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Achieving both high dissymmetry factors and strong emission in
circularly polarized (CP) luminescent materials and, at the same
time, compatibility with manufacturing processes for organic
electronic devices, is a crucial issue for reliable applications of CP
emitters in many fields, such as chiral electronics and optoelectronics.
In this communication, we show that the independent choice of the
sensitizing and the chirality inducing ligands allows europium(i)
complexes to meet the multiple requirements for solution
processed efficient CP electroluminescent devices.

Materials emitting circularly polarized (CP) luminescence'™
are attracting multidisciplinary interest, as they open the way
to various applications in the field of enantiospecific (bio)as-
says, telecommunication, spin-selective devices, etc.®”

In the context of chiral electronics and optoelectronics, in
the last few years, several research groups have explored the
possibility of obtaining CP electroluminescence (EL) from
Organic Light-Emitting Diodes (OLED) by employing chiral
(non-racemic) emitters in the active layer.>® Such devices are
promising for applications in 3D panels, more efficient anti-glare
displays, as well as in optical data storage and encryption.’

Several successful examples of CP-OLEDs have been
reported in recent years, in which CP-EL is obtained through
different approaches,"® i.e. by using single organic molecules,”
d'" or f'*'* metal complexes, or supramolecular systems.'* On
the other hand, several challenges, often difficult to meet all at
the same time, remain open: (i) maximizing EL efficiency, (ii)
maximizing the circular polarization output (quantified by the
dissymmetry factor g), (iii) low-cost device manufacturing with
extended stability, (iv) availability of the chiral emitters at the
required scale.
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Lately, our groups have investigated the use of chiral lanthanide
complexes (in particular, Europium) as intrinsic chiral emitters in
the active layer of OLEDs, obtaining remarkable results in terms of
EL dissymmetry factor (ge = 2(I, — Ir)/(I. + Ir), I, and I being the
left and right CP component of EL).'>" Indeed, using chiral
lanthanide emitters offers several advantages, such as high
dissymmetry factors, high photoluminescence (PL) quantum yield
(PLQY) with narrow bands, possibility of deriving effective ligands
from the natural chiral pool and facile compound preparation.'®
Another feature offered by lanthanide systems are bands
with opposite polarization, which may be desirable in certain
applications, such as nearfield multiplexed communications.
On the other hand, extracting high EL efficiency from
lanthanide-based CP-OLEDs still remains a challenge. A possible
solution to these issues can be found in the coordination chemistry
of lanthanides. In fact, the high coordination number of
lanthanides and the possibility of preparing heteroleptic
complexes'® allow one to tune the desired properties by using a
modular approach.

Indeed, different ligands, each performing a different role,
can be chosen thus tuning the required features (partially)
independently one from the other. For our purposes, the
ligands must fulfil two essential functions: an efficient
luminescence sensitization (antenna effect) ensuring, as well,
a good radiative exciton recombination, and an effective chiral
induction. In this work, we manufacture and investigate
CP-OLEDs devices embedding three different Eu(m) complexes
(hereafter called Eul-3, Scheme 1) obtained by choosing among
two achiral diketonate ligands, functioning as sensitizers (or
antennae), combined with one of two chiral ligands to modulate
the complex stereochemistry and therefore its CP emission.

Eul is formed by hexafluoroacetylacetonate (HFA) and 2,6-
bis(4-isopropyl-2-oxazolin-2-yl)pyridine (iPrPyBox),"” while Eu2
and Eu3 feature thenoyltrifluoroacetone (TTA) and iPrPyBox and
2,6-bis(4-phenyl-2-oxazolin-2-yl)pyridine (PhPyBox) respectively
(Scheme 1)."”'® Both HFA and TTA diketonates are efficient
sensitizers for Eu,'”*° and the modified tridentate pyridine
bisoxazoline (PyBox) ligands have proven effective in inducing
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Scheme 1 Chemical structure of chiral Eu(n) complexes used in this
work.

highly CP-PL in this type of complexes in solution. A full
characterization of the compounds is reported elsewhere.'”"®

The optical properties of the three Eu(m) complexes (Fig. 1
and Table 1) are studied in toluene solutions and solid-state
(thin film) samples by absorption, steady-state PL and time-
resolved (TrPL) emission spectroscopy, PLQY, together with
their CP-PL activity expressed as the PL dissymmetry factor
gp1- Here only the properties of the S,S-enantiomer of the three
complexes are discussed, while those of the corresponding R,R-
enantiomer are reported in the ESIL.f Then, the complexes are
incorporated as intrinsic emitters in the active layer of solution
processed OLED architectures.

