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If you had one shot, or one opportunity. To seize everything, you ever wanted in one
moment. Would you capture it or just let it slip?

Eminem

If you want something you 've never had, you must be willing to do something you 've
never done.

Thomas Jefferson

Nobody believes in you. You have lost again and again. The lights are cut off, but you
are still looking at your dream. Reviewing it every day and saying to yourself, 'It is not over
until I win.'

Les Brown



ABSTRACT

Incorporating thiophene bridges containing sulfur into D3A-type structures with a 2,4- pattern
has been shown to produce new phosphorescent and delayed fluorescence emitters. Emitters
with a 1,3,5-triazine core demonstrated different emission mechanisms depending on the donor
unit used. While molecules with a carbazole unit showed phosphorescence at room temperature
(with lifetimes of 0.7 ms), derivation with acridine led to thermally delayed fluorescence
(TADF) emission with lifetimes ranging from 0.02 to 0.5 ms. Molecules based on the
tris[1,2,4]triazolo[ 1,3,5]triazine (TTT) core exhibited phosphorescence regardless of the donor
used, with lifetimes ranging from 0.1 to 3.5 ms, and also showed delayed fluorescence through
a triplet-triplet annihilation (TTA) mechanism (with lifetimes ranging from 0.5 to 0.8 ms). The
photoluminescence quantum yield (PLQY) for all compounds was in the range of 0.01 to 0.25.
Although the presence of the sulfur atom increases spin-orbit coupling (SOC) and therefore
increases the intersystem crossing rate, these materials also had a high non-radiative decay rate,
which was reduced in the solid state due to the restriction of mobility and thus increased the
lifetime of these processes. The observed room temperature phosphorescence in solution is
attributed to the protection of the *LE excited state centered in the acceptor-thiophene portion
(in both series) by the bulky donors, which prevent non-radiative decay through collisions and
interactions with the environment. To increase the efficiency of light outcoupling in organic
light emitting diode (OLED) devices, it is essential to have anisotropic emission. This can be
achieved by incorporating the emitter into a liquid crystal (LC) matrix, specifically a glassy
discotic LC. Ester-substituted ¢ris(phenanthryl)triazines have been found to form upon cooling
hexagonal columnar mesophases without crystallization. Their glass transition temperature
depends on the length of the alkyl chain substituent, and short alkyl chains with a glassy state
above room temperature can only be obtained with extremely high clearing temperatures. Ester-
substituted tris([4]helicenyl)triazines with short alkyl chains were synthesized to overcome this
limitation, resulting in hexagonal columnar mesophases with easily attainable melting and
clearing temperatures. The propyl ester derivative exhibits a unique transition between two
hexagonal columnar mesophases with a sudden increase of column lattice order. A molecular
design based on configurational flexibility, a well-dosed intrinsic deviation from planarity, and
short alkyl ester substituents has been shown to enable the stabilization of a solid-like hexagonal
columnar mesophase at room temperature and an accessible transition to the isotropic liquid,

allowing for the formation of surface-aligned glassy samples by cooling from the liquid.



Keywords: Rom temperature phosphorescence, Delayed fluorescence, glassy discotic liquid
crystal, light outcoupling.



