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Abstract: A series of tetrakis lanthanide complexes with the general formula [Ln(hfaa)s]" (DpaH)* [Ln
= (Sm-1), (Eu-1) and (Tb-1)], hfaa = hexafluroacetylacetonate and Dpa -2,2'-dipyridylamine] has
been synthesized by the reaction of LnCl; hfaa and Dpa in the presence ammonia solution (25%).
The complexes have been characterized by analytical and spectroscopic methods. The solution
molecular structure of the complexes was elucidated by one- and two-dimensional NMR
spectroscopy which shows that the DpaH* cation retains a close interaction with the lanthanide
anion in solution. The crystal structure of Eu-1, determined by single crystal X-ray diffraction,
confirms this intermolecular interaction in the solid-state through a N-H...O hydrogen bond of 2.187
A. In the [Eu(hfaa)s]” anion the EuOs coordination polyhedron has a square antiprism geometry with
approximate Co-symmetry around the metal centre. Photophysical, thermal, and electroluminescent
properties of the complexes have been investigated. The Sm-1 and Eu-1 complexes displayed
efficient typical red emission with a sizeable photoluminescence quantum yield (PLQY) while Tbh-1
displayed near-white light emission. The complexes have been used as dopants to fabricate single-
and double-emitting layer (EML) OLEDs through the thermal evaporation method. At the optimum
doping concentration, the double-EML Eu-1 based device displayed orange electroluminescence
(EL) with a brightness (B) of 417 cd/m? and very low Vum-on = 3.4 V. Interestingly, the Sm-1 based
single-EML device exhibited pure red emission with the Commission internationale de I'éclairage
[(CIE)xy = 0.613, 0.321], which is rare. The Sm-1 based device performance [B = 145 cd/m?, current
efficiency (nc) = 0.35 cd/A, power efficiency (np) = 0.15 Im/W with an external quantum efficiency
(EQE) = 0.3% and Vwm-on = 7.1 V] surpassed that of the only reported Sm-based single red-OLED
(R-OLED).

Keywords: Hexafluoroacetylacetone; Lanthanide tetrakis complexes; Red emission; Red and

Orange electroluminescence



1. Introduction

Efficient photoluminescent trivalent lanthanide [Ln(lll)] complexes, especially Eu(lll)/Tb(l11)/Sm(lII)
complexes represent an important class of materials because of their unique inherent ability to emit
ion-specific highly monochromatic visible (Vis) light [1]. However, 4f — 4f electronic transitions are
forbidden according to the Laporte selection rule [2] resulting in low molar absorptivity (€) or
oscillator strength of the transitions [3]. Generally, this bottleneck can be surpassed by using
appropriate organic ligand(s) (“antenna”) with high € value either in the ultraviolet (UV) or Vis region
of the electromagnetic spectrum to transfer the absorbed energy to the emitting state of Ln(lll),
known as the “antenna effect” [4]. In this context, a large array of antenna ligands [4c, 5] have been
utilized, among which complexes with B-diketones have been used in devices including OLEDSs [1b,
6], luminescent thermometers [7], anti-counterfeit materials [8], mechanoluminescent sensors [9].
Three major classes of lanthanide complexes incorporating B-diketones as primary antenna ligand
have been reported, which are; (i) [Ln(B-diketone)s(solvent),] (tris complexes) [10], (i) [Ln(B-
diketone)s(ancillary ligand),] (ternary complexes) [10-11] and (iii) [Ln(B-diketone)s](counterion)*
(tetrakis complexes) [10]. Apart from this, anhydrous and polymeric lanthanide [3-diketone
complexes also exist in the literature [12]. Class (i) complexes have solvent molecules(s) in their
coordination sphere, which have a detrimental effect on the photophysical properties. Class (ii)
complexes are obtained by replacing the solvent molecule(s) by N~N- or O”O-donor ancillary
ligands either by a two-step or one-step method [3a, 13]. The resulting ternary complexes display
enhanced thermal stability, film-forming and most importantly, photophysical properties (PLQY
reaching up to 80 — 90% [6b, 14]). In fact, the ternary complexes dominate the lanthanide
coordination chemistry [6c¢, 10, 15]. It is also possible to replace the solvent molecule(s) by a fourth
B-diketone ligand that results in anionic tetrakis complexes [Ln(B-diketone)s] neutralized with
various counter cations leading to class (iii) complexes [10, 16].

In continuation of our ongoing research effort to improve the EL performance of red-emitting ternary
Eu(lll) complexes, herein, we utilized a fluorinated B-diketone, hexafluoroacetylacetone (hfaa) as a
primary antenna ligand and 2,2'-dipyridylamine (Dpa) as an ancillary ligand to synthesize class (iii)
type complexes by a one-step method. The rationale for utilizing hfaa is the presence of a greater
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number of C—F bonds compared to high energy C-H bonds. This will curtail the radiationless
transitions by vibrational relaxations and will subsequently boost the photoluminescence (PL)
properties [1c, 1d, 17]. The stoichiometry used to synthesize the complexes was based on the
expectation that we will isolate ternary europium complex [Eu(hfaa)s(Dpa)] similar to our recently
reported ternary complex [Eu(tta)s(Dpa)] [18] (tta = 2-thenoyltrifluoroacetone). Contrary to our
expectation, we isolated tetrakis [Eu(hfaa)s](DpaH)*...(Dpa) [Eu-1] complex (Chart 1). The
formulation of the complex was confirmed by elemental analysis, FT-IR, mass spectrometry and by
one- and two-dimensional NMR spectroscopy. This was further attested by the solid-state structure
determined by the single crystal X-ray diffraction (SC-XRD) method which confirms the formation of
this unexpected tetrakis complex. Notably, reports on the synthesis of tetrakis complexes and their
use as EML to fabricate OLEDs are scarce compared to ternary complexes [6¢]. Given the potential
optoelectronic applications and scarcity of the relevant physico-chemical-electrical data of these
families of complexes, we extended the synthesis further to incorporate other visible light emitting
Ln(lll) ions [Ln = Sm and Tb] to obtain tetrakis complexes [Sm(hfaa)s] (DpaH)® (Sm-1) and
[Tb(hfaa)s] (DpaH)* (Tb-1) (Chart 1). All synthesized complexes were characterized by analytical
and spectroscopic methods. The solution structure of the complexes was elucidated by one- and
two-dimensional NMR spectroscopy. Photophysical properties of the complexes were investigated
by optical absorption, emission, excitation and time-resolved spectroscopy. Thermogravimetric
analysis (TGA) was employed to investigate thermal stability of the complexes, which is an
important pre-requisite from the device perspectives. Finally, the complexes were used as an active

emitting component to fabricate single- and double- EML orange and red OLEDs.

