society of Chemistry 2019
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Table 1 Photophysical properties of Eu-1 complex in the solid-state and in DCM at room temperature

Q,% (x1072° ecm?) 2, (x1072° em?) FWHM? (nm)  tops (1S) Trad® (1) Ar? (57Y) Ang®(s7)) QS (%) Qku (%)  sen (%)
Solid-state 21.94 6.06 1.09; 7.84 960 + 2.96 1227 814.81 226.86 78.22 — —
DCM 24.29 8.15 1.60; 10.21 987 + 1.06 1276 783.41 229.76 77.32 55 70

“ Calculated using eqn (1).  FWHM = Full Width at Half Maxima (°Dy — "Fo; *Dy — F,). ¢ Calculated using eqn (5). ¢ Calculated using eqn (2) and (3).
¢ Calculated using eqn (4); Qpy is calculated using eqn (6); #sen is calculated using eqn (7).

exciting the Eu-1 complex at /1, and fitting of the decay profiles
(Fig. S12 and S13, ESIt). The decay profiles could be fitted to
mono-exponential function,typs & 960 £ 2.96 ps and 987 £ 1.06 ps,
respectively, for the solid-state and DCM solution (Table 1) and is
consistent with single major emitting species and attests to the
results of steady-state measurement where only one line is observed
for the °D, — ’F, emission transition. The 7.y, for Eu-1 is almost
2.5- and 3.88-fold longer than [Eu(tfac);(H,O),] (tops ~ 384 ps
for the solid-state and 254 ps for DCM solution, Table S17 and
Fig. S14, S15, ESIt). This experimental fact could be related to the
increase or decrease in the radiative (4g) and non-radiative (Ang)
decay rates after coordination of the rigid ancillary DPEPO ligand.
The values of Az and Axg are calculated using eqn (2)-(4) and the
obtained data is shown in Table 1 and Table S17 (ESIt). The 2.5- and
3.88-fold increase in 7, for Eu-1 is due to the reduction in Ayg X
226.28-229.76 s~ ' from 1844.87-3305.38 s . The other parameters
for Eu-1 in DCM solution such as radiative lifetime (.,4) of 1276 pis,
intrinsic quantum yield (Qfw), of 77.32%, quantum yield (Qf,) of
55.00% and sensitization efficiency (1sen) of 70% are calculated
with the help of eqn (5)-(7) and are gathered in Table 1.

The PL excitation and emission spectra of Tb-2 complex in
the solid-state and in DCM solution together with those of
[Th(tfac)3(H,0),] are shown in Fig. 4 and Fig. S16 (ESIf). The
excitation spectra of Tb-2 show almost similar broad bands as
observed in the case of Eu-2; however, the intensity is more
than 7 times lower hinting at an inefficient ET from the organic
ligand(s) to the central Tb(ui) ion. The emission spectra shown
in Fig. 4, display main emission transitions at 487 nm, 545 nm,
586 nm, 623 nm (values are for Th-2 complex in the solid-state)

6x10° ‘, -
5D4 o ‘ [Tb(lfac)s(Hzo)zl@ Solid
7 | — o
5%10° - F5 | Th-2@solid
‘ Tbh-2@DCM

S 4x10°
s
2
‘B 3x10°
[ =
2
1=

2x10° .

F 7
6
F3
1x10° 4 U )
. J\ A
T T = T =
400 450 500 550 600 650 700

Wavelength (nm)

Fig. 4 Corrected emission spectra of Tb-2 complex in the solid-state and
in DCM together with that of [Tb(tfac)s(H,O),] (solid-state) at room
temperature.

