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Design of Circularly Polarized Thermally <z
Activated Delayed Fluorescence Emitters

Gregory Pieters and Lucas Frederic

Abstract This chapter focuses on the molecular designs of Small Organic Mole-
cules (SOM) merging Circularly Polarized Luminescence (CPL) and Thermally
Activated Delayed Fluorescence (TADF) properties. In Introduction, the benefits
associated with the combination of these properties into SOM for their application as
emitting materials to construct Circularly Polarized Organic Light Emitting Diodes
(CPOLED) are presented. Next, the different molecular designs leading to CPTADF
SOM are described depending on the nature of the chirality of these molecules
(point, axial, or planar chirality). The synthesis, photophysical, and chiroptical
properties of these molecules and the performance of related CPOLED devices are
discussed.

13.1 Introduction

Among all the potential applications of Circularly Polarized Luminescent active
Simple Organic Molecules (CPL-SOMs), their use as emitters in Organic Light
Emitting Diodes (OLED) is one of the most exciting applications. Indeed, the
development of CP-OLED has emerged as an interesting direction to substantially
increasing the energy efficiency of conventional OLED displays in which 50% of the
light emitted is suppressed using a polarizer and a quarter-wave plate to reduce the
external light reflection [1, 2]. This high energy loss can be overcome by using
CP-OLED which generates circularly polarized electroluminescence that can pass
through these filters without any attenuation, resulting in higher display perfor-
mances in terms of autonomy and contrast. Although this type of device presents
undeniable advantages over conventional OLED, described examples are still rare in
the literature [3]. Among those research works, chiral lanthanides [4, 5] and
cholesteric-based [6-8] CP-OLED devices have shown high degree of circular
polarized electroluminescence (gg; up to 1 and 1.6 for lanthanide and cholesteric
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CPL emitters, respectively), but these devices were strongly limited in efficiency
(EQE~0.05%, notably because of the low luminescence quantum yield of these
types of chiral emitter). Impressive results have also been reported by Fuchter et al.
[9], using phosphorescent organometallic helicenic complex as emitters which has
allowed to generate a degree of CP-electroluminescence (gg; = 0.4) sufficient to give
a 19% increased brightness compared to unpolarized OLED of similar perfor-
mances. Nevertheless, the corresponding luminescence and power efficiencies
were still low (EQE < 1%), highlighting the need of molecular engineering to
design more efficient chiral emitters. In the field related to the development of
OLED technology, the design of Thermally Activated Delayed Fluorescence
(TADF) materials is an exploding area of research (For recent reviews see: [10—
12]). Indeed, in such materials both singlet and triplet excitons can be harvested for
light emission by a reverse intersystem crossing process thanks to a small energy gap
between their singlet and triplet states (AEgt). This property has recently motivated
numerous research works because of the possibility to develop, in theory, OLEDs
with maximum efficiency. Therefore, the design of new molecular architectures
presenting both TADF and CPL emission properties appears as a cornerstone for
enhancement of the performances of OLED devices. In order to merge these two
properties, several molecular designs have been imagined during last 4 years. This
chapter covers the design principles allowing to combine TADF and CPL emissions
in simple organic molecules, the synthesis and photophysical performances of such
compounds and their ability to generate CP electroluminescence once incorporated
in OLED devices.

13.2 Principles of TADF and Design Rules

Fluorescence and electroluminescence can be produced in organic molecules upon
and photo- and electrical excitation, respectively. Generally, fluorescent small
organic molecules exhibit prompt fluorescence (PF), and in this case, emission
takes place following photon absorption (Sy — S,) and excited-state relaxation to
the lowest excited singlet state (S;). On the other hand, delayed fluorescence can be
generated via another mechanism involving the participation of the triplet-excited
state. Once S| is attained, if the energy difference between the two lowest excited
states S; and 77 (AEgy) is sufficiently small (AEgt < 100 meV), the molecule
undergoes intersystem crossing (ISC) to the lowest triplet-excited state. Then due
to thermal activation, the molecule may go back to S; via a process named RISC for
Reverse InterSystem Crossing and generates delayed fluorescence owning the same
emission spectrum than PF but with a longer lifetime, generally in the micro- to
millisecond timeframe (see Fig. 13.1). In the emissive layer of an OLED, electron-
hole recombination in the organic emitters creates 25% singlet excitons and 75%
triplet excitons. This means that in the case of an OLED using a classical fluorophore
as emitter the maximal internal efficiency is limited to 25%. Because in TADF
molecules both singlet and triplet excitons can be harvested for light emission, they
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Fig. 13.1 Simplified Perrin-Jablonski diagram

