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Abstract: Two novel nona coordinate ternary Eu(lll) B-diketonate complexes i.e., [Eu(B-
diketonate)s(Ph-TerPyr)], B-diketonate = 4,4,4-trifluoro-1-phenyl-1,3-butanedione (btfa) (Eu-1)
and 4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedione (NTA) (Eu-2)] and Ph-TerPyr = 4'-phenyl-
2,2"6',2"-terpyridine have been synthesized and characterized. The structure of the complexes
was elucidated by density functional theory (DFT) methods. Shape analysis further revealed that
the coordination geometry around Eu(lll) ion distorted spherical tricapped trigonal prism (Dsn) and
distorted spherical capped square antiprism (Cs) for Eu-1 and Eu-2, respectively. The
experimental photophysical properties of the complexes were investigated and complemented
with theoretical calculations. Effective energy transfer (ET) pathway for the sensitized red
luminescence is discussed. The complexes were tested as emitting layer (EML) in OLEDs. Ten
OLEDs (five single-EML and five double-EML) were fabricated for each complex by vacuum
thermal evaporation method. At the optimum doping concentration of 4 wt%, the double-EML
OLEDs of Eu-1 exhibited red electroluminescence (EL) with an EQE of 4.0% and maximum
brightness (B) = 1179 cd/m?, maximum current efficiency (nc) = 5.64 cd/A, maximum power
efficiency (np) = 4.78 Im/W with very low turn-on voltage (Vwm-on) = 3.6 V at the current density (J)
of 10 mA/cm?. Interestingly, the double-EML OLEDSs of Eu-2 at the optimum concentration of 3
wt%, displayed an outstanding EL performance with EQE of 7.32% and B =838 cd/m?, n. = 10.19
cd/A, np = 10.33 Im/W, and Vim.on = 3.1 V at J =10 mA/cm?. The EL performance of this device is
among the best reported for devices incorporating a europium complex as a red emitter.

Keywords: B-diketone; Europium(lll); Sensitized Luminescence; Electroluminescence

2|Page



Introduction

The sensitized red emission of Eu(lll) ion by organic ligands in their neutral organo-europium
complexes (OEUCs) has been researched and manoeuvred intelligently to develop interesting
functional materials such as organic light emitting diodes (OLEDs)!, sensors,?! sensitizers to
improve OLED performance of red-emitting Ir(lll) complex®, and temperature sensing®. Among
the many types of OEuCs, arguably tris(B-diketonato)Eu(lll) complexes comprising polydentate
ancillary ligand(s) have been extensively explored and utilized in different applications, especially
OLED:s. Interestingly, a search in the literature revealed that the most dominant complexes in this
class are octa coordinated and reports on the nine coordinate OEuCs are relatively limited.
However, it is important to emphasize that nine coordinate complexest® with different tridentate

ligand(s) have been reported exhibiting large photoluminescence quantum yield (PLQY = 71%)
with ultralong observed luminescence lifetime (7, = 2.94 ms)®. These could be excellent

candidates for sensing and biological applications but may not be good for OLEDs since longer
excited state lifetime leads to low efficiency of OLEDs. On the other hand, neutral tris(f3-

diketonate) complexes comprising different ancillary ligands (N~AN/O*O/N*N*N/O"O”™O etc)

displayed large PLQY despite their relatively short 7, for Eu(®*Do), which implies shorter natural

radiative lifetime (7 ., ) and thus could be beneficial for generating good EL performance.”l In

rad
other words, shortening of the 7,4 means that forbidden 4f — 4f electronic transitions become

more allowed. According to the Judd-Ofelt (J-O) theory,® the forbidden 4f—4f electronic transitions
become patrtially allowed when the symmetry of the coordination sphere around Ln(lll) is reduced
and is directly related to the orbital mixing between 4f and 5d.°! Recently, we have employed an
asymmetric, large bite angle N*N ligand [2-(2-pyridyl)benzimidazole; Py-Im] and symmetrical (3-
diketone (hexafluoroacetylacetone; hfaa) generating a new octa coordinate [Eu(hfaa)sPy-Im]
complex with an uncommon distorted trigonal dodecahedral (D24 with continuous shape measure
value (CshM = 0.745) coordination geometry around Eu(lll).;a The complex displayed large
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PLQY and fairly good EL properties. To further improve the photophysical as well as EL
properties, we replaced the symmetric hfaa by an asymmetric btfa ligand generating another
[Eu(btfa)sPy-Im] complex.l*?l Replacement of symmetrical by asymmetrical ligand further distorted

the coordination geometry ([Eu(btfa)sPy-Im]; CshM = 0.997) resulting in more allowed transition
that led to further shortening of the 7,  and thus the OLEDs based on [Eu(btfa)sPy-Im] delivered

improved EL performance compared to [Eu(hfaa)sPy-Im] and analogues.
It is well-known that the nona coordinated complexes are more asymmetric than octa

coordinated complexes and thus we would speculate the complexes to have more allowed 4f

electronic transitions leading to shorter 7. . Generally, the coordination geometry of luminescent

obs *
lanthanide complexes comprising (-diketonate and tridentate ancillary ligands are mostly
spherical capped square antiprism (C4,)% and tricapped trigonal prism (Dsn)*, which are lower
symmetry than the coordination geometry of octa coordinated complexes (distorted square
antiprism/trigonal dodecahedral)'?. Learning from our own experiences as well as from the
literature, in the present work, we have utilized a simple tridentate terpyridine ancillary ligand, Ph-
TerPyr to develop new asymmetric OEuCs of general formula [Eu(B-diketonate)s(Ph-TerPyr)] [B-
diketonate = btfa (Eu-1) and NTA (Eu-2), Fig. 1] bearing asymmetrical btfa and NTA. Terpyridine
is a classic rigid, planar neutral tridentate chelating ligand playing a pivotal role in the development
of coordination chemistry.[*3l The complexes are characterized and the photophysical properties
are assessed and discussed. The roles of ligands in sensitizing Eu-1 and Eu-2 emission are
evaluated and discussed with the help of experimental results and theoretical methods using DFT
and time-dependent density functional theory (TD-DFT). Furthermore, with the help of obtained
data and LUMPAC,™* the energy migration processes involved are elucidated and discussed for
the complexes. It is interesting to emphasize and to our surprise, most of the [Eu(B-
diketonate)s(Terpyridine)] complexes reported so far in the literature are utilized as sensors 22l

or molecular machines and logic gates!*® while reports on the EL are rare except a polymer light
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emitting diode by Yang et al.,[*8l with B = 68.2 cd/m? with a very high Vim-on = 17 V. In continuation
of our commitment to improve the EL performance of red-emitting OEuCs and the given scarcity
of EL data, we further employed the complexes as EML to fabricate OLEDs and subsequently

analysed and discussed their EL performance.