Chart 1: General chemical structures of the tetrakis complexes.



2. Experimental
2.1. Synthesis of the Complexes

Details of the chemicals, reagents and basic instrumentation are reported in the electronic
supporting information (ESI).

2.1.1. [Eu(hfaa)s] [DpaH—Dpa]* (Eu-1):

The tetrakis Eu-1 complex was synthesized by the one-pot method as described below. 0.27 mL of
25% ammonia solution was diluted with 5 mL of ethanol (EtOH) and was added dropwise from a
pressure-equalizing dropping funnel to an ethanolic solution (5 mL) of hfaa (0.73 g; 3.5 mmol) with
constant stirring in a three-necked round bottomed flask. The reaction mixture was left to stir for
thirty minutes at room temperature. After this period Dpa (0.198 g, 1.16 mmol) and EuCl; 6H,O
(0.425 g, 1.16 mmol) were separately dissolved in 5 mL of EtOH and added sequentially. The
reaction mixture was left under stirring for another six hours and then left for slow solvent
evaporation. After seven days a light-yellow powder precipitated out which was filtered and washed
with ice-cold ethanol (3 x 5 mL) followed by hexane (2 x 5 mL) and dried in the air to obtain a yellow
solid in 76% yield with respect to hfaa. It is important to emphasize that the yield of complex further
improves to 81% using 1:4:1 stoichiometry. Calculated for CaoH23EUF24NeQOs: C, 36.30; H, 1.75; N,
6.35; found: C, 36.25; H, 1.78; N, 6.21; FTIR (solid; cm™)- v(N-H) 3,377 cm; v(C=C)« 1,646 cm™;
out-of-plane asymmetric v(C-F)st 1192 cm™; in-plane v(C-H)pend. 1138 cm?; v(C-C=C-O)+ v(C-F)s
1,097 cm? (Fig. S1, ESI); LC-MS: m/z = 1323.5; 'H NMR (400 MHz, CD,Cl, 298K, & in ppm, J in
Hz): & = 10.63 (broad, H5), 9.35 (broad, H2), 8.74 (broad, H4), 7.91 (broad, H3), 3.41 (s, H8).
1BC[*H] NMR (100 MHz, CDCl,, 298K, & in ppm, J in Hz): & = 154.6 (s, C6), 143.2 (s, C4), 140.7
(broad, C2), 119.1 (s, C3), 117.4 (s, C5), 57.5 (s, C8). 1°F NMR (376 MHz, CD,Cl,, 298K, & in ppm,
Jin Hz): 6 =-79.4 (s, F10).

2.1.2. [Sm(hfaa)s] [DpaH]" (Sm-1):

The complex was synthesized by following the general synthetic protocol as described above for
Eu-1. Yield: 70% with respect to hfaa; Calculated for CsgH14F24N30sSm: C, 31.31; H, 1.23; N, 3.65;
found: C, 31.30; H, 1.24; N, 3.64; FTIR (solid;cm™)- v(N-H) 3,372 cm™; »(C=C)« 1,646 cm; out-of-
plane asymmetric v(C-F)st 1192 cm™?; in plane v(C-H)peng. 1138 cm™; v(C-C=C-0)+ v(C-F)s 1,097 cm-
! (Fig. S1, ESI); LC-MS: m/z 1230.5 for [M+ CHsCN+ K]; *H NMR (400 MHz, CD:Cl, 298K, & in
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ppm, J in Hz): & = 16.60 (broad, H1), 7.82 (d, Jun = 5.2, H2), 7.59 (buried, H4), 7.58 (s, H8), 6.98 (t,
Jun = 6.5, H3), 6.47 (broad, H7), 5.58 (d, Jun = 6.8, H5). *C[*H] NMR (100 MHz, CD,Cl,, 298K, & in
ppm, J in Hz): & = 180.5 (q, Jcr = 34.3, C9), 150.5 (s, C6), 141.9 (s, C4), 139.5 (s, C2), 118.2 (s,
C3), 115.5 (q, Jcr = 287.5, C10), 113.7 (s, C5), 92.7 (s, C8). °F NMR (376 MHz, CD.Cl, 298K, & in
ppm, J in Hz): d =-76.9 (s, F10).

2.1.3. [Tb(hfaa)s [DpaH]* (Tbh-1):

The titled complex was synthesized by following the general synthetic protocol as described above
for Eu-1. Yield: 71% with respect to hfaa; Calculated for CsoH14F24N30sTh: C, 31.08; H, 1.22; N,
3.62. found: C, 31.07; H, 1.25; N, 3.64; FTIR (solid;cm™)- v(N-H) 3,337 cm™; v(C=C)s 1,646 cm™;
out-of plane asymmetric v(C-F)st 1192 cm?; in plane v(C-H)pend. 1138 cm?; y(C-C=C-O)+ v(C-F)st
1,097 cm (Fig. S1, ESI); LC-MS: m/z 1239 for [M+ CHsCN+ K]; *H NMR (400 MHz, CDCl,, 298K,
6 in ppm, J in Hz): & = 16.59 (broad, H1), 7.80 (d, Jus = 5.1, H2), 7.57 (t, Jun = 8.0, H4), 7.54 (s,
H8), 6.95 (t, Jun = 6.3, H3), 6.80 (broad, H7), 5.66 (d, Juy = 7.6, H5). 3C[*H] NMR (100 MHz,
CD:Clz, 298K, & in ppm, J in Hz): & = 180.5 (q, Jcr = 34.0, C9), 150.6 (s, C6), 141.9 (s, C4), 139.5
(s, C2), 118.2 (s, C3), 115.5 (q, Jer = 287.6, C10), 113.8 (s, C5), 92.7 (s, C8). °F NMR (376 MHz,
CD.Cl, 298K, & in ppm, J in Hz): § =-76.9 (s, F10).