EXTENDED ABSTRACT
Organic light-emitting diodes (OLEDs) have increasingly been consolidated in the display
market. In recent years, these materials have achieved greater efficiency thanks to major
modifications and optimizations of the molecular emission mechanism and of the device
structure. Today, OLED devices can already achieve an internal efficiency of 100% without
heavy metals through the mechanism of thermally activated delayed fluorescence (TADF). A
TADF material is able to convert all non-emissive triplet states formed after electrical excitation
into emissive singlets through reverse intersystem crossing (rISC). rISC can occur when there
is a sufficiently small energy difference between the excited triplet and singlet states (AEst) so
that the thermal energy present at room temperature enables rISC. Another mechanism of
delayed fluorescence is triplet-triplet annihilation (TTA). This bi-molecular mechanism has a
lower efficiency due to the energy of an excited triplet state of one molecule being transferred
and promoting rISC of another triplet-excited molecule. TADF emitters are generally obtained
through donor-acceptor structures. This structure reduces the overlap of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) orbitals, and low
values of AEst are obtained. Various molecular strategies have recently been studied to obtain
increasingly efficient TADF emitters. The insertion of linker bridges separating the donor and
acceptor units, with bulky groups that change the dihedral angles between the donor and
acceptor units, or with different substitution patterns that tune the conjugation between donor
and acceptor units, is an efficient approach for spatially separating frontier orbitals and allowing
the TADF mechanism to occur. The external, i.e. overall efficiency of an OLED device is
composed of an internal factor, which includes spin statistics, quantum efficiency, and electron-
hole ratio, and an external light output factor which depends on light trapping within the device.
Suppose the emitter is in an isotropic matrix. In that case, most of the light emitted in the emitter
layer will be trapped in the device cavity, and only about 20% of the light will be emitted and
seen by an observer. Recently, advances in light out-coupling in OLEDs have shown that the
shape and orientation of emitters are crucial in increasing the light output value. The parallel
orientation of dipoles with the device layers favors a greater light output. This type of
orientation can be obtained in materials that form an anisotropic molecular glass. It is known
that discotic liquid crystals can self-assemble into columns capable of unidirectionally
transporting charge due to their specific anisotropic structure (a planar aromatic core
surrounded by aliphatic chains). When homeotropically aligned (i.e. with the aromatic centers

parallel to the substrate), these materials can be helpful in light extraction and, consequently, in



obtaining more efficient devices. Combining mesomorphism with luminescence can thus have
an important impact on the performance of electro-optical devices, such as OLEDs. The
uniform alignment that can be obtained in these materials and their ability of self-healing of
defect such as grain boundaries, combined with the luminescence phenomenon, may allow for
the elaboration of a simpler and more efficient OLED structure, where the emitter and transport
layer can be the same. Although fluorescent and phosphorescent liquid crystals are reported in
the literature, there are still only few liquid crystals with delayed fluorescence. Combining these
two properties — liquid-crystallinity and triplet-based emission — in a single molecule may be
an excellent alternative in searching for efficient materials, but it is a non-trivial task. The non-
planarity, due to large twist angles between donor and acceptor moieties, of TADF materials is
hardly compatible with the planarity required in discotic mesogens. This structural antagonism
is the main barrier to obtaining a TADF-LC material. Recently, some research groups have
obtained such materials, but not efficiently, showing that there is still a gap to be filled. An
alternative more accessible alternative to combine these properties in the same device is to
embed an efficient TADF emitter in a discotic liquid crystal matrix, specifically, a glassy
columnar liquid crystal. Donor-acceptor structures with an internal electron-accepting aromatic
unit and three twisted external electron-donating units show an increase in oscillator strength
compared to simple donor-acceptor systems. Strong spin-orbit coupling (SOC) allows
intersystem crossing between singlet and triplet states, resulting in efficient electroluminescent
dyes with emission both by the singlet and triplet states. The N-heterocycles 1,3,5-triazine and
tris[1,2,4]triazolo[1,3,5]triazine (TTT) are well known mesogenic centers, with a wide range
of liquid crystals reported in the literature. In recent years, with the increasing search for TADF
emitters, these two aromatic centers have shown to be effective as electron-accepting units in
new efficient luminescent materials, in particular, to obtain blue emitters. It is necessary to work
in an RGB (red, green, and blue) system of colors to obtain an OLED that emits throughout the
visible range. Red and green emitters are already well established in the market, with good
lifetimes and satisfactory color purity. However, there is still a gap for blue emitters, as these
materials have high energy in the excited state and, consequently, lower stability. An excellent
blue emitter can be used alone to manufacture an OLED device where the red and green colors
can be obtained through external photoluminescent layers, drastically reducing complexity, and

increasing the production efficiency of these devices.
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In this perspective, we designed and synthesized two new series of D3A emitters based on the
TTT and 1,3,5-triazine centers in the