O O Y
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| <\:0 N\/ I
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|3 o O N= I

Figure 1: Chemical structures of new nonacoordinate OEuCs.

Results and Discussion:

The new OEuCs were synthesized by the method reported earlier and characterized by
elemental analysis, mass spectrometry, FT-IR spectroscopy and thermogravimetric analysis
(Figs. S1 — S5, ESI). The results of these studies attest to the formulation of Eu-1 and Eu-2 as
[Eu(btfa)s(Ph-TerPyr)] and [Eu(NTA)s(Ph-TerPyr)], respectively. Repeated attempts to grow
single crystal for structure determination were not rewarding; however, as noted by usf¢ 7. 12a and
others['], structural information obtained through DFT calculations have the same degree of
accuracy as determined by the single crystal X-ray diffraction (SC-XRD) with an overall root mean
square deviation (RMSD) value of the coordination sphere as low as 0.17 A.l2a Moreover,
theoretical calculations of the photophysical properties depend on the modelling of the ground
state geometry of the studied complex. Fig. 2 shows the ground state geometry of the Eu-1 and

Eu-2 complexes optimized at the PBE1PBE/TZVP/MWB52 level of theory. To elucidate the
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ground state geometry of the complexes, the crystallographic coordinates of an analogous
complex (CSD code KIBKEM [18) were utilized (details are included in Section 1.1.1 of ESI). The
spherical coordinate of each atom directly coordinated to the central Eu(lll) ion is shown in Table
S1, ESI. Itis observed that the average Eu-O bond distances for both complexes are around 2.43
A, which is shorter than the respective average Eu—N (2.65 A) distance. It was noted by us!!@ that
the average Eu-N bond distance for complexes containing the Eu(lll) ion calculated applying
different DFT methods was marginally longer than the Eu-N bond distances determined
experimentally. Furthermore, a comparison between the experimental and theoretical structure in
terms of RMSD considering all atoms of the complex/atoms of the coordination polyhedra further
revealed that the DFT method provides geometries in accordance with those obtained by the SC-
XRD. These data were further considered to calculate important photophysical properties and
energy migration pathways for the sensitized luminescence. The data obtained were further
employed to calculate the shape and symmetry of the coordination sphere by utilizing SHAPE
program.i’®l The polyhedral geometry of the Eu(lll) ion has a nona coordination environment
composed of six oxygen (O) donors from the primary B-diketone ligands and three nitrogen (N)
donors of the Ph-TerPy ligands (N3Os), as can be seen in Fig. 2. The DFT result in conjunction
with SHAPE program further revealed that Eu-1 polyhedron is a distorted spherical tricapped
trigonal prism, with Dsn symmetry around the Eu(lll) ion (Table S2, ESI). The same analysis for
Eu-2 reveals that the coordination polyhedron is better described as a distorted spherical capped
square antiprism, with polyhedron geometrical symmetry idealized as Ca4. As expected, the
geometry of Eu-2 is more asymmetric than Eu-1, since the order of the Ca, point group (8
symmetry operations) is lower than the order of D3, (12 symmetry operations). This could be

attributed to the bulkier i.e., naphthyl group of the p-diketonate ligands in Eu-2.
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Figure 2: Geometry of Eu-1 and Eu-2 complexes calculated at the PBE1PBE/TZVP/MWB52
level of theory.

Analysis and discussion of experimental and theoretical photophysical properties
The absorption spectra of the complexes and free Ph-TerPy recorded in dilute CH»Cl, solution (1

x 10 M) are shown in Fig. 3a. The spectra of the complexes displayed combined absorption of

the ligands (B-diketone and Ph-TerPy) with lrf‘]gf(z 325 nm, molar absorptivity (¢) 14,053 M-icm™

for Eu-1 while Eu-2 displayed two strong absorptions at ﬂ;ﬁf(: 267 nm (¢ = 15,800 M-icm-?t) and

335 nm (e = 12,387 M-icm?). The high ¢ for both complexes suggests that the complexes have
strong light absorbing capability and thus strong emitting complexes could be realized. Moreover,
the absorption spectrum of Eu-2 exhibits a redshift of 21 nm compared to Eu-1 due to enhanced

conjugation.
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Figure 3: (a) Absorption spectra of Eu-1, Eu-2 and free Ph-TerPy in CH.Cl.. (b) Theoretical
absorption spectra predicted by the TD-DFT method (with and without the implicit
effect of solvent) for Eu-1 and Eu-2 from the geometry calculated at the
PBE1PBE/TZVP/MBWS52 level of theory.