Eu(m) complexes in solution exhibit a main absorption
band, associated to the m-n* transition of the B-diketonate
ligand, with a maximum at about 309 nm for Eul and
346 nm for Eu2 and Eu3 (Fig. Sla-c, ESIt). The absorption of
PyBox ligands falls in the spectral region below 300 nm (not
reported)'® and does not play a crucial role in the luminescence
sensitization. The optical energy gaps (Eg™) are derived from
the onset of absorption spectra. All the Eu(m) complexes display
good PLQYs of about 0.3, and relatively intense CP-PL activity
which shows typical features of Eu(m) complexes (Fig. S1d-f,
ESIT). We focus the analysis to the 580-630 nm range where the
polarization of the transitions is more relevant. In fact, the
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strongest circular polarization occurs for the °D, — ’F;
magnetic transition in the range 585-595 nm, while the g, is
weaker for the D, — ’F, electronic transition in the range 610~
620 nm with opposite sign with respect to the magnetic band.
It is important to notice that CP brightness, and therefore the
differential output of CP photons, is similar for the two bands
in these cases, as often found for Eu complexes.”" Indeed, even
for the weak °D, — ’F, transition, such complexes display very
large CP brightness factors®" (256, 243,98 M~ ' cm ™' for Eu1-3
respectively in toluene solution). Although the CP brightness as
defined in ref. 21 does not directly apply in EL, where no light
absorption is involved, the relative intensity of the various
°D, — ’Fx transitions is not significantly different in PL and
EL and moreover the g, and g, factors for the magnetic band
are comparable (vide infra). This ensures that the differential
flow of photons with opposite circular polarization emitted
within the °D, — “F; transition remains very relevant even in
CP-EL.

(S,S) Eul and (S,5) Eu2 show the largest g, values of 0.77
and 0.75 at 592 nm, respectively, while (S,S) Eu3 features gpy,
peaks of —0.22 at 592 and 596 nm. Notably, an opposite sense
of chirality can be obtained for the same absolute configuration
of PyBox ligand bearing different side arms in Eu(m) TTA-based
complexes.””*®?% In fact, the sign of the CP-PL for (S,S) Eul
and Eu2 (both bearing (S,S)-"PrPyBox) is positive for the °D, —
’F, transition, and it is reversed for (S,S) Eu3. This confirms
that the substituents on the chiral ancillary ligand affect the CP
emission signature independently from the diketonate used.
The photophysics of Eu(m) complexes dispersed in host
matrices are evaluated as thin films in view of their use in
the active layer of CP-OLEDs. Firstly, the dispersion of Eu1-3 in
a poly(methyl methacrylate) (PMMA) matrix offers the oppor-
tunity to study Eu(m) complexes behaviour in rigid and neutral
environment.
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Fig. 1 Photophysical data of PVK:OXD7:Eu(i) complexes films: (a—c) Absorption (solid red line), normalized PLE (dotted blue line), normalized PL (solid
blue line), (d—f) CP-PL for the two polarizations (solid red and dashed blue lines) and g, (orange line) of films embedding (S,S) Eul (a,d), (S.5) Eu2 (b,e) and

(5,5) Eu3 (c,f). Zex = 350 NM; Jem = 614 Nnm (@), Jem = 619 Nm (b,c).
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Table 1 Summary of optical properties of complexes in toluene solutions, solid-state (thin film) and devices. PL quantum yield (PLQY) measurements,
decay times (1), together with corresponding dissymmetry factor main peaks. Data reported for (S,S) complexes