appear as a solution of choice to build more efficient OLED devices. But because of
the atypical conditions that are required to generate such a delayed fluorescence:
small AEgt, high ISC, and RISC probabilities along with rather long T lifetime,
efficient TADF emitters are difficult to design.

In order to minimize the AEgr in small organic molecules, one of the most
reliable approaches described so far involves the design of Donor—Acceptor (D-A)
molecules in which a steric hindrance allows to twist D and A moieties around the
D-A axis. The origin of this design rule is arising from the fact that such geometry in
D-A molecules reduces the HOMO and LUMO overlap, which is proportional to the
AEgt We will see in the following lines that most of the chiral TADF molecules
developed so far adhere to this design paradigm However, this has the potential to
reduce the oscillator strength of the transition and therefore to be detrimental to the
fluorescence quantum yield (Dpr). Please see references [10—12] for further infor-
mation about the design of TADF molecules.

13.3 CPTADF Emitters: Design, Synthesis, Photophysical,
and Chiroptical Properties

13.3.1 TADF Molecules Possessing Point Chirality

Shuzo Hirata and co-workers were the first to report the design and synthesis of a
molecule merging both TADF and CPL properties (named CPTADF molecules for
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Circularly Polarized Thermally Activated Delayed Fluorescence molecules in the
rest of the document) [13]. This first approach toward such molecules was based on
the construction of a chiral carbon center bearing an electron donor, a triarylamine
unit, and an acceptor unit, naphthacen-5(12H)-one (see Fig. 13.2).

The target molecule, 12-(2-(diphenylamino)phenyl)-12-hydroxynaphthacen-5
(12H)-one (DPHN), was obtained by the addition of the 2-litiumtriphenylamine,
prepared by a classical halogen-lithium exchange on the 2-bromotriphenylamine A,
to the 5,12-naphthacenequinone B using THF as solvent giving the target compound
in 47% yield (see Scheme 13.1). Thereafter, the two enantiomers of the racemic
mixture were separated using preparative chiral high-pressure liquid chromatogra-
phy (HPLC).

Both enantiomers of compound 1 display green emission in toluene solution
with a maximum wavelength centered on 513 nm. DFT and TD-DFT calculations at
the B3LYP/6-31G(d,p) level have revealed some interesting insight concerning the
photophysical properties of this molecule which can be resumed as follows: at the
fundamental state (S), the transition that generates the first absorption band showed
a weak charge transfer (CT) character with rather high spatial separation of the
HOMO and LUMO. At the lowest singlet state (S;), the character of the HOMO-
LUMO transition was pure CT with a better spatial separation of the HOMO (located
predominantly on triarylamine substructure) and LUMO (mainly located on the
acceptor unit) compared to the Sy state. The calculated energy difference between
the lowest singlet state (S;) and the lowest triplet state (7)), AEst, was found to be
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very small with a value of 0.07 eV indicating the potential of such molecular design
to generate TADF. Unfortunately, this molecule possesses a relatively small quan-
tum yield (@pr = 4%) in toluene solution and the TADF emission in solution state
was not demonstrated. The photophysical properties of compound 1 were then
studied in film state by spin casting a chloroform solution containing 9% wt of
compound 1 in N,N’-4,4'-dicarbazole-3,5-benzene (mCP) on quartz substrate. Inter-
estingly at the solid state, higher quantum yields were obtained for prompt fluores-
cence (Ppr = 11%) and more importantly, TADF emission was observed
(@pg = 15%) with a lifetime in the order of milliseconds. This moderate
photophysical performances can be explained by quite large AEgr values (experi-
mentally determined to be 0.19 eV) and the small fluorescent rate constant (ky)
resulting in a deactivation of excitons from 7. Concerning chiroptical properties,
such molecules possess interesting performances with a dissymmetry factor, |gj,m,| of
1.1 x 1072 measured in toluene solution, which is in the range of the value found for
purely organic chromophores (107> to 10~2). However, the possibility to use such
molecules as dopants in CP-OLED was not demonstrated.