To understand the experimental optical absorption spectroscopy results clearly and the
involvement of the ligands (B-diketone and Ph-TerPy) in the light absorption phenomenon, we

employed the TD-DFT method to predict the theoretical absorption spectra. As can be seen from

Fig. 3(b), 4 value is slightly underestimated in both cases i.e., with or without solvent. Such

behaviour was also observed previously by us 1@ and by others/??l, where theoretical absorption
spectra obtained by the TD-DFT method using different density functionals were marginally
underestimated. Qualitatively, the effect of the solvent resulted in more agreement of the spectra
with those observed experimentally. It was noted that the theoretical absorption spectrum of Eu-
2 displays a higher absorbance value in lower wavelength regions similar to the experimental
result. To further understand the origin of transitions, we performed the natural transition orbitals
(NTOs) at CAM-B3LYP/TZVP/MWB52 level of theory for the three most intense singlet (S) excited
states. The NTO analysis provides a simple portrayal of the transition density between the ground

and the excited state. 21 The analysis indicates that the most intense bands of both complexes
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are derived from the electronic transitions involving MOs centred both in the 3-diketonate and Ph-
TerPy ligands (Fig. 4). Moreover, it further reveals that lower wavelength transition originated
from the neutral Ph-TerPy, which is supported by the experimental absorption spectrum of Ph-
TerPy. On the other hand, the absorption bands more displaced towards the longer wavelength
region predominantly rely on the participation of electronic transitions from the MOs centred on

B-diketonate ligands.
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Figure 4: Picture of the NTO mainly contributing to the most intense bands of Eu-1 and Eu-2
calculated with CAM-B3LYP/TZVP/MWB52 (DCM), where the percentages indicate
the contribution of the main NTO for each transition.
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Fig. 5 shows the PL spectra of the complexes in the solid-state by exciting them at their
/1;*;; The spectra exhibit typical well-resolved europium centred emission in the region between

400 and 750 nm. The excitation spectra display prominent ligand bands in the UV range and faint
f—f transitions at 463 nm (°D2«"Fo 4) and 533 nm (°D1 2« F1.4) for Eu-1 and untraceable transitions
for Eu-2, thus confirming the sensitisation of the europium PL by the antenna mechanism(2b. 22]
(overlapping absorption, excitation and PL spectra is shown Figs. S6 - S9, ESI). Important
emission data extracted from the PL spectra such as the barycentre of the transitions, emission
intensity of the transitions and % contribution of each transition relative to magnetic-dipole 5Dy —

’F, transition is listed in Table 1.
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Figure 5: Excitation and emission spectra of Eu-1 and Eu-2 in the solid-state at room
temperature.
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The PL spectrum in each case is dominated by the induced electric-dipole (°Do — "F>)
transition which comprises 78.38 and 80.41% (Table 1) total integrated intensity relative to
magnetic-dipole transition Do — ’F; for Eu-1 and Eu-2, respectively (Fig. 5). This is responsible
for brilliant red emission with the CIE colour coordinates (x = 0.671; y = 0.325)g,.1 (Fig. S10, ESI)
and (x =0.675; y = 0.323)eu-2 (Fig. S11, ESI), which is almost identical to the standard red colour
recommended by NTSC (0.67, 0.33) and thus could serve as a red component to manufacture
white-OLEDs by RGB method. The higher relative intensity of the Dy — “F» with respect to °Do
— "F1i.e. Rz implies that Eu(lll) is coordinated in a site without an inversion centre and symmetry
around the Eu(lll) ion is lower, which indeed is the case as determined by the continuous shape
measures (CShMs). As expected, the Ry; of Eu-2 (18.81) is higher than Eu-1 (15.74) and could
be associated with a more asymmetric coordination sphere in the case of Eu-2 (C4y). Furthermore,
the higher integral intensity °Do — “F transitions over the °Dy — “F; transition points towards the
dominance of forced electric dipole (FED) and dynamic coupling (DC) mechanism in the emission
process of these complexes.??l

To establish and clearly understand the photophysics, we further determined the excited

lifetime (7,

os) Of the °Do emitting state in the solid-state. The 7, was calculated by the fitting of

the PL decay curve (Figs. S12 & S13, ESI) as displayed in Figs. S14 & S15, ESI and data
obtained are gathered in Table 1. The decay profiles in each case reveal mono-exponential fitting

and confirm the presence of single major emitting species. Both the complexes displayed fairly

long lifetime with the 7, = 600.15 + 2.14 ps ()(2 =1.004) and 449 + 1.01 us (;(2 = 1.028) for

Eu-1 and Eu-2, respectively. The complexes exhibit large PLQY in the solid-state with QELu =
54.90 and 44.95% for Eu-1 and Eu-2, respectively, which is higher than reported nona

coordinated Eu(lll) analogues.[? 2d. 241 Moreover, shorter 7,,. values and higher QELu values of the

obs

present complexes than highly asymmetric octa coordinated trigonal dodecahedral (D)
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[Eu(btfa)sPy-Im] (7,

s = 060 ps and QELU: 40.8%)!*l and [Eu(hfaa)sPy-Im] (7,

= 833.01us and

obs

QELu = 33.0%)%a suggest that the forbidden 4f—4f electronic transitions are more allowed and the

orbital mixing between 4f and 5d is higher in the present complexes.

Table 1:

solid-state.

Experimental and theoretical photophysical properties of Eu-1 and Eu-2 in the

Photophysical Parameters

Eu-1

Eu-2

5Do — "Fo
5Dy — 7F1
5Dy — 7F»
5Dy — 7Fs
5Dy — 7Fa4
FWHM of 5D — 7F,
Intensity Ratio (R21)°

CIE Color Coordinates
Tops ( HS)
Q, (x 10° cm?)°
Q, (x 10%° cm?)°
Avag (51
A\rad (5)°
7 (ps)
o (%)
Qz, (%)

77 Sen (%)g

17260.21 cm™ (0.22;1.09 %)?
16862.19 cm?

16174.79 cm (15.74; 78.38%)?
15306.62 cm™(0.43; 2.73 %)?
14384.2 cm(2.69; 13.40 %)?