Solution Film
PMMA PVK:OXD7 . 4
Devices
Compound  PLQY* 1 (us)’ gy (peak, nm) PLQY*  t(us)’  gm (peak, nm) 7, (us)”  gp (Peak,nm)  go (peak, nm)
Eul 0.30 868 0.30 (585) 0.52 1029 0.30 (585) 658 0.2 (585) —
0.76 (592) 0.70 (593) 0.6 (593)
—0.02 (614) —0.02 (614) —
Eu2 0.30 574 0.25 (585) 0.55 689 0.21 (585) 565 0.26 (585) 0.16 (585)
0.75 (592) 0.59 (592) 0.88 (592) 0.51 (592)
—0.06 (612) —0.03 (612) —0.06 (612) —0.04 (612)
Eu3 0.32 508 ~0.22 (592) 0.62 667 ~0.18 (591) 467 ~0.17 (591) ~0.22 (591)
~0.22 (596) ~0.17 (597) ~0.15 (596) ~0.25 (597)
0.04 (614) 0.03 (614) 0.03 (614)

a b

Jex = 365 nM. 7 Aey = 320 N, ey = 614 nm (Eul); Aex = 350 nm, Aeyy, =

Then the dispersion of Eu1l-3 in the active matrix used for
OLEDs is investigated. Poly(9-vinylcarbazole) (PVK) together with
1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl|benzene (OXD7?)
is the most widely used bipolar host already successfully
employed with Ln(m) complexes.'*> The Eu(m) complexes are
dispersed in PVK: OXD7 (whose ratio is set to 3:1 wt%.) with a
fixed concentration of 8.5% by mass with respect to the matrix.

Absorption spectra of the PMMA blends (Fig. S2a-c, ESIY)
resemble the solutions ones, while spectra of PVK:OXD7:Eu1-3
films (Fig. 1a—c) are dominated by the PVK:OXD7 contribution.

Importantly, the CP activity is retained in the blends (Fig. 1).
The ECD spectra of PVK:0XD7:Eu1-3 films (Fig. S3-S5, ESIt),
despite a weak signal due to the low concentration of the
complexes in the polymer blend, is similar to the spectra
obtained in solution.'”'® This indicates that a similar geometry
of the complexes is preserved in the active-matrix blend. In
particular, in the ECD spectrum of (R,R) Eu3 blend, the main
Cotton effect (around 360 nm, associated with TTA ©— =n*
transition) is inverted with respect to the main band observed
in the case of (R,R) Eul and (R,R) Eu2 (315 and 340 nm
respectively). On the other hand, the spectra of (R,R) Eul and
(R,R) Eu2 blends are comparable, except for the blue shift of Eul,
due to a higher HOMO-LUMO gap in the HFA vs. TTA. These
data point towards a similar arrangement of the ligands around
the metal centre for Eul and Eu2 complexes due to the presence
of 'PrPyBox, while an almost mirror image coordination geo-
metry of the TTA ligands is at play where the chirality induction is
led by PhPyBox, as in the case of Eu3. Moreover, no induced ECD
onto the polymer blend is observed, excluding any significant
chirality transfer from the complex to the matrix, as it is instead
the case with, e.g., some helicene/achiral polymer systems.>

The values of g, recorded for Eul complex dispersed in the
blends are slightly lower than in the corresponding toluene
solutions (Table 1). (S,S) Eul features similar g, of 0.7 and 0.6
at 593 nm in PMMA and PVK:OXD7 blends, respectively, while
(S,S) Eu2 shows the highest value once dispersed in PVK:0OXD7
(0.88 with respect to 0.59 in PMMA matrix). (S,S) Eu3 displays
lower (and again reverse in sign) gy, with respect to (S,S) Eu1-2
at two different wavelengths (—0.17 and —0.15 at 591 and
597 nm in PVK:0XD7 blend).

This journal is © The Royal Society of Chemistry 2022

619 nm (Eu2, Eu3). © Integrating sphere. ¢ With transparent cathode.