13.3.2 TADF Molecules Possessing Axial Chirality

The second example of CPTADF-SOM has been reported by Pieters et al. few
months after the pioneer work from Hirata [14]. Conceptually, this other molecular
design involves the tethering of a chiral unit (derived from BINOL) to an active
TADF chromophore (see Fig. 13.3). Here, the proximity of the chiral unit is
anticipated to induce chiroptical properties (induced circular dichroism and circu-
larly polarized luminescence) to the TADF emitter, like in the chiral O-BODIPY
dyes described by De la Moya et al. in 2015 [15]. The TADF unit used in this design
is a donor—acceptor system composed of carbazoles as electron donor and a
terephthalonitrile unit as acceptor. Such type of D-A systems has been previously
used to construct very efficient TADF molecules by Adachi and coworkers [16].
The target enantiomers, (R)-2 and (S)-2, were synthesized through a one-pot
sequential procedure at room temperature involving commercially available
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CHIRAL UNIT
(Perturbation)

Fig. 13.3 Design of CPTADF molecules reported by Pieters et al
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Scheme 13.2 Synthesis of the CPTADF molecule reported by Pieters et al

compounds (Scheme 13.2). The first sequence consists in a highly selective
desymmetrization of the starting tetrafluoroterephthalonitrile C, involving
enantiopure BINOL D and K,COj; as a base, which led to the formation of a chiral
difluorinated intermediate. Then, carbazole E (2.1 equiv) and additional amount of
base were added to the reaction mixture, leading to the targeted molecule 2 with high
yield (83%) and enantiomeric excess (>99%, based on chiral HPLC) after purifica-
tion over silica gel (see Scheme 13.2).

DFT calculations performed at the B3LYP/6-31G level have revealed some
interesting information about such compounds. First, the spatial separation of
HOMO and LUMO is significant with a HOMO mainly located on carbazolyl
units and a LUMO centered onto the terephthalonitrile substructure. Second, at the
ground state at least, no orbital coefficient has been found of the BINOL moiety.
This means that the BINOL unit plays, at least at the ground state, a role of chiral
perturbator for the potentially TADF active chromophore. Such compounds own
quite interesting photophysical properties with a strong positive solvatochromism
with @pg values between 0.74 and 0.06 depending on the solvent polarizability. By
contrast with the first example of CPTADF molecules described earlier, TADF
properties were clearly observed in toluene solution with an important increase in
the quantum yield in degassed toluene compared to the one in aerated solution (from
0.28 to 0.53). A bi-exponential fluorescence decay was observed with lifetime of
20 ns for prompt fluorescence and of 2.9 ps for the delayed component. The chiral
perturbation from the BINOL unit to the TADF active emitter was found to be
effective, both at ground and exited state, with CD signal located at the wavelengths
corresponding to the Internal Charge Transfer band (ICT band) of the TADF emitter
(centered at 420 nm) and a lgy,,,| value of 1.3 X 102 recorded in degassed toluene
solution (C = 1 mM). These compounds were successfully applied as emissive
dopant in OLED devices built via Chemical Vapor Deposition (CVD). Using a
nonoptimized OLED architecture, a maximal external quantum efficiency of 9.1%
has been measured. Although the authors have confirmed the enantiopurity of the
compounds after the CVD process, no data were communicated about the potential
polarization light emanating from the device.

The potential of this molecular design to generate efficient emitters for
construction of CP-OLED was later confirmed by Tang and coworkers [17]. Indeed,
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Fig. 13.4 Structure of CPTADF emitters synthetized by Tang et al