8.76 nm
15.74
x=0.671;y =0.325

600.15 + 2.14 ps ( x> = 1.004)
27.91 [27.90]

10.61 [10.62]
1066.35 [1047.55]
600.31 [618.70]
937.77
63.98 [62.9]
54.90 [55.8]

85.80 [88.9]

17254.27 cm™ (0.22; 0.94%)?
16860.38 cm*!
16176.50 cm™ (18.81; 80.41%)2
15331.51 cm™ (0.43; 1.83%)?
14406.39 cm? (2.93; 12.52 %)?
7.83 nm
18.81
x=0.675;y =0.323

449+ 1.01 ps ( y° = 1.028)
33.32[33.33]

11.50 [11.50]
1240.38 [1223.77]
986.79 [1003.40]

806.20

55.69 [55.0]

44.95 [44.4]

80.71 [80.8]

Values in the square parentheses are calculated theoretically; 2(Emission transition intensities;% intensity of each
transitions relative to magnetic-diploe Do — ’F1 transition); PRatio of the electric-dipole transitions (°Do — 7F2) to

5 7
magnetic-dipole transition (°Do — “F1) i.e., R, = I( DO - %SD 7F)
0 - 1

°calculated using Eq. 1; 9calculated using Eg. 2 and Eq. 3; ®calculated using Eqg. 4; fcalculated using Eq. 5; 9calculated
using Eq. 6; "calculated using Eq. 7
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To understand the results more clearly, we have further determined the A, and Ay,
by utilizing the steady-state PL spectra and 7, with the help of the set of equations 2 — 4. As can
be seen from Table 1, both the complexes displayed large value of A.,,= 1066.35 s for Eu-1

and A,,,=1240.38 s for Eu-2. The larger A, in the case Eu-2 implies that the extent of mixing

of 4f-5d orbitals is higher in Eu-2 and thus made intrinsic parity-forbidden 4f-4f transition more
allowed leading to faster i.e., shortening of the Eu(°Do) radiative lifetime. It is well established that

to produce faster Eu(lll) radiation rates one needs to design anti-symmetrical Eu(lll) complexes

with larger value of ), parameter.?! In particular, {, is more sensitive to the symmetry and
sequence of ligand fields. Interestingly, both complexes displayed large value of the Q, (Table 1).

As expected, the ), = 33.32 x 10-?° cm? value for Eu-2 is higher than that of Eu-1 (Q, = 27.91 x

1020 cm?). This is due to the lower symmetry Ca, of Eu-2 than Eu-1 (Dsn) and fits very well with
the predictions made from group theoretical considerations.[?8l

Theoretical understanding of the energy transfer mechanism

To understand the ET processes of the sensitized luminescencel?’! of the present complexes
clearly, energy of the lowest singlet (S1) and triplet (T1) excited states together with the wave
functions were calculated by the TD-DFT CAM-B3LYP/TZVD/MWB52 method, including the
effect of the DCM solvent. The energy of S; and T; and their respective distance (R.) between
the acceptor and the donor for each state of both complexes are presented in Table 2. A
comparison of R. of the complexes indicated that the energy of the donor (S1 and T,) states is
slightly farther away in the case of Eu-2. This could be due to the greater structural extension of
the B-diketonate coordinated to Eu(lll) in Eu-2. An analysis of the MOs further revealed that the
electronic transitions that comprise Si: and T; states (Table 2) are derived from the MOs centred

on both B-diketonate and Ph-TerPy ligands (Fig. 6 & 7). Since the composition of T, for the
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complexes is similar, only a small energy difference between the states is expected (22,838.1 vs.
22,463.4 cml).

Table 2: Energy of the lowest singlet and triplet excited states, electronic transitions for the
respective excited states, and corresponding distance from energy donor to
acceptor centre (R) of Eu-1 and Eu-2 determined by the CAM-
B3LYP/TZVP/MWB52 method.

Compound | State | Energy/cm™ | Ri/A | Major Contribution Total
HOMO-13—LUMO+1 (16.97%

HOMO-12—LUMO+1 (10.51%)
S: |33,407.8 453 | HOMO-14—LUMO+1 (10.37%) | 51.87%
HOMO-13—LUMO+4 (7.45%)
HOMO-11—LUMO+1 (6.56%)
HOMO-1—LUMO+2 (48.63%)
T. |22,838.1 4.45 | HOMO-1—LUMO+4 (23.19%
HOMO-1—LUMO+1 (12.84%
HOMO-2—LUMO+2 (16.15%
HOMO-1—LUMO+1 (11.05%
S, [32,785.0 474 | HOMO—LUMO+1 (10.39%) 56.28%
HOMO—LUMO+3 (10.11%)
HOMO-1—LUMO (8.58%)
Eu-2 HOMO-3—LUMO+3 (12.18%)
HOMO-3—LUMO+2 (11.19%)
HOMO-2—LUMO+3 (9.83%)
T, |22463.4 4.84 53.72%
HOMO—LUMO+3 (7.56%)
HOMO-2—LUMO+2 (7.05%)
HOMO—LUMO+2 (5.92%)

Eu-1

84.66%

—_ o~ o~ o~

)
)
)
)

The ET rate involving two excited states is calculated with the help of the distance R and
of the energy difference of the excited states (term A presents in Eq. S4). Furthermore, the ET

rates due to the direct Coulombic interaction (Cl) mechanism is a function of the forced electric

dipole (FED) intensity parameters (QEED), which were calculated (Table S3, ESI) by the QDC
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model?8 developed by one of us and implemented in LUMPACI4 software package. The
theoretical 2, and Q, values (Table 1) obtained by the QDC model agree well with the

experimental values, implying that the theoretical methods applied in the calculations are an

excellent choice. A comparison between QEED and QEC (Table S3, ESI) substantiates that the

emission of the complexes is governed by the DC mechanism and J-O parameters are greatly

dependent on the polarizabilities of the atoms directly coordinated to the Eu(lll) ion.

LUMO+2

LUMO+1

d

LUMO+3

d

LUMO+4

Figure 6: MOs predicted at the TD-DFT CAM-B3LYP/TZVD/MWB52 level of theory, considering
the effect of the DCM solvent for Eu-1.
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LUMO+1 ¢ LUMO+2

Eu-2

LUMO+3 LUMO+4

Figure 7: MOs predicted at the TD-DFT CAM-B3LYP/TZVD/MWB52 level of theory, considering
the effect of the DCM solvent for Eu-2.