Single crystals of Eu-1 suitable for SC-XRD analysis were grown by the slow dichloromethane
solvent evaporation method. Instrumentation and refinement details are included in the ESI and the
data obtained are summarized in Table S1 — S4, ESI. CCDC contains the supplementary
crystallographic data for Eu-1. Repeated attempts to grow single crystals of Sm-1 and Tbh-1 for SC-
XRD analysis were unsuccessful. Against this backdrop, we have elucidated the solution structure
of the complexes by one- and two-dimensional NMR spectroscopy.

2.2. NMR Spectroscopy, Photophysical Parameters and OLED Fabrication:

NMR spectra of the complexes were recorded using a 400 MHz Bruker Avance IlIl HD equipped with
a smart probe. Residual solvent resonances were used for referencing and the reported chemical
shifts are relative to external tetramethylsilane (TMS) (*H and *3C) and trichlorofluoromethane
(CCIsF) (*°F). Dichloromethane-d. (CD.Cl;) was used as received (EurisoTop). *H PGSE (Pulsed-

Gradient Spin-Echo) NMR measurements were performed on a Bruker Avance Il HD 400
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spectrometer equipped with a smart probe with a z gradient coil, by using the standard double-
stimulated echo pulse sequence without spinning [19]. The shape of the gradients was rectangular,
their duration (8) was 4 ms, and their strength (G) was varied during the experiments. All the spectra
were acquired using 32k points, 16 scans and were processed with a line broadening of 1.0 Hz. The

experiments were carried out with a total recycle delay of ca. 10 s. The semilogarithmic plots of

In (% ) versus G? (a.u.) were fitted using a standard linear regression algorithm. Self-diffusion
(0]

coefficients (Dy), proportional to the slope of linear fittings, were calculated using the diffusion

coefficient of residual solvent resonance as an internal reference standard [20].

Important photophysical parameters for Eu-1: Judd-Ofelt (J-O) (€2, and €2,) intensity parameters,

radiative (A;), non-radiative (A ) rate constants, radiative lifetime (7,4 ), intrinsic quantum yield

(QEEJ’) and sensitization efficiency (77,,,) were calculated utilizing the equations (S1 — S7, ESI) and

details of these calculations are discussed in our previous studies [1d]. Organic compounds utilized
for the fabrication of OLEDs were procured from commercial sources and their chemical structures
are shown in Chart S1, ESI. Single- and double- EML OLEDs were fabricated; details of the
fabrication and instrumentation processes are included in the ESI.

3. Results and Discussion

3.1. Synthesis, Characterization and Crystal Structure

Generally, the stoichiometry employed for the synthesis of tetrakis lanthanide complexes is 4:4:1:1
(primary ligand:base:metal:counterion) while that for ternary lanthanide complexes is 3:3:1:1
(primary ligand:base:metal:ancillary ligand) [10]. In the present work, we intended to synthesize a
new ternary Eu(lll) complex incorporating hfaa as the primary ligand and Dpa as the ancillary ligand
using the latter stoichiometry. The stoichiometry is based on the general assumption that the Dpa
will act as a neutral bidentate ligand yielding a new ternary complex [Eu(hfaa)s(Dpa)] similar to our
previous report (vide supra) [18]. Interestingly, we isolated a tetrakis Eu-1 (Chart 1) complex
despite using 3:3:1:1 molar ratio of hfaa, 25% ammonia solution, Dpa and EuCls.6H,0 in ethanol. It
is well known that B-diketones exhibit keto-enol tautomerization and the extent of tautomerization
depends on the polarity of the solvent and other factors [21]. Thus, a plausible explanation for the
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formation of this unexpected tetrakis complex could be that the B-diketone is not fully transformed
into its enol form and the leftover base (ammonia solution) in the reaction mixture reacts further with
the ancillary Dpa ligand transforming it into a counterion to form the tetrakis Eu-1 complex. Similar
behaviour of the conversion of Dpa into [DpaH]" has been reported previously [16€]. Interestingly,
from the analytical and NMR spectroscopic data, the Eu-1 salt was formulated as [Eu(hfaa)as]
[DpaH--Dpa]* in which the [DpaH]* cation was hydrogen bonded to an accompanying neutral Dpa
molecule. To double-check that the synthesized complex is not an accidental product, we have
further extended the synthesis to obtain two more new tetrakis Sm-1 and Th-1 complexes using the
same stoichiometry under the same experimental condition. The complexes were characterized by
FT-IR, one- and two-dimensional NMR spectroscopy, mass spectrometry and elemental analyses,
which explicitly confirm the tetrakis formulation of the complexes (Chart 1) containing [DpaH]*
species as counterion, neither contained the [DpaHDpa]* unit.