Table 13.1 Photophysical properties of compounds 3—6

3 4 5 6
Aabscr (nm) 400 420 440 450
Aemy,, (nm) 493 530 531 585
Aem,., (nm) in neat film 520 538 553 580
Quantum yield in neat film 0.4 0.2 0.2 0.05

following the same design rules, they have synthesized four novel chiral TADF
emitters, involving carbazole, 3,6-ditertbutylcarbazole and 9,10-Dihydro-9,9-
dimethylacridine as electron donors units (see Fig. 13.4). Those compounds were
synthesized using the same synthetic procedure described for compound 2, except
for compound 6, another couple base-solvent was used (‘BuOK as base and ACN as
solvent). In terms of photophysical properties, molecules 3-6 exhibit broad and
relatively weak absorption bands centered at 400, 420, 440, and 450 nm, respec-
tively, which can be associated with intramolecular charge transfer (ICT) process
derived from the Donor-Acceptor (D-A) active chromophore units. Emission spectra
were measured in toluene solution and maximum emissions were observed between
495 nm and 595 nm depending on the nature of electron donor moiety (see
Table 13.1). Low to good quantum yields from 0.05 for compound 6 to 0.4 for
compound 3 were determined in neat thin film fabricated by CVD. Fluorescence
decays were also investigated for each molecule in thin film. All compounds were
found to be TADF emitters and show bi-exponential fluorescent decays with
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nanosecond-order prompt fluorescence (lifetimes from 11.3 to 162 ns) and
microsecond-order delayed fluorescence (lifetimes from 0.04 to 24 ps). Chiroptical
properties were also investigated in toluene solution. Compounds 3—-6 possess gjum
values in the same order of magnitude than compound 2 (from 0.5 x 107 to
1.2 x 107%).

Importantly, Ben Zhong Tang and coworkers have demonstrated the Aggregation
Induced Enhancement Emission (AIEE) properties of such chiral compounds by
studying their fluorescence emissions in THF-H,O mixtures with different water
fractions (f,,). Here, upon the formation of aggregates in water, the intramolecular
rotational and vibrational motions occurring in solution state are limited and
nonradiative decay processes from the excited states are decreased, leading to an
important increase in the fluorescence upon aggregation.

The authors have also evidenced a strong amplification of the chiroptical prop-
erties of this kind of emitters in thin films. Indeed, analyzing CD responses of neat
and doped films fabricated by CVD, a slight enhancement of Kuhn’s dimensionless
anisotropy factors (g,,s multiplied by 2 up to 5 depending on the compound) was
observed for all emitters 3—6. Surprisingly, the enhancement of the gy, values was
found to be much higher, with an impressive 40-fold increase in the case of
compound 3, exhibiting a gy, value of 1.3 x 1077 in toluene solution compared
to a value of 4.1 x 107 in neat film state (see Fig. 13.5). The authors have explained
this important amplification of the dissymmetry factors by the formation of chiral
aggregates during the formation of the thin film. Interestingly, this amplification also
occurs when the molecules 3—6 are used as emissive dopants in a mCP matrix. In
order to understand the origin of this amplification, more detailed characterization of
the postulated chiral aggregates would be necessary.

Nevertheless, based on those impressive chiroptical properties in thin film state,
CP-OLED were fabricated through CVD using neat and doped film involving
molecules 3—-6 as emissive layers. This has led to the fabrication of the most
performant CP-OLEDs reported so far using CPL-SOMs in terms of circular polar-
ization with g.; up to 0.08 and External Quantum Efficiency (EQE) up to 3.5% for
OLED using neat films as emissive layers.

The third example of molecular design allowing the synthesis of molecules
merging CPL and TADF properties has been described by the group of
Man-Keung Fung and Chuan-Feng Chen [18]. Their original approach relies on
the linkage of two active TADF units, composed of a D-A-D system involving
carbazoles as donors and an aromatic-imide as acceptors, by chiral unit derived from
the commercially available trans-1,2-diaminocyclohexane (see Fig. 13.6).

Both enantiomers of this molecule were prepared in two steps starting from
commercially available (—)-(R,R)- or (+)-(S,S)-diaminocyclohexane F (see Scheme
13.3). This straightforward synthesis involved the lactamization of
4,5-difluorophthalic anhydride G with the chiral diamine F in AcOH as a first
step, followed by a nucleophilic aromatic substitution reaction on the fluoroaromatic
imide intermediate H with carbazole anions formed in THF using NaH as base.
Overall, the target molecule was obtained with a high enantiomeric excess
(ee > 99% measured using chiral HPLC) in almost 40% yield over the two synthetic
steps.
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493 nm for 3, 530 nm for 4, 531 nm for 5, and 585 nm for 6 in solution (wavelengths used to
measure gabs and glum in thin film were not indicated by the authors)