The ET rates calculated using Malta’s model [?°! for the Eu-1 and Eu-2 complexes involving
the Si: and T; states of the ligands and different excited levels of the Eu(lll) ion (°Do, °D1, °D>, °Ds,
5Dy, 5L, °L7, 5G2, 5G3, 5Gs, and 5Gg) are listed in Table S4. A total of 180 ET rates are calculated
(90 for each complex, out of which 30 for CI, 30 for Ex. mechanism and 30 for backward ET,
please see Table S4). A comparison between the ET pathways that involve S; and T; state for
both the complexes reveals a rate of an order of 107 s for ’Fo—°D; and "F1—°Dg excitations which
is allowed by the Ex. mechanism, while the largest rate of 10°s? ("F;—°G; and "F1—5Gg) is
observed for the ET channel, which involves Si. This observation implies that the T:—°Do, and
T1—°D; channels are the most important in sensitizing the PL of the present complexes.
Moreover, backward ET (Wser) rates involving S; and °D, (27,586 cm™) excited state is nearly
eqgual to zero; however, large Wger values were observed for the T1 and some excited states due

to good resonance condition.
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Figure 8: Jablonski diagram showing the states included in the process of ET of the complexes.

Fig. 8 shows an energy level diagram that illustrates the ligand-to-Eu(lll) ET processes.

To reproduce the experimental 77, for the present complexes, the ligand decay rates % S;—So

(108 s1), S1—T; (108 s1), and T1—So (107 s'1) were adjusted and the method is detailed in our

very recent works.'a 1 By considering the above mentioned ligand rates the theoretical 77,

eqgual to 88.9% and 80.8%, respectively, were obtained and these values agree very well with the

experimental data (Table 1) suggesting the efficacy and suitability of the applied theoretical

method to reproduce the experimental photophysical results. It is important to emphasize that the

ET rates for both complexes have the same order of magnitude; however, it is not responsible for

the difference of 7, of the complexes. A plausible explanation of the lower quantum yield of Eu-

2 compared to Eu-1 could be attributed to the large Anrad = 986.79 s of Eu-2, which is further

due to the greater number of C-H oscillators.
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EL Properties and Performances of Eu-1 and Eu-2

Before realizing good EL properties and using newly synthesized materials (here Eu-1 & Eu-2)
in an efficient device fabrication process, it is critically important to establish the thermal stability
of the emitting materials since poor thermal stability hampers the performance and life-time of the
optoelectronic devices at the peak of its operation due to the Joule heating effect when current
flows through the organic layers.'2 I Thermal stability of the complexes was evaluated in the
temperature range between 50 and 700 °C. The thermograms of the complexes (Fig. 9, Fig. S3
& Fig. S5, ESI) demonstrated that Eu-1 and Eu-2 possess good thermal stability with T4 (with 5%
weight loss) of 313.36 °C for Eu-1 and 287.04 °C for Eu-2, respectively. The high thermal stability

of the complexes implies that they can be readily employed to fabricate OLEDs by the VTE

method.
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Figure 9: Thermograms of Eu-1 and Eu-2 under N, atmosphere.
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Figure 10:
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General device configuration (a) single-EML and (b) double-EML OLEDs (where = HIL: Hole Injection Layer; HTL: Hole

Light Emission Light Emission

Transport Layer; ETL: Electron Transport Layer; HBL: Hole Blocking Layer; HAT-CN: 1,4,5,8,9,11-hexaazatriphenylene
hexacarbonitrile; TAPC: Di-[4-(N,N-ditolyl-amino)-phenyl]cyclohexane; Tm3PyP26PyB: 1,3,5-Tris(6-(3-(pyridin-3-
yl)phenyl)pyridin-2-yl)benzene; Host: (26DCzPPy:. 2,6-bis(3-(9H-carbazol-9-yl)phenyl)pyridine; TcTa: 4,4'4"-

Tris(carbazole-9-yl)triphenylamine). Specific details of the different composition are included the ESI.
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To produce an efficient ET process in the device it is important that the host emission
spectrum should overlap with the absorption spectrum of the guest emitter.3 As can be seen
from Fig. S16, ESI that there is good spectral overlap between the absorption spectra of
complexes and host emissions (26DCzPPy and TcTa) suggesting the possibility of achieving
high-performance device. Finally, to study the potential of the synthesized complexes as an EML,
10 single-EML and 10 double-EML OLEDs were fabricated by VTE method as shown in Fig. 10
by varying the doping concentration of the complexes. It is important to emphasize that as the
doping concentration increases, there is a gradual increase in the evaporation temperature [165—
176 °C for Eu-1 and 152-159 °C for Eu-2]; however, it remained lower for both the T, and Tq.
The EL spectra and performances such as B, nc np, and EQE were determined and are
summarized in Table 3. The EL spectra of all devices (Fig. 11 and Figs. S17 & S18, ESI)
displayed typical well-resolved Eu(lll) emission transition originating from the Dy — F; (J =0 —
4). The EL spectra mimic the PL spectra (Figs. S19 & S20, ESI) in the region between 530 and
750 nm and suggest that the recombination of electrons and holes were successfully confined to

the Eu(lll) complex molecules.*
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Figure 11: Normalized EL spectra of double-EML devices of Eu-1 and Eu-2 at different doping concentrations operating at J =