PL excitation spectrum (PLE) of PVK:OXD7:Eul film
(Fig. 1a), recorded by monitoring the emission at 614 nm, is
very similar to the absorption of Eul solution (Fig. S1a, ESIt)
mainly associated to HFA transitions, and does not follow the
absorption of the film (except for a weak PVK band at 344 nm),
meaning that negligible Forster resonant energy transfer
(FRET) from host (excitation donor) to Eul (acceptor) takes
place. Accordingly, the broad PVK emission at about 440 nm is
observed in the blend (Fig. 1a) once excited at 310-350 nm. On
the contrary, the PLE spectra of both Eu2 and Eu3 blend films
(Fig. 1b and c) resemble their absorption spectra (Fig. S1b and
¢, ESIf) indicating that efficient FRET occurs from the host
matrix, whose emission is completely quenched (Fig. 1b and c).
The observed different efficiency of FRET from PVK to the
Eu(u) complexes is consequence of the lack of spectral overlap
between Eul absorption and PVK emission, while a good
overlap is observed for Eu2 or Eu3 (see Fig. S6, ESIT). Generally,
the FRET mechanism promotes the radiative recombination at
acceptor sites, hence positively impacting on device performance.
However, excitation back transfer from Eu(m) complex ligand
to the host triplet energy level represents a major quenching
mechanism in PVL:0XD7:Eu(m) complexes films.>* This is more
critical for Eul, whose triplet energy (2.65 eV) is higher than the
PVK one (2.5 eV, Fig. S8, ESIT).

TrPLs of the Eul-3, both in solution and blends, were
performed (Fig. S7, ESIf) to support this scenario. All the
complexes display longer lifetimes in the rigid PMMA matrix
with respect to the solution, with Eul displaying the longest
lifetimes among the three complexes (Table 1). The decays are
systematically faster in PVK:OXD7 than in PMMA blends. This
is particularly evident for complex Eul, whose lifetime and
PLQY (0.24) in the PVK:0XD7 blend decreases by about a factor
2 when compared to the PMMA blend.

This analysis indicates that the diketonate ligand (TTA vs.
HFA) plays a main role in both the exciton recombination
process and in ET from the polymer host. In particular, among
the three complexes, the use of Eul in solution processed
OLEDs with PVK-based active layers appears unfavourable both
for the emission quenching induced by back-transfer to PVK
and for the absence of FRET processes.
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Fig. 2 (a) Flat-band energy level diagram of the CP-OLEDs, (b) Structure of type A (reflective cathode) and type B (transparent cathode) devices; CP-EL

spectra (solid red and dashed blue lines for the two CP components) of devices embedding Eul (c), Eu2 (d) and Eu3 (e) with transparent cathode (inset:
expansion of the EL between 575 and 610 nm), and g (orange lines, continuous for (S,S), dashed for (R,R) enantiomer) for Eu2—3; corresponding EQE vs.

J of type A (red OJ) and B devices (blue @) embedding Eul (f), Eu2 (g) and Eu3

(h); in the insets, corresponding current density—voltage curves (solid lines)

and Luminance-voltage (dashed lines) of type A (red ) and B devices (blue @).

Cyclic voltammetry of Eu(m) complexes was performed to
obtain molecular energy levels of the complexes from the
measurement of their oxidation potentials (Fig. S9, ESIt) and
optical gap. The determined LUMO value is —2.77 for Eul and
—2.56 eV for Eu2 and Eu3. The HOMO level is —6.33 and —5.77 eV
for Eul and Eu2-Eu3 respectively (Fig. 2a).

The devices were then fabricated with the architecture ITO/
PEDOT:PSS/PVK:OXD7:Eu(m)  complexes/TPBI/Ba/Al  [TPBI:
2,2’,2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)]
whose flat band energy level diagram is reported in Fig. 2a.

The active layer (80 nm thick) is processed by spin-coating
from 15 mg ml~"' CHCI; degassed solution over PEDOT:PSS-
covered ITO/glass substrate. The formulation of the blend is the
same used for the photophysical characterization (the content
of Eu(mr) complex is fixed to 8.5 wt.% with respect to the host
matrix, see Fig. S7, ESIf) as it ensures both superior
performance of the device and pure Eu-centred EL. A 30 nm
thick TPBI electron transporting/hole blocking layer, thermo-
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sublimated in high vacuum on top of the active layer, is finally
covered by the LiF/Al cathode deposition.