The crystal structure of Eu-1 in Fig. 1, reveals a mononuclear Eu(lll) centre with an 8-coordinate
environment from four hfaa ligands. The [Eu(hfaa)s is linked to the [DpaH]® cation by an
intermolecular hydrogen bond, N-H...O 2.187 A, N-H-O 162.77°, The crystal structure also shows
the presence of a CH,Cl; molecule of crystallisation in the lattice but no evidence of a neutral Dpa
molecule, which is assumed to be lost in the recrystallisation process. The EuOs coordination
polyhedron can be assigned as a distorted triangular dodecahedron, with idealised D2q symmetry
around the metal centre. The assignment was made using the SHAPE software package which
calculates continuous shape measures (CShM's) of a set of atomic positions relative to the vertices
of ideal reference polyhedral [22]. For this structure, the calculation showed a deviation of 0.46 from
the idealized triangular dodecahedron and a larger deviation of 1.74 for the square antiprism. The
bond distances to the Eu(lll) centres are comparable to previously published ones. The Eu—O bonds
are in the range 2.359(5)-2.467(5) A (Table S3, ESI); and the OEuUO angles are in the range of

70.4(2)- 149.5(2)°.



Fig. 1. The structure of Eu-1 showing the interaction between the [Eu(hfaa)s]” anion and the
[DpaH]* cation through the intermolecular hydrogen bond between N(3)-H(3)...0(5).

The solvent molecules are omitted for clarity.

3.2. Determination of Solution Structure of the Complexes

Complexes Sm-1, Eu-1 and Th-1 were characterized in CD.Cl, at 298K by a battery of mono- and
bi-dimensional NMR spectroscopic techniques. The patterns of resonances of Sm-1 and Th-1 are
consistent with the structures shown in Chart 1. In those complexes, paramagnetism little affects the
appearance of *H and *3C spectra. As a matter of fact, all resonance are rather sharp [AS(*H) ~ 4-6
Hz and A3(*3C) ~ 2 Hz ] and the chemical shifts values of Sm-1 and Th-1 are very similar [8ns(Sm-1)
= 7.58 ppm and dng(Th-1) = 7.54 ppm, dce(Sm-1) = 92.7 ppm and dcs(Th-1) = 92.7 ppm]. A correct
evaluation of the paramagnetism effect for Eu-1 is hampered by the fact that it has a different
structure. Integration of *H and **C resonances of Eu-1 NMR spectra shows a 4:2 ratio between
hfaa and Dpa. This leads to hypothesize the presence in solution of [Eu(hfaa)s]- compensated by
[DpaH-Dpa]*, as discussed below.

The full NMR resonance assignment and detailed solution structural determination of Sm-1 (Fig. 2
and Fig. S2 — S6, ESI) is discussed while NMR spectra of Tb-1 and Eu-1 is provided in Fig. S7 —
S13 for Th-1 and Fig. S14 — S19 for Eu-1, ESI. The 'H NMR spectrum (Fig. S1, ESI) shows a

singlet in the aromatic region, easily identified as the CH moiety of hfaa ligand, and two doublets



and two triplets due to H2/H5 and H3/H4 protons of pyridine, respectively. H4 (7.59 ppm) was
identified by its long-range scalar correlation with the quaternary carbon at 150.5 ppm, reasonably
assigned to carbon C6 [Fig. 2 (b)]. From the correlation pattern observable in the *H COSY NMR
spectrum [Fig. 2 (a)], it was possible to assign the remaining proton resonances. Carbon
resonances were assigned by means of *H, 3C HSQC NMR spectrum (Fig. S5, ESI). The two NH
resonances fall at very different chemical shifts (Ad ca. 10 ppm). The one at high chemical shift was
assigned to the protonated pyridine (H1) owing to the observation of a weak NOE with H2 (Fig. S6,
ESI). Its high chemical shift value could be partially due to the establishment of a strong
intramolecular hydrogen bond with the nitrogen of the other pyridine ring [23]. Interestingly, an
exchange NOE is observed between the two NH protons, mediated by water, which causes the

observation of NOEs for both of them and H5, in the *H NOESY spectrum (Fig. S6, ESI).

H8 F10
H4 H3
H2 H5
H7 1 19
H
) E ppm
H (a) (©F
H5 . o’ ) 5.5
H7 6.5
H3 - [ ] L
|H8 .0 e . [ -7.5
H2 ]
H4 65
IC4 (b) -75 77 -79  ppm
145 5 o H7
4| \6 N | S
C6 . 180 30 S N__= 10
2 CF. \@
[ 3
155 0=(9
Kled Sm / 8
85 75 65 55 ppm © CF, /4

Fig. 2. Selected NMR spectra of complex Sm-1 in CD,Cl, at 298K. (a) section of 'H COSY

NMR spectrum, (b) section of *H, *C HMBC NMR spectrum and (c) section of *°F, *H
HOESY NMR spectrum.

As anticipated, the 'H and *3C spectra of Eu-1 differ from those of Sm-1 and Tb-1. Particularly,

integration of the *H NMR resonances clearly indicates a 2:1 molar ratio between hfaa ligand and
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Dpa. Furthermore, *H and *C resonances fall at similar chemical shift values in Sm-1 and Th-1,
whereas substantial shifts are observed for Eu-1. Under the assumption that four hfaa ligands are
coordinated to Eu, those observations might be explained assuming that [Eu(hfaa)s]” is
compensated by [DpaH--Dpa]*. The shift of the resonances on passing from Sm-1, Th-1 and Eu-1
should be caused by pairing the [Eu(hfaa).]- anion with a different cation.