This journal is © The Royal Society of Chemistry 2019

which are assigned to °D, — ’F; as shown in Fig. 4. The
emission spectra are dominated by a °D, — ’Fs transition;
however, the intensity of this transition in the case of Tb-2
(greenish-yellow emission, Fig. S17, ESIt) in the solid-state is
marginally lower compared to [Th(tfac);(H,0),] (green emission,
Fig. S17, ESIf) suggesting that the replacement of the water
molecules by DPEPO has a detrimental effect on the emission
intensity. Furthermore, the emission of Th-2 in DCM solution
decreased dramatically (6.32 times) compared to the emission in
the solid-state. The t,ps of °D, were determined by the decay
profiles of the Th-2 and [Tb(tfac);(H,0),] (Fig. S18-520, ESIt). The
lifetime of Th-2 [tops & (268.12 US)solid-state AN (24.32 us)pom] is
shorter than that of [Tb(tfac);(H,0),] (384.45 ps). The Q% of Th-2
in the solid-state and in DCM solution were determined using
the calibrated integrating sphere method and the experimental
details are provided in the ESIL{ Despite the short lifetime of
Th-2, its Q% in the solid-state and in DCM solution is 53.00%
and 48.00%, respectively. A plausible explanation could be due
to the electronic structure of Tb(m) that has many levels
including a relatively low-lying 4f-5d state, which can combine
with the ligand wave functions. This explains the relatively
short lifetime of Th-2.*°

3.4. Electroluminescence performance and chromaticity of
OLEDs

To characterize EL properties of the Eu-1 and Tb-2 complexes,
a series of single- and double- light-emitting layer devices with
the following structure were fabricated;

Single EML device. ITO/HAT-CN (6 nm)/HAT-CN (0.2 wt%):TAPC
(50 nm)/Eu-1 or Tb-2 (x wt%): 26DCzPPy (10 nm)/Tm3PyP26PyB
(60 nm)/LiF (1 nm)/Al (100 nm).

Double EML device. ITO/HAT-CN (6 nm)/HAT-CN (0.2 wt%):
TAPC (50 nm)/Eu-1 or Tb-2 (x wt%): TcTa (10 nm)/Eu-1 or Tbh-2
(x wt%): 26DCzPPy (10 nm)/Tm3PyP26PyB (60 nm)/LiF (1 nm)/Al
(100 nm).

The doping concentration for Eu-1 complex was modulated
to be 1.0 wt%, 2.0 wt%, 3.0 wt%, 4.0 wt%, 5.0 wt%, and 6.0 wt%,
respectively, while the doping concentration for Tbh-2 complex
was 8.0 wt%, 10.0 wt%, 12.0 wt%, 14.0 wt%, and 16.0 Wt%,
respectively. As the doping concentration increases, the evapora-
tion temperature increases gradually from 131 to 137 °C and
138 to 146 °C for Eu-1 and Tb-2, respectively. The low thermal
evaporation temperature of the complexes thus ensures negligible
decomposition of the complexes during the thermal evaporation
process (Tq ~ 287 °C as determined by the TGA, Fig. 1).

For Eu-1, as listed in Table 2, single-EML devices displayed
relatively higher EL performances compared with double-EMLs
devices; however, the devices displayed color tunability from
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Table 2 Key properties of single and double EML with Eu-1 at different concentrations

Device Veurn-on (V) B (cd m™?) 7 (ed A™Y) 1" (Im W1 EQE? (%) CIE,,’

1.0 wt% 3.1 [3.3] 1286 [1244] 0.53 [0.74] 0.46 [0.63] 0.4 [0.9] (0.375, 0.196); [0.444, 0.218]
2.0 wt% 3.3 [3.3] 1281 [1011] 0.67 [0.90] 0.57 [0.78] 0.5 [1.1] (0.462, 0.230); [0.533, 0.253]
3.0 wt% 3.4 [3.8] 1358 [1058] 0.69 [0.63] 0.48 [0.48] 0.6 [0.8] (0.511, 0.257); [0.539, 0.256]
4.0 wt% 3.4 [3.6] 1274 [566] 0.84 [0.58] 0.68 [0.68] 0.7 [0.7] (0.526, 0.257); [0.574, 0.275]
5.0 wt% 3.5 [3.7] 1272 [676] 0.95 [0.59] 0.78 [0.43] 0.8 [0.7] (0.560, 0.273); [0.554, 0.268]
6.0 wt% 3.8 [3.6] 980 [565] 0.51 [0.69] 0.41 [0.53] 0.4 [0.9] (0.494, 0.244); [0.557, 0.257]