Devices are fabricated with two different strategies to max-
imize the performance in term of external quantum efficiency
(EQE, measured in forward direction) (hereafter called devices
of type A) or CP-EL (type B, see Fig. 2b). In fact, since the
transparency of the cathode mostly impacts on the EQE of the
devices,""** type A devices are designed with a reflective
cathode of 1.5 nm of LiF capped by 110 nm of aluminium to
allow for a maximal collection of the photons in forward
direction (maximum EQE). On the other hand, reflection on
the back electrode causes a reversal of handedness of CP light
and therefore a decrease of polarization performances. Thus, in
devices of type B, the thickness of aluminium capping is
reduced to 6 nm (while LiF remained unchanged) to be almost
transparent to red light and to provide higher EL dissymmetry
factors. All the devices exhibit EL spectra with typical features
of Eu(m) emission. As expected, the higher EQE, measured in

This journal is © The Royal Society of Chemistry 2022
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forward direction, is observed in type A devices (Fig. S10,
ESIT).12 EQE of Eu2-based devices reaches the value of 0.48%,
which is the highest reported for chiral Europium-based OLEDs
and exceeds of one order of magnitude the earlier reported
results.”® In corresponding type B devices, the EQE is slightly
lower (0.22%), but a remarkable EL dissymmetry factor g.; of
~0.51 [for (S,S) enantiomer] indicates that at 592 nm (Fig. 2d),
a high degree of CP photons (63% of them are left polarized)
can be achieved in EL as well, once the reflection on the back
electrode is reduced (Table 1). Type A devices based on Eul and
Eu3 showed EQE of 0.17% and 0.38% respectively. These
figures are roughly in the range of the ones reported for regular
(i.e. non-polarized) OLEDs based on Eu complexes.”® As
expected from CP-PL spectra, with the same absolute configu-
ration of the PyBox ligand, Eu3-based devices show opposite sign
g. with respect to Eu2-based ones (namely go +0.51/—0.25
for °D, — ’F; transition in the case of (S,5) Eu2 and Eu3
respectively, Fig. 2d, e and Table 1). CP-EL spectra obtained
for devices containing enantiomer complexes are mirror image,
ensuring the reliability of the polarization data measured for the
devices.

It must be noted that good PLQYs measured for Eul-3 does
not guarantee good emission performance in a device. In fact,
the low HOMO level of Eul with respect to Eu2 and Eu3 most
probably prevents direct charge trapping upon biasing, and,
together with the observed lack of FRET, promotes a contribution
of the PVK blue emission to the EL spectrum (see Fig. 2c),
affecting the performance of the device. Moreover, the high
driving voltages of Eul-based devices (20-25 V, Fig. S11, ESIY),
due to larger hole injection energy barriers of Eul with respect to
Eu2-3 (Fig. 2a), causes unstable emission that prevents reliable
determination of g.. Further, the significant reduction of PL
decay time observed in Eul,3 blended in PVK:OXD7 matrix,
compared to PMMA, suggests that PVK:OXD7 is energetically
not enough well-suited”” to dilute Eu1,3 with respect to Eu2.
All devices show low roll-off efficiency, but a modest luminance
(10 cd m~? at about 15 V for Eu2 and 30-35 V for Eul,3-based
devices), leaving room for an improvement by exploring different
host matrices."**®

Conclusions

In conclusion, we obtained CP-OLED devices with peculiar
architectures based on Ln(m) complexes showing both remarkable
emission efficiency (EQE = 0.48%) and polarization performances
(1ge1] = 0.51). This was achieved by taking advantage of a modular
strategy for the design of the Ln(m) emitter. Lanthanide chemistry
allows for the easy preparation of heteroleptic complexes, that is
of complexes containing two different ligands. In the first place,
three diketonates are used to sensitize Ln(m) emission, while
providing stable coordination and a neutral core. Although from
a spectroscopic point of view TTA and HFA may be considered
similar, the ability of the former to harvest exciton recombination
events in the OLED architecture developed herein is far superior,
compared to the latter. Secondly, a chiral ligand with nitrogen

This journal is © The Royal Society of Chemistry 2022
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donors completes the Ln(m) coordination sphere, endowing the
complex with the necessary dissymmetry and controlling the
circular polarization of the device. We believe that such modular
strategy can be effective to adapt lanthanide complexes to the
multiple requirements of efficient CP-OLEDs.
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