In order to obtain some clues on the interionic structure [24] of Sm-1, Tb-1, and Eu-1, *F, H
HOESY and 'H PGSE NMR spectra were recorded. °F, *H HOESY NMR spectrum shows a clear
interionic contact between the fluorines of [Ln(hfaa)s]” (Ln = Sm and Th) and proton H5 of DpaH*
(protonated dipyridilamine), in addition to the expected intramolecular CFs/CH contact [Fig. 2 (c)].
This suggests that the two ionic fragments are close in the space with the NH of the amine pointing
toward the metal center [Fig. 3]. Interestingly, the F10/H5 contact is absent in the **F, IH HOESY
NMR spectrum of Eu-1 recorded in CD,Cl, consistent with having a different compensating cation,
which affects the interionic structure and, possibly, justifies the variation of the chemical shift values.
The level of ionic aggregation [19-20] was evaluated by diffusion *H PGSE NMR spectroscopic
experiments. The same self-diffusion translation coefficients (D) were determined for DpaH* and
Ln(hfaa), indicating that the two moieties translate together and, consequently, belong to the same
even ionic aggregate [Fig. 4]. The hydrodynamic volume (Vy) derived by diffusion NMR experiments
(944 A3 for Sm-1, 917 A3for Th-1 and 1053 A3 for Eu-1), strongly suggests that ion pairs are the
predominant species in CD,Cl, solution. At the same time, the significantly higher Vn observed for

Eu-1 is consistent with having a larger compensating cation.
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Fig. 3. The proposed general structure of Sm-1 and Th-1 salts in solution (H atoms in white,
C atoms in grey, N atoms in blue, O atoms in red, F atoms in purple and Sm atom in

aguamarine).

e hfaa (@) 0 (0

In i/,

3 ® 2
P -4.0
000 002 004 006 008 010 012 0.14 000 002 004 006 008 010 012 014 000 002 004 006 008 010 0.2
G*(a.u.) G*(a.u.) G'(au)
Fig. 4. Trends of In(1/10) vs G? (a.u. = arbitrary units) for the solvent (residual CHDCI,, black

dots), DpaH™ (red dots) and hfaa (blue dots) resonances of Sm-1 (Graph (a)), Th-1
(Graph (b)) and Eu-1 (Graph (c)).

3.3.  Photophysical Properties of the Complexes

For practical optoelectronic applications such as an active emitting component in OLEDs, it is
necessary to know the photophysical properties of the complexes and thus we have first determined
the light-absorbing capability of the complexes by optical absorption spectroscopy. The optical

absorption spectra (Fig. 5) of the complexes were measured in dilute dichloromethane (DCM:
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CHCI,). As can be seen from Fig. 5, the complexes displayed almost identical absorption spectra
with 22 = 304 nm and is essentially an overlap of 1 — 1 transitions of both hfaa and Dpa (310 nm)
[18]. The high values of ¢ are 48,933, 45,844 and 43,164 M'cm? for Sm-1, Eu-1 and Tb-1,
respectively, indicating that the synthesized complexes have a good light-absorbing capacity and

we may expect to see efficient PL properties.

5x10*
—— EU-1
—o— Sm-1
4x10" 4 Tb-1

3x10"

O =1 L Alaisy
I I I I
225 250 275 300 325 350 375
Wavelength (nm)
Fig. 5. Optical absorption spectra of the complexes in DCM (0.00005 M).

The excitation spectra of the complexes were determined in the solid-state by monitoring the most
intense emission transitions *Gs;, — ®Hg for Sm(lIl), °Ds — ’Fs for Th(lll) and °Do — ’F> for Eu(lll),
respectively (Fig. S20, ESI). The spectrum of Sm-1 exhibited broad bands with some intra-
configurational 4f — 4f transitions (300 — 550 nm) and was assigned [25] to “Map,
4K11/2,°P312,%F712,*L1a2 «<CHs2 (406 nm), (°P,*P)sz «°Hspz, *l11/2, *M1arz (418 nm), *“Migp2, *lorz «°Hsp2
(477 m), *Fsp«<5Hs2 (527 nm), respectively (Fig. S20, ESI). The excitation spectra of Tb-1 and Eu-1
is similar to Sm-1 except for the intra-configurational transition at 488 nm assigned to 'Fes « °Da [1d]

(Fig. S20, ESI) for Th-1 and 466 nm assigned to 'Fo — °D; [1d] for Eu-1, respectively.
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The emission spectrum of the Sm-1 was obtained by choosing A, and exhibits typical Sm(lll)

emission shown in Fig. 6 (Please see separate Fig. S21, ESI) in the region between 500 to 750
nm. The complex displayed four well-resolved emission transitions (Table 1) which are dominated
by the narrow (FWHM = 9.47 nm, Table 1) hypersensitive electric-dipole (ED) *Gs. — °®Hop
transition. Moreover, CIE colour coordinates calculated from the emission spectrum indicates that
Sm-1 emits vivid red emission (CIE)yxy= 0.613; 0.324 (Fig. 6d; Table 1) and complies well with the
National Television System Committee (NTSC) (CIExy = 0.67; 0.33) suggesting its potential to be
utilized as an EML to fabricate R-OLEDs. Furthermore, time-resolved PL decay of Sm-1 exhibited

monoexponential decay behaviour with a significantly longer lifetime (7,,,) = 184.07 us (Table 1, Fig.

S22, ESI) than reported tetrakis complexes [16d, 26] and compares well with the most efficient

L
neutral ternary complexes [1c, 27]. The solid-state absolute PLQY (QSm) of Sm-1 is 4.2% which
compares well to the above-mentioned highly efficient Sm(lll) complexes. Moreover, from the PLQY
and 7, data, we have further calculated the Ar and Anr rate constant which are summarized in

Table 1.

In contrast to the efficient red Sm-1 emission, Tb-1 displayed weak (Fig. 6, Fig. S23, ESI) but well-
resolved emission peaks originating from the °D, state to different 'F; (Please see Table 1).
Interestingly, the complex displayed near-white light emission (CIExy = 0.245; 0.304, Fig. 6d) due to
the presence of residual ligand fluorescence (RFL) with an excited state lifetime of 2.97ns (Fig. S24,
ESI). Thus, Tb-1 could serve as a potential candidate for the fabrication of single-component white

OLEDs as noted in our recent work [28]. Moreover, it has shorter 7, = 146.46 ps (Table 1, Fig.

S25, ESI) compared to [Th(hfaa)s(H20).] = 530 us [29]. This shortening could be due to the energy
mismatch (AE = 1,500 cm™) between the triplet state of the primary hfaa antenna ligand (T:=

21,930 cm™) [29] and °D4 (20,430 cm™) emitting state of Th(lll). This fact is further reflected in

L
inferior guantum-yield QTb = 3.8%. This possibly could be due to the large value of Anr = 6.56 X

10%s? (Table 1).
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Fig. 6.