The values in the square brackets are properties of double EML devices at different concentration.  The data for maximum brightness (B).
» Maximum current efficiency (17). ¢ Maximum power efficiency (i,). ¢ Maximum external quantum efficiency (EQE). ¢ CIE,, at 10 mA cm .
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Fig. 5

(a) EL efficiency—current density characteristics of single-EML devices with Eu-1 at different doping concentrations. Inset: Current density—

brightness—voltage characteristics of the single-EML devices with Eu-1 at different doping concentrations. (b) Normalized EL spectra of the single-EML

devices with Eu-1 at different doping concentrations operating at 10 mA cm™*.

bluish-magenta (CIE, x: 0.444; y: 0.218) to light red (CIE,
x: 0.574; y: 0.275) as shown Table 2 and in Fig. S21 (ESIt).
The 5.0 wt% single-EML device obtained the highest current
efficiency and power efficiency of 0.95 cd A™" and 0.78 Im W™,
respectively, while the 3.0 wt% single-EML device obtained the
highest brightness of 1358 cd m > Increasing the doping
concentration of Eu-1 in both single- and double-EML devices

2

increases the relative intensity of Eu(m) emission (~ 612 nm) as
shown in Fig. 5 and Fig. S22 (ESIt). However, pure monochro-
matic Eu(m) emission was not realized due to the presence of
host emission (exciplex emission originating from the recom-
bination of accumulated holes on TAPC and accumulated
electrons on 26DCzPPy molecules), though the 4.0 wt%
single-EML device displays light red (CIE, x: 0.574; y: 0.275)

0.0
350 500

Wavelength (nm)
Fig. 6

(a) Normalized EL spectra of the single-EML devices with Tb-2 at different doping concentrations operating at 10 mA cm™
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2. (b) A magnified view

of the CIE color coordinates at 10 mA cm™2 of single-EML devices with different doping concentration of Th-2 complex.
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Fig. 7 EL efficiency—current density characteristics of the single-EMLs
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density—brightness—voltage characteristics of the single-EML devices with
Tb-2 at different doping concentrations.

emission with brightness of 1274 cd m™~?, current efficiency and
power efficiency of 0.58 cd A" and 0.68 Im W™, respectively.
This could be attributed to the inefficient carriers trapping or
the incomplete ET. It is important to emphasize that these EL
performances are remarkably at very low Viym-on & 3.1-3.8 V,
and therefore, advantageous in lowering the power consump-
tion of the OLED display, which is an important issue. The EL
performances of the devices compare well with the similar type
of Eu(m) complexes with P==0 ligands.">*"

In order to establish proof of concept that we should be able
to generate white-light from Th-2 complex in the EL devices, we
have used Tb-2 complex as EML to fabricate single- as well as
double-EMLs devices with the same structure as Eu-1 but
different doping concentrations. Normalized EL spectra of
single- and double-EML devices are shown in Fig. 6a and
Fig. S23 (ESIT). The emitting color of the double-EML devices
displayed light cyan (CIE, x: 0.262; y: 0.408) to celeste (CIE,
x: 0.252; y: 0.456) as shown in Fig. S24 (ESIt). The EL efficiency