In terms of photophysical properties, the absorption spectrum in THF of (+)-(S,
S)-7 exhibited an intense intramolecular charge-transfer absorption band at about
380 nm in THF. As expected for such D-A-D chromophores, this molecule exhibited
a strong positive solvatochromism with maximum emission wavelengths ranging
from 508 nm in hexane to 562 nm in acetonitrile. Interestingly, although the
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Fig. 13.6 Design of CPTADF molecules described by Fung and Chen
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Scheme 13.3 Synthesis of the CP-TADF molecules based on TADF aromatic imide

quantum yields were rather low in solution (0.18 in toluene), they were found to be
much higher in thin film state, with values up to 0.78 in doped film using 3,3’-di
(9H-carbazol-9-yl)biphenyl (mCBP) as the host matrix. By studying temperature-
dependent transient photoluminescence characteristics of the co-doped films, the
authors confirmed that these chiral compounds were TADF active and measured a
very small AEgt value of 0.06 eV. The transient photoluminescence decays of
molecule 7 in the co-doped film under vacuum show an expected biexponential
distribution. The fitting gave a short lifetime of 44 ns and a long one of 130 ps which
confirms that 7 emits both prompt and delayed fluorescence. The efficient induction
of chiroptical properties from the chiral 1.2-diaminocyclohexane unit to the TADF
active chromophores was next confirmed by the study of the chiroptical properties in
thin film state. Indeed, circular dichroism spectra show a clear CD signal for the band
centered on 400 nm corresponding to the ICT transition of the TADF active
chromophores. At the excited state, the induction of chiroptical properties was
also demonstrated with the measurement of luminescence dissymmetry factors of
+—1.1x 1072, Using 7 as dopant in the emitting layers (15 wt % (+)-(S,S)-7 or (—)-
(R,R)-7 in mCBP matrix), CP-OLED possessing a high maximum EQE of 19.7%
and electroluminescent dissymmetry factors (gg) of 2.2 x 1073 (close to the
photoluminescence dissymmetry factor measured in the thin film state,
1.1 x 10°) was fabricated. Based on the same molecular design, Chen’s research
group has also synthesized the red emitting CPTADF molecule 8 (see Fig. 13.7) [19].

In molecule 8, the red emitting TADF active units are composed of a
1,8-naphthalimide moiety as electron acceptor (in blue Fig. 13.7) and a
9,9-dimethyl-9,10-dihydroacridine (DMAC, in red) as electron donor. The tethering
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of these active chromophores by a chiral 1,2 diaminocyclohexane unit also allows to
induce CD and CPL properties to the TADF emitters. As a matter of fact, enantiomers
of those molecules exhibited a mirror-image CD and a CPL signals with Igy,,,| value
of 9.2 x 107* in thin film state. These molecules were also successfully used as
dopant in the emissive layer of an OLED owning an orange-red emission (centered at
592 nm), and exhibiting a maximum EQE value of 12.4%. Although the authors have
demonstrated the circular polarization of the emitters’ photoluminescence in thin film
state, no information was given concerning the potential circular polarization of the
light emanating from the constructed OLED devices.

13.3.3 TADF Molecules Possessing Planar Chirality

At the end of 2018, a fourth molecular design allowing to merge TADF and CPL
properties in a small molecule has been reported by Cui-Hua Zhao et al. [20] In the
first three examples of CPTADF molecules described in this chapter, the HOMO-
LUMO spatial separation requisite for TADF activity was attained using D-A
chromophores possessing a highly twisted relative conformation. Here, in order to
obtain a molecule owning a small exchange integral between the two frontier
orbitals, they have embedded a Donor and an Acceptor units in a chiral[2.2]-
paracyclophane skeleton (see Fig. 13.8).
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In these [2.2]paracyclophane derivatives, g-9 and m-10, electron-donating
dimethylamine group and the electron-accepting dimesytylboryl moiety are intro-
duced at the pseudo-gem and pseudo-meta positions. In order to synthetize the
emitter g-9 (see Scheme 13.4), 4-bromo-13-amino[2.2]paracyclophane g-I was
methylated using dimethyl sulfate as methylation agent in acetone using potassium
carbonate as base. Then lithiation of the bromide g-J followed by addition of
dimesitylboron fluoride was achieved to give g-9 a 59% yield.

The synthesis of the m-10 isomer was initiated by the amination of the 4,15-
dibromo-[2.2]paracyclophane m-K via copper-assisted coupling reaction using
hydroxyproline as ligand and aqueous ammoniac. Then, the same reaction sequence
used for the synthesis of g-9 gave racemate m-10 with an overall yield of 16% over
the three synthetic steps (see Scheme 13.5).

In terms of photophysical properties, compound g-9 displays a broad and mod-
erately intense absorption band centered at 374 nm, which was assigned using
theoretical calculations to the intramolecular charge transfer transition from the
HOMO, located on dimethylaminophenyl moiety, to the LUMO, localized on
dimesitylborylphenyl unit. For m-10, the assignation of this ICT band was found
to be more difficult because of the very small oscillator strength (0.0209) of the first
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excited state (corresponding to the ICT band). In terms of emissive properties, both
isomers emit green fluorescence with a maximum emission wavelength of 521 nm
for g-9 and of 531 nm for m-10. Interestingly, the values of the quantum yields were
found to be highly dependent on the presence of oxygen in the toluene solution.
Indeed, g-9 and m-10 possess quantum yields of 0.46 and 0.34 in degassed toluene
solution, respectively, whereas these values drop to 0.068 and 0.049 in presence of
oxygen. This oxygen dependence on fluorescence efficiencies can be explained by
the oxygen triplet state quenching and preludes therefore the possibility of exciton
exchanges via efficient intersystem crossing. TADF properties were confirmed by
the measurement of fluorescent decays in toluene solution. Biexponential decays
were observed for both molecules with prompt fluorescence lifetimes of 17 ns for g-9
and 22 ns for m-10 and delayed fluorescence lifetimes of 0.38 ps for g-9 and 0.22 ps
for m-10. Those TADF active molecules show also good quantum yields at the solid
state with a value of 0.53 for m-10 and 0.33 for g-9. Because of its better
photophysical performances, g-9 was selected to study the chiroptical properties of
such chiral TADF paracyclophanes. The enantiomers of g-9 were synthesized
starting from enantiopure pseudo-gem-substituted bromo amines g-H (see Scheme
13.4), which were obtained through optical resolution of its racemic form with (R)-
(—)-10-camphorsulfonyl chloride. Both enantiomers display a small CD signal for
the ICT band centered at 374 nm and a larger signal around 313 nm. The dissym-
metry factor (g,p,s) of absorbance at the longest wavelength (374 nm) was determined
to be 1.44 x 107>, These compounds were also proved to be CPL active and possess
a guum of 4.24 x 1073, the highest value measured in solution so far for CPTADF
molecules. Despite their promising photophysical and chiroptical properties, the
authors did not report so far about the use of such chiral paracyclophanes as emitters
to construct efficient CP-OLED.

13.4 Conclusion and Perspectives

After the first report about CPTADF molecules in mid-2015, only three other
molecular designs were described in the literature so far (see Fig. 13.9).

This small number of effective compounds can be explained by the inherent
difficulty related to the merging of CPL and TADF properties in a small organic
molecule. Indeed, such molecules should possess a low AEgt and a large magnetic
dipole transition moment while maintaining a strong oscillator strength of the
transition involved in the fluorescence emission. More systematic studies are needed
in order to establish general guidelines for the design of efficient CPTADF emitters,
as well as other approaches to combine CPL and TADF properties should be sought.
So far, only two of these four efficient molecular designs have furnished molecules
successfully used as emitters to construct CP-OLEDs. This highlights another
important requirement to integrate in the future design of such molecules that is
related their configurational stability. Indeed, in order to be incorporated in OLED
stacks fabricated through CVD (the fabrication process affording the highest level of
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performance so far), these chiral molecules should also possess very high
racemization barriers. Because of the fundamental challenge that represents their
molecular design and their high potential in terms of application in the context of
display devices, there is no doubt that numerous future research works will be
dedicated to the discovery of novel CPTADF molecules.
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