Room temperature emission spectra of (a) Sm-1 (A, = 352 nm), (b) Tb-1 (A, .= 337
nm) with the inset showing the magnified spectrum of Tb-1 in the region between 630
— 750 nm corresponding to the °Ds — "F2.1, transitions and (c) Eu-1 (A, = 337 nm)

in the solid-state. (d) CIE color diagram of the complexes.

15



Table 1: Room-temperature Photophysical Parameters of Sm-1 and Tb-1 in the solid-state.

Ln
L
r Ln b ¢ | (CIE)
Complex | Transition [nm;cm] o FWHM? QL (Ar)” | (Anr) Y
(us) T,
(%) st

4Gs/2 — ®Hs2 [565; 17,699] <

S > N

4(35/2—> 6H7/2 [609; 16,420] - — ™

Sm-1 184.07 9.47 4.2 5.9 X X Qo

4(35/2—> 6Hg/z [649; 15,408] g % %

*Gsi2 — ®Huz [714; 14,005] N Lo S

5Ds — 'Fe [490; 20,408]
D4 — 7Fs [547; 18,281]
Th-1 146.46 | 9.63 [3.8 |48
5Ds — 7F4 [587; 17,035]

5D4 — 7F3 (623 ;16,051]

2.60 x 10?
6.56 x 10°
0.245; 0.304

aFWHM = Full width at half maxima of “Gs2 — €Hgr for Sm-1 and °Ds — Fs for Tbh-1; L = Absolute PLQY; L —
Ln Ln

T
(Intrinsic quantum yield) = LL: = °—b5(where T, IS the natural lifetime of lanthanide ion and is 3100 us [30] for

rad
L
QLn

obs

Sm(lll) and 3000 ps [31] for Th(lll)): bAR (radiative decay rate constant) = ; “Ag (non-radiative decay rate

constant) = 1 A

Tobs
The PL spectrum of Eu-1 displayed five transitions due to the deactivation of the °Dy — ’F;
presented in Fig. 6 (Fig. S26, ESI) and the data obtained are summarized in Table S6, ESI. As
noted in many Eu(lll) complexes, the spectrum of Eu-1 is also dominated by the narrow (FWHM =
3.00 nm) hypersensitive ED °Do — ’F2 (% contribution to total intensity 79.64%, Table S6, ESI)
transition peaking at 16,281 cm™ (614 nm) responsible for the brilliant red emission with the (CIE)xy
= 0.668, 0.330 (Fig. 6d, Table 2). Moreover, the dominance of the °Do — ‘F, ED to a magnetic

dipole (MD) °Do — ’F; transition implies that the dynamic coupling (DC) mechanism is the main
operative mechanism in the emission process [18]. The lifetime 7, of the Eu-1 exhibits a
monoexponential decay behaviour with 7, value in millisecond (ms) regime i.e., 1.1 ms (1010 ps,

Fig. S27, ESI). It is noteworthy that in all the complexes under study, the PL decay profile displays
monoexponential behaviour and signifies the presence of single emitting species and the purity of

the complexes. This is further attested by the crystal structure of Eu-1 and NMR spectra of the
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complexes in solution which do not show any sign of dissociation/any other kind of complexes other
than Eu-1. Furthermore, together with the help of the steady-state PL spectrum and 7, a range of

important photophysical parameters by applying a set of equations S1 — S7, ESI can be calculated.

The calculated photophysical parametrs are summarized in Table 2. From Table 2, it is very clear

L
that Eu-1 exhibits highly efficient PL with long 7, high QEU = 60.00 %, and QL' = 92.88% which

compares well with reported tetrakis complexes [16c, 26b, 32]. It is important to note the high value

of the QF; is due to suppression of A _= 64.74 s Finally, the Q,and Q. parameter is calculated

for Eu-1 (Table 2), the high values of Q, = 22.02 x 1072 cm? together with high Reg, = 12.72
suggests that Eu((lll) ion in Eu-1 is surrounded by a highly polarizable environment (as in the case
of B-diketone) [13a]. Parameter Q. is related to the long-range effects (hydrogen bonding and -t
stacking). The substantial large value of Q4 = 8.50 x x 1072° cm? is indicative of these effects [6a]
which is further supported by the single crystal X-ray structure that showed extensive hydrogen-

bonding interactions of NH---O as well CH---F.
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Table 2: Room-temperature Photophysical Parameters of Eu-1 in the solid-state.

QZ Q4 FWHMP Tobs Trad A'g Ak ( QIIEEl:j g Q|I5_u nsgen REU CIE (xy)
fu-1 <107 on? ) &) ) )
22.022 | 6.932 3.00 1010 | 1184 844.35 | 64.74 | 92.88 60.00 | 64.60 | 12.72 0.668, 0.330

3Eg. S1; " FWHM (nm) = 5Dy — F; ¢ Eq. S5; ¢ Eq. S2 and S3; © Eq. S4; T Eq. S6; 9 Eq. S6; "ratio of Do — "F2/°Do — "Fo
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3.4. EL Performance and OLEDs Chromaticity

Before OLED fabrication either by vacuum thermal evaporation or solution processing, it is
necessary to know the thermal stability of the complex in question since inferior thermal stability of
the complex leads to reduction of device stability especially at the peak of its use due to the Joule
heating when current flows through the organic layers [33]. Against this backdrop, the thermal
stability of the complexes was determined by TGA (50 — 600 °C, Fig. 7) under a dinitrogen (N>)
atmosphere. As can be seen from Fig. 7, the thermograms of the complexes do not exhibit any
mass loss between 50 and 150 °C suggesting that the complexes have no lattice held or
coordinated water molecules, which can be corroborated by the FT-IR, SC-XRD structure (Eu-1)
and NMR spectroscopic studies. The decomposition temperature (Tq) with 5% weight loss of the
complexes are 200 °C for Eu-1 and 220 °C for both Sm-1 and Tb-1, respectively. The relatively
lower T4 of Eu-1 perhaps could be due to the presence of the extra Dpa unit. Nevertheless, all three
complexes have sufficiently high thermal stability and thus can easily be utilized to fabricate OLEDs

by the vacuum thermal evaporation method.