Table 3 Key properties of single-EML with Tb-1 at different concentrations

View Article Online
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and current density curves together with the voltage (V)-brightness
and current density curves as an inset is shown Fig. 7 and Fig. S25
(ESIt). The detailed performances of the single- and double-EML
devices are shown in Table 3 and Table S18, ESL.{ As shown in
Table 3 and Table S18 (ESIt), single-EML devices displayed relatively
higher brightness while double-EMLs devices displayed relatively
higher EL efficiencies. The double-EML device with 12.0 wt%
obtained a brightness of 1341 ¢cd m™2, 5. ~ 11.96 cd A", and
fp ~ 11.02Im W, respectively at low Viymon & 3.3 V. Interestingly,
as expected the single-EML devices with different doping concen-
tration of Th-2 complex displayed white-light emission with
CIE color coordinates as shown in Fig. 6b and Table 3 at with
low Viyrn-on & 2.9-3.3 V. The optimized single-EML device with
14.0 wt% doping concentration showed an impressive EL perfor-
mances with the brightness of 1637 cd m 2, 4. ~ 3.05 cd A},
fp X 2.80 Im W' and Viumeon & 3.1V, respectively. To the best of
our knowledge a single-component W-OLED with a Tb(u) complex
has not been reported previously.

4. Conclusion

In summary, two new complexes [Eu(tfac);(DPEPO)] and
[Tb(tfac);(DPEPO)] have been successfully synthesized on the
gram scale and characterized. The EL devices fabricated from
the new Eu-1 and Tb-2 complexes as EML displayed good
performance. Double EML devices with Eu-1 as an EML dis-
played color-tunability from bluish-pink (CIE, x: 0.375; y: 0.196)
to light pinkish-red (CIE, x: 0.574; y: 0.275). Single EML device
with 3.0 wt% doping concentration displayed a brightness of
1358 cd m™>, current efficiency and power efficiency of 0.69 cd A™*
and 0.48 Im W', respectively, at very low Vym.on X 3.4 V. Single
EML device with 14.0 wt% of Th-2 exhibited impressive white EL
(CIE, x: 0.293; y: 0.351) with brightness of 1637 ¢cd m ™2, #, 1p and
EQE of 3.05 cd A", 2.80 Im W™, 1.4%, respectively, at very low
Viurn-on = 3.1 V. To the best of our knowledge, this is the first report
of a single component Th(m) based W-OLED with impressive

Device Vearn-on (V) B* (cd m™?) 7 (ed A7Y) 1t (Im W) EQE? (%) CIE,,*

8.0 wt% 2.9 1378 2.16 1.94 0.9 (0.277, 0.393)
10.0 wt% 3.3 1466 2.09 1.70 0.9 (0.298, 0.376)
12.0 wt% 3.2 1491 3.06 2.83 1.2 (0.288, 0.403)
14.0 wt% 3.1 1637 3.05 2.80 1.4 (0.293, 0.351)
16.0 wt% 3.3 1357 2.89 2.53 1.2 (0.298, 0.406)
The superscripts have the same meaning as discussed in Table 2.

Table 4 A comparative EL characteristic performance of single component W-OLEDs

Complex B* (cd m™?) Veurn-on (V) np (Im W) CIE® Ref.

Tb-2 1637 3.1 2.80 0.293; 0.351 This work
[Eu(TCPD);Phen] 229 20.5 0.2 (10.5 V) 0.333; 0.348 11
[Eu(tta);L] 945.1 16 — 0.337; 0.362 12
[Eu,(tta)s]bpm 19.7 7.6 — 0.350; 0.330 13
NBu,[Eu(L"),] 1547 (13.1 V) 2.53 (6.4 V) 0.337; 0.328 (8 V) 14

Superscripts a, ¢ an e have the same meanings as in Table 2.

This journal is © The Royal Society of Chemistry 2019
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EL performances compared to Eu(m) based single component
W-OLEDs (Table 4). Presently, synthesis of stable organo-
lanthanide complexes containing a range of P—O and N,N-
donors ligands to improve the EL properties are in progress in
our laboratory. Some of the preliminary results are encouraging.
Moreover, we are also exploring other organo-Tb(ur) complexes to
achieve high performance single component W-OLEDs.
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