10 mA/cm2.
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Besides this, the EL spectra displayed host emission; however, as the doping
concentration increases, the intensity of the host emission decreases (Figs. S21 — S24, ESI).
This could be attributed to the participation of more Eu(lll) complex molecules in the EL process
and points towards improved Foster ET from the host to the europium complexes. [l The Eu-1
based single-EML devices displayed red EL at all doping concentrations (Table 3 & Fig. S25,
ESI); however, the colour of Eu-2 based single-EML devices are magenta to red (Table 3 & Fig.
S26, ESI) due to the presence of host (26DCzPPy) emission. To further improve the EL
performances of double-EML devices comprising two different host materials, devices were
fabricated for both complexes keeping the same doping concentration i.e., 1 — 5 wt%. EL spectra
of the devices displayed combined emissions of both hosts (Figs S27 & S28, ESI) with a similar
trend as observed for single-EML devices i.e., host emission decreases gradually with increasing
doping concentration. It is important to note that the double-EML devices displayed relatively
weaker host emission compared to the single-EML devices (Figs. S29 & S30, ESI), which could
be attributed to the wider recombination zone that certainly will help to facilitate the ET from host
to emitter since more europium(lll) molecules will participate in the EL processes.?d At the
optimum doping concentration i.e., device 9 of Eu-1 and device 8 of Eu-2 displayed red emission

(Fig. S31, ESI).
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Table 3: Key EL performances of single- and double-EML devices based on Eu-1 and Eu-2.

Device Viurnon (V) B2(cd/m?) n° (cd/A) ne° (IM/W) EQE (%)¢ CIEy,®
Eu-1
11[6] 3.3[3.4] 1845 [1564] 3.52 [4.83] 3.15[4.10] 2.5[3.4] 0.602, 0.305 [0.644, 0.315]
2[7] 3.4 [3.6] 1516 [1222] 4.63 [5.04] 3.83[3.68] 3.3 [3.6] 0.643, 0.315 [0.652, 0.319]
3[8] 3.5[4.0] 1321 [1023] 4.88 [5.07] 4.22 [4.24] 3.5[3.6] 0.649, 0.320 [0.657, 0.320]
419] 3.3[3.6] 958 [1179] 5.33 [5.64] 4.71 [4.78] 3.8 [4.0] 0.658, 0.322 [0.663, 0.663]
5110] 3.6 [4.0] 886 [624] 4.27 [4.73] 3.35[3.45] 3.0 [2.4] 0.654, 0.320 [0.658, 0.320]
Eu-2
1[6] 2.9 [3.1] 555 [778] 4.14 [8.48] 4.49 [8.60] 3.12 [5.78] 0.46, 0.30 [0.47, 0.30]
2[7] 2.9 [3.1] 490 [805] 5.34 [9.33] 5.78 [9.45] 4.33 [7.08] 0.49, 0.29 [0.47, 0.31]
3[8] 2.9 [3.1] 574 [838] 7.45[10.19] 8.08 [10.33] 5.40 [7.32] 0.52, 0.30 [0.59, 0.32]
4[9] 3.0[3.2] 523 [716] 5.60 [8.91] 5.86 [8.75] 4.74 [7.75] 0.49, 0.31 [0.54, 0.32]
5[10] 3.1[3.3] 539 [818] 5.15[8.30] 5.21[7.90] 3.69 [5.26] 0.53, 0.33 [0.55, 0.35]

Values in the square bracket are for double-EML devices
aThe data for maximum brightness (B); Pmaximum current efficiency (nc); °maximum power efficiency (1p); Ymaximum external quantum efficiency (EQE); ¢CIEx,y at
10 mA/cm?
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The EL efficiency and current density curves, together with the voltage (V)-brightness (B)
and current density (J) curves as an inset for the single- and double-EML devices are shown in
Fig. 12 and Figs. S32 & S33, ESI. Key EL performances of the devices based on Eu-1 and Eu-
2 such as B, nc, np, EQE and CIE colour coordinates are summarized in Table 3. As can be seen
from Table 3, . increases as the doping concentration increases and then decreases and this
possibly is due to the imbalance between the hole-electron pair within the EML. This will break
the balance of holes and electrons within EML and thus will lead to the decrease in nc which in
turn is related to EQE.[?l At the optimum doping concentration, the single-EML devices i.e.,
Device 4 and Device 3 of Eu-1 and Eu-2, respectively, displayed impressive red (CIEyy = 0.658,
0.322) and magenta (CIExy = 0.52, 0.30) EL with B = 958 cd/m?, nc = 5.33 cd/A, np = 4.71 Im/W
and EQE = 3.8% at very low Viwm-on = 3.3 V for Eu-1 based device and B = 838 cd/m?, n. = 7.45
cd/A, np = 8.08 Im/W and EQE = 5.40% at very low Vim-on = 2.9 V for Eu-2 based device ata J =
10 mA/cm?. It is noteworthy that devices displayed very low turn-on voltage, which implies barrier-
free carrier injection, balanced carrier transport and recombination.*?! In order to further improve
the EL performances of the devices one more EML (double EMLS) with TcTa host having hole
transporting ability (3.1 x 104 cm? V-1 s1)32 js introduced. The introduction of the second EML
has a marginal improvement on the EL performances of Eu-1 based devices. At the optimum
doping concentration i.e., Device 9 exhibited red EL with B = 1179 cd/m?, nc = 5.64 cd/A, np =
4.78 Im/W, EQE = 4.0% and very low Viym-on = 3.6 V at J = 10 mA/cm?, which are higher than most
of the highly efficient OEuUCs based OLEDs (Table 4 and Fig. 13). Interestingly and to our
surprise, the EL performances of the double-EML device at the optimum concentration i.e.,
Device 8 displayed overall remarkable EL performances with the B = 838 cd/m?, n. = 10.19 cd/A,
N = 10.33 Im/W, EQE = 7.32% and very low Vim.on = 3.1 V at J = 10 mA/cm?, which are almost
two-fold higher than those of Eu-1 based device. The higher EL performance of Eu-2 based
device could possibly be due to the presence of three terminal electron-rich napthyl rings of 3-
diketone leading to more balanced carrier transport than Eu-1 having three phenyl ring terminal
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rings. This is further supported by the very recent report on the EL performance of ytterbium
complex of 2-(tosylamino)-benzylidene-N-(2-halobenzoyl)-hydrazones where the substitution of
a benzoyl ring with naphthyl resulted in a significant increase of the electron mobility (6.9 x 1077
vs. 1.7 x 1078 cm? V™1 s71).1331 |t is important to note that the device performances of the present
Eu-2 based OLEDs are among the best reported in the literature 34 (Table 4 and Fig. 13) so far

with EQE exceeding 7.0% at J = 10 mA/cm?.
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Figure 12: EL efficiency-current density characteristics. Inset: Current density-brightness-
voltage characteristics of devices 6, 7, 8, 9 and 10 of (a) Eu-1 and (b) Eu-2 based
double-EML devices
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Table 4. Comparative EL performances of reported Eu-CCs (their chemical structures are shown in Chart 2).

Ba

b

d

Emitting Layer Viun-on Ne Np EQE CIEx, y® Reference
\Y cd/m? | cd/A Im/W %

Eu-1(4 wt%):TcTa (10 nm)/Eu-1 (4 wt%): 26DCzPPy (10 nm) 36 | 1179 | 564 | 4.78 4.0 |0.663,0.663 | This work
Eu-2 (3 wt%):TcTa (10 nm)/ Eu-2 (3 wt%):26DCzPPy (10 nm) | 3.1 838 | 10.19 | 10.33 | 7.32 0.59,0.32 | This work
Eu-3 (3 wt%) : 26DCzPPy (10 nm) 35 | 2108 | 8.45 6.98 6.0 |0.628, 0.308 7
Eu-4 (5 wt%) : PBD (90 nm) - - 10.0 - 5.30 - (35)
Eu-5 (90 nm) : CBP : PBD - - 5.1 1.0 3.70 0.66,0.33 (36l
Eu-6 (40 nm) 5.0 - 5.88 3.69 3.71 - (37]
Eu-7 (80 nm) : PBD 7.4 | 1333 | 2.61 - 1.80 | 0.544,0.382 (38)
Eu-8 : CBP (40 nm, 10%) 7.6 | 1276 - - 3.54 - (3]
Eu-9 (40 nm) 5.7 - 5.07 3.62 3.20 - (37
Eu-10 : CBP (40 nm, 10%) 7.2 | 1163 - 3.20 - (39)
Eu-11: CBP (40 nm, 10%) 6.0 945 - - 2.96 - (39]
Eu-12 : CBP (30 nm, 10%) 7 632 | 4.58 2.89 2.89 - (40l
Eu-13 (90 nm) : CBP : PBD - - 3.2 0.6 2.40 0.65,0.32 (3]
Eu-14 (3 wt%) : 26DCzPPy (10 nm) 4.0 | 1237 | 3.09 2.33 2.2 |0.639,0.318 (7]
Eu-15 (8%) : TCTA (10 nm)/Eu-15 (8%) : 26DCzPPy (10 nm) 3.4 428 | 3.31 3.06 2.14 |0.619,0.323 (4)
Eu-16 (10 wt%) : TCTA : Bphen 2.9 - 3.85 2.26 2.12 - 35)
Eu-17 (40 nm) 8.4 - 3.25 1.23 2.08 - (37
Eu-18 (8 wt%) : CBP (30 nm, 8%) 19.8 | 1365 | 3.31 - 1.80 - 42)
Eu-19 (8%) : TCTA (10 nm)/Eu-19 (8%) : 26DCzPPy (10 nm) 3.4 896 | 2.26 1.92 1.6 |0.640, 0.311 [tc]
Eu-20 (90 nm) : CBP : PBD 12 278 - - 1.45 - (431

Where BPhen = 4,7-diphenyl-1,10-phenanthroline; PBD = 2-(tert-butylphenyl)-5-biphenylyl-1,3,4-oxadiazole; CBP = 4,4'-N,N'-dicarbazole-biphenyl.
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Figure 13: Chemical structures of some reported efficient ternary OEuCs.
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Conclusion

In summary, two nona coordinate red-emitting ternary Eu(lll) complexes were successfully
synthesized. The geometry of the complexes was determined by the DFT method. An analysis
demonstrated that the coordination geometry around Eu(lll) centre in Eu-2 is a distorted spherical
capped square antiprism (Cay) which is more asymmetrical than Eu-1 with a distorted spherical

tricapped trigonal prism (Dsn). Both the complexes displayed typical Eu(lll) pure red emission with

short 7,,,=600.15 £ 2.14 ps and 449 + 1.01 ps and large QF, = 54.90 % and 44.95 % for Eu-1

and Eu-2, respectively. The shorter 7, for Eu-2 compared to Eu-1 could be associated with the
highly asymmetric coordination geometry and was further supported by the large values of Rz =
18.81 and (), = 33.32 x 10%° cm?. ET mechanism indicated that T — Do and T; — °D; channels
are the most important for the sensitized PL in these complexes with the same order of Wer (107
s1). Despite identical ET rates, QELu of Eu-2 is 10.0% lower than Eu-1 and could be associated

with the large Anrad = 986.79 st of Eu-2. Finally, we have shown the potential application of the
complexes as an EML to fabricate bright and red OLEDs that could be employed as a component
to fabricate white-OLEDs via the RGB method for portable full color flat displays. At the optimum
doping concentration, the double-EML device of Eu-2 exhibited almost two-fold higher EL
performances than those of Eu-1 based double-EML device despite 10% lower PLQY,
demonstrating the higher significance of charge mobility over PLQY. The overall EL performances
of the Eu-2 based device i.e., B = 838 cd/m?, nc = 10.19 cd/A, np = 10.33 Im/W, EQE = 7.32%,
and Vum-on = 3.1 V at J = 10 mA/cm? are the highest values reached by an OEuC (Table 4 and
Fig. 13). Further investigation to improve the EL performance of OEuUCs by introducing different

charge carrier group(s) is underway in our laboratory.