— Sm-1

80

D
o
1

% weight
N
o
1

20

0 4

1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450
0
Temperature ("C)

Fig. 7: TGA profiles of Sm-1, Eu-1 and Tbh-1 under N, atmosphere.
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Electron accepting Blpolar material
NC CN
N’ YN
N N
NC—{* _‘ CN
'N N

T ;'lexacarbonltnle 2,6-bis(3-(9H-carbazol-9-yl)phenyl)pyridine 1,3,5-Tris(6-(3-(pyridin-3-yl)phenyl)pyridin-2-yl)benzene
(HAT-CN) (26DCzPPy) (Tm3PyP26PyB)
Hole-transport and Hole-injection _I

Ln-1(x wt%): 26DCzPPy

—— Ln-1(x wt%): TcTa

@ @ Al
oo %@

| TAPC I
(J ~ _
Di-[4-(N,N-ditolyl-amino)-phenyl]cyclohexane I Substrate . |

(TAPC) 4,4’ 4"-Tris(carbazole-9-
yl)triphenylamine (TcTa) I

Chart 2: Chemical structures of the organic compounds utilized in the OLEDs fabrication with

the general double-EML device structure.

Impressive PL efficiency (Table 1 and 2) and good thermal stability of the tetrakis complexes
motivated us to utilize the complexes as emitters to fabricate single- and double- EML OLEDs with
the general device structures for single EML OLEDs: ITO/HAT-CN (6 nm)/HAT-CN (0.2 wt%): TAPC
(50 nm)/Ln-1 (x wt%): 26DCzPPy (10 nm)/Tm3PyP26PyB (60 nm)/LiF (1 nm)/Al (100 nm) and
double EML OLEDs: ITO/HAT-CN (6 nm)/HAT-CN (0.2 wt%): TAPC (50 nm)/ Ln-1 (x wt%): TcTa
(10 nm)/ Ln-1 (x wt%): 26DCzPPy (10 nm)/Tm3PyP26PyB (60 nm)/LiF (1 nm)/Al (100 nm) via
vacuum thermal evaporation technique (Chart 2 and the full details of device structures in ESI
in Section S3) to investigate their EL properties. The device based on Tb-1 displayed inferior EL
performance and thus is not included in the discussion. The doping concentrations of the complexes
was fine-tuned; moreover, as the doping concentration increased the temperature of evaporation
also increased gradually [139 to 142 °C for Sm-1 and 134 to 145 °C for Eu-1]. The low thermal

evaporation temperature of the complexes thus warrants negligible decompaosition during the device
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fabrication processes. The obtained data of B, nc, np, CIE color coordinates and EQE for single-EML
as well as double-EML OLEDs are summarized in Table 3 and Table S6, ESI for Sm-1 and Eu-1,
respectively. The normalized EL spectra of the single- and double- EML devices of Sm-1 and Eu-1
based complexes are shown in Fig. 8 and Fig. S28 — S30, ESI. The EL spectra from both
complexes displayed characteristic Sm/Eu(lll) emissions. However, it exhibits a very minor red shift
in the hypersensitive ED *Gs; — ®Hgz and °Do — ‘F» transitions of Sm(lIl) and Eu(lll), respectively
(Figs. S31 & S32, ESI). This observation could be rationalized by assuming that in the device
emission process, both carrier trapping and Forster energy transfer from the host co-exist
simultaneously [6b, 34]. Furthermore, EL spectra of the single- as well as double-EML devices of
Sm-1 exhibited faint ignorable emission in the UV region while for Eu-1 the devices showed broad
host emission in the region between 350 and 550 nm. Moreover, the intensity of the host emission
decreases as the doping concentration increasing, implying increased carrier trapping on the Ln(lll)
molecules and improved ET from host to Sm-1/Eu-1 molecules [1b, 6a]. At the optimum doping
concentration of 4 wt%, single-EML Device 3 and double-EML Device 8 of Sm-1 display pure red
emission with (CIE)xy = (0.613, 0.321)pevice 3 and (0.622, 0.323)pevice s COlOr coordinates (Fig. 9 &
Fig. S33, ESI, Table 3). However, the color emitted by the Eu-1 based devices falls in the bright

reddish-orange to orange emission (Fig. S34 & S35 and Table S6, ESI) due to the presence of host

emission.
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Fig. 8. Normalized EL spectra of Sm-1 based devices 5, 6, 7 and 8 operating at a current

density of 10 mA/cm?.
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Fig. 9: CIE 1931 chromaticity diagrams of single-EML devices 5, 6, 7 and 8 based on Sm-

1 with a magpnified view at 10 mA/cm?2,

o
=
o
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T

EL efficiency (cd/A)
EL efficiency (cd/A)

Brightness (cd/m?)

4reon

Device 5
Device 6
Device 7
Device 8

e
o
2
e
o
2
I

10 12
Voltage (V)
ol

0
10 12 14 16 18

:4 P ® B giohtness (cdim?)

.VD".BQ.B ‘y’l | n " " 2 u a1l
10 100

10
Current density (mA,’cmz) Current density (mA:'cmzj

Fig. 10. EL efficiency-current density characteristics and the inset J-B-V characteristics of
Sm-1 based devices. (a) Devices 1, 2, 3 and 4 and (b) Devices 5, 6, 7 and 8.