29|Page



Synthesis

4'-Phenyl-2,2":6',2"-terpyridine (Ph-TerPyr) and OEuCs

The tridentate Ph-TerPyr ligand was synthesized by the reported method.*4 Briefly, to a stirred
solution of benzaldehyde (1.8422 g; 17.36 mmol) and 2-acetylpyridine (4.2084 g, 34.74 mmol) in
50 mL of ethanol (EtOH), potassium hydroxide (KOH; 1.95 g; 38.50 mmol) and 25% ammonia
solution (15 mL) were added. The reaction mixture was stirred for 24 h at room temperature. The
precipitate was isolated by vacuum filtration and washed with a copious amount of distilled water,
followed by EtOH (50 mL x 2). Analytically pure compound was obtained by recrystallization from
dichloromethane (CH2Cl,): EtOH (1:1) as colourless crystals (60% yield).

[Eu(btfa)s(Ph-TerPyr)] (Eu-1)

Eu-1 was synthesized by reacting equimolar quantities of [Eu(btfa)s(H20)2]i"? (0.300 g; 0.360
mmol) and Ph-TerPyr (0.111 g; 0.360 mmol) in methanol (MeOH; 20 mL). The reaction mixture
was stirred overnight at room temperature and left for slow solvent evaporation. The solid formed
was washed with cold EtOH (5 x 2 mL) and toluene (5 x 2 mL). Yield 80%. Microanalysis
calculated for CsiHssEUF9N3Os, C, 55.35; H, 3.01; N, 3.80; observed C, 55.40; H, 3.08; N, 3.76.
FTIR (solid; cm™): v(ar C-H st) 3051 cm?; v(C=0 st) 1,612 cm; v(C=N st) 1,576 cm™; v(C=C st)
1,507 cm?; v(C-F st, CF3) 1371, 1309 cm; out-of plane asymmetric v(C-F st) 1,178 cm™; in-
plane v(C-H bend) 1,124 cm? (Fig. Sla, ESI); ESI-MS*: m/z: 1200.9 for [Eu-
1+Na+(CH3CN)+(CHsOH)-H]* (Fig. S2, ESI); Melting temperature (Tm) = 236.30 °C;
Decomposition temperature (Tq) with 5% weight loss = 313.36 °C (Fig. S3, ESI).
[Eu(NTA)s(Ph-TerPyr)] (Eu-2)

Eu-2 was obtained by a similar method. [Eu(NTA)3(H20),]" (0.300 g; 0.305 mmol) and Ph-TerPyr
(0.943 g; 0.305 mmol) in methanol (MeOH; 20 mL) Yield 75%. Microanalysis calculated for
Ce3HagEUF9N3Os, C, 60.20; H, 3.13; N, 3.34; observed C, 60.19; H, 3.10; N, 3.31. FTIR (solid; cm-

1): v(ar C-H st) 3068 cm?; v(C=0 st) 1,613 cm™; v(C=N st) 1,570 cm%; v(C=C st) 1,507 cm?; v(C-
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F st, CF3) 1388, 1292 cm; out-of plane asymmetric v(C-F st) 1,181 cm?; in-plane v(C-H bend)
1,122 cm* (Fig. S1b, ESI); ESI-MS*: m/z :1279.8 for [Eu-2+Na]* (Fig. S4, ESI); Tm = not
observed; Decomposition temperature (Tq) with 5% weight loss = 287.04 °C (Fig. S5, ESI).
Spectroscopic measurements, photophysical parameters and computational chemistry
Spectroscopic measurements of Eu-1 and Eu-2 including optical absorption, excitation, emission
spectra, decay profiles and absolute PLQY values were obtained at room temperature; details of
the measurements have been reported previously.”l Optical absorption spectra were obtained
using Varian Cary 5000 UV-Visible-NIR spectrophotometer while excitation, emission spectra and
decay profiles were recorded on an Edinburgh FS5 fluorimeter. The absolute PLQY were

determined using a calibrated integrating sphere on a C-9920-02 from the Hamamatsu Photonic
instrument. Photophysical parameters such as the J-O parameters (€2, and €2,), Ay, A
decay rates, radiative lifetime (7., ), QEEU“ and 7, were calculated by applying the following set
of equations and details are reported elsewhere. 32

3hAsq | Dy = 'F, |
32¢*z° [ D, > 'F, | |(°D, Ju | 'F,)

4

ARad ZZARad [SDO_)7FJ:| Eq. 2
J=0

v[SD0 N 7F1] A[SDO - F,

v[f’D0 - F, ] - A[SD0 - F,

1
Aot -— = ARad + ANRad Eq. 4

T

obs
T :}/ Eg. 1
R q.
ARad
b

Eu — Z-o s _ ARad
Eu
z.Rad ARad + ANRad

exp __
Q" = 2 Eqg. 1

ARad|:5D0_)7FJ]: ]}ARad[SDO—)7FJ Eq. 3

Eq. 2

31|Page



QEu

Eu
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The theoretical methodology which includes the determination of the ground-state geometry,
theoretical absorption spectrum, ET rates, radiative emission rate (Arad) and theoretical PLQY is

detailed in the electronic supporting information.

Fabrication of EL devices and assessments of their EL performance

Indium tin oxide (ITO) coated glass with 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 the rate of
0.1 nm/s under high vacuum (< 3.0x10° Pa). The doped EMLs were prepared by co-evaporating
dopant and host material from two sources, and the doping concentration was modulated by
controlling the evaporation rate of the dopant. Lithium fluoride (LiF) and aluminium (Al) were
deposited in another vacuum chamber (< 8.0x10° Pa) at the rates of 0.01 and 1.0 nm/s,
respectively, without being exposed to the atmosphere. The thicknesses of these deposited layers
and the evaporation 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 an
active area of 9 mm? on each substrate. Current density (J)-brightness (B)-voltage (V)
characteristics were measured by using a programmable brightness light distribution
characteristics measurement system C9920-11 from the Hamamatsu Photonic instrument. PL
and EL spectra were measured with a calibrated Hitachi F-7000 fluorescence spectrophotometer
and an Ocean Optics spectrophotometer.
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