The EL efficiency and current density curves, together with the voltage (V)-brightness (B) and
current density curves as an inset are shown in Fig. 10, and Figs. S36 & S37, ESI for Sm-1 and
Eu-1, respectively. The detailed EL performances such as B, nc, n, and EQE of single- as well as
double-EML devices of Sm-1 and Eu-1 are summarized in Table 3 and Table S6, ESI. At the
optimum doping concentration of 4.0 wt%, Sm-1 based single-EML device (Device 3) exhibited B =
145 cd/m?, ne = 0.35 cd/A, np = 0.15 Im/W with an EQE = 0.3%, Vumon = 7.1 V and (CIE)x,y =

(0.613, 0.321) at 10 mA/cm?. Moreover, the inclusion of an exciton/electron blocking layer materials
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tris(4-carbazoyl-9-ylphenyl)amine (TcTa) in the device structure results in a minor improvement in
the EL performance of the device (Table 3) at the optimum doping concentration 4.0 wt% (Device
7) of Sm-1. On the other hand, at the optimum doping concentration, double-EML Eu-1 device
(Device 5) displayed orange emission with EL performance B = 329 cd/m?, n. = 0.46 cd/A, np = 0.26
Im/W, and EQE = 0.3%, Vum-on = 5.3 V and (CIE)x,y = (0.516, 0.350) at 10 mA/cm?. At this point of
discussion, it is noteworthy to mention that a handful of organo-Sm(lll) complexes has been utilized
for the fabrication of OLEDs. Furthermore, it is even more important to emphasize that there is a
single report on the utilization of tetrakis Sm(llll) complex to fabricate OLEDs [26b]. Interestingly,
most of the organo-Sm(lll) complexes based OLEDSs reported (Table 4, Chart 3) [26b, 35] displayed

orange emission [26b, 35a-d] except for Sm-8 (Chart 3), which exhibited red emission [35h].

Table 3: Key EL properties of the single- and double-EML devices of Sm-1 operating at
current density of 10 mA/cm?.
Device Vumon (V) B?(cd/m?) ne® (cd/A)(EQE ©) ne® (IM/W) CIEx®

Single-EML Devices

1 8.1 91 0.27 (0.2%) 0.09 0.627, 0.321

2 6.5 119 0.29 (0.2%) 0.13 0.554, 0.334

3 7.1 149 0.35 (0.3%) 0.15 0.613, 0.321

4 7.2 110 0.29 (0.2%) 0.14 0.623, 0.319
Double-EML Devices

5 7.7 80 0.24 (0.2%) 0.08 0.616, 0.335

6 6.7 114 0.27 (0.2%) 0.19 0.562, 0.326

7 7.2 140 0.44 (0.3%) 0.19 0.605, 0.328

8 7.4 110 0.45 (0.3%) 0.24 0.622, 0.323

aThe data for maximum brightness (B); Pmaximum current efficiency (nc); ¢ maximum external quantum
efficiency (EQE); 9maximum power efficiency (np); ¢CIEx, y at 10 mA/cm?; Viwm-on = applied voltage at the

brightness of 1.0 cd/m?
N ~ Sm
Sm N Q
C3F7

[\;3 <, c]Ks 95
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Chart 3: Chemical structures of the reported Sm(lll) [B-diketonate complexes utilized to
fabricate OLEDs.
Table 4: EL performances of OLEDs with Sm(lll) B-diketonate complexes as emitters.

Complexes | Vium-on Ba nc° No Color/CIE Ref
Sm-1 7.1 149 0.35 0.15 Pure red This work
Sm-2 15 0.5(23V) - - Orange [354]
Sm-3 9 21 0.114 - Orange—-red [354]
Sm-4 - 135 (10V) - - Reddish-orange | [35b]
Sm-5 - 43 (14 V) 0.18 - Reddish-orange | [35c]
Sm-6 3.0 490 (15V) - - Yellow [35€]
Sm-7 - 81 (12.3V) | 0.04 (12V) - Orange [35d]
Sm-5 - 118 (13.6) 0.029 0.0056 Orange [35f]
Sm-8 - 135 0.1 - Red [35h]
Sm-9 7.6 | 831(14.9V) | 1.4(9.2V) | 0.5(9.2V) | Bright orange [26b]
Conclusion

In conclusion, we have synthesized three new tetrakis lanthanide complexes and successfully
applied Sm-1 and Eu-1 as an EML to fabricate red and orange OLEDs. The solution structure of the
complexes was determined by one- and two- dimensional NMR spectroscopy, which explicitly
confirm the formation of tetrakis complexes. The structure of the Eu-1 was also established by the

SC-XRD. Under the UV excitation, the Sm-1 and Eu-1 complexes emit their inherent bright red

. L L : .
emission QSm = 4.2 % and QEU = 60.00%. However, Tb-1 does not display its usual green

emission; rather it showed almost near-white light emission (CIE)xy = 0.245; 0.304 because of the

presence of blue RFL. This originates from the energy mismatch (AE = 1,500 cm™) and thus

L
resulted in inferior quantum yield QTb = 3.8% due to in large Anr rate 6.56 x 10°s™. Finally, Sm-1

and Eu-1 were utilized as emitters to fabricate single- and double-EML OLEDs through the thermal
evaporation method. At the optimum doping concentration, double-EML Eu-1 based device
displayed orange emission with EL performance B = 329 cd/m?, n. = 0.46 cd/A, np, = 0.26 Im/W, and
EQE = 0.3%, Vum-on = 5.3 V and CIEx, = 0.516, 0.350 at 10 mA/cm?. While at the optimum doping
concentration of 4.0 wt%, Sm-1 based device exhibited red emission (CIExy = 0.613, 0.321) with the

EL performance of B = 145 cd/m?, n. = 0.35 cd/A, ny = 0.15 Im/W, EQE = 0.3% and Vim-on = 7.1 V.
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As listed in Table 4 and to the best of our knowledge, this is the second report on organo-Sm(lll)
complexes displaying red EL. The device displayed improved EL compared to the reported Sm-8

(Chart 2) showing red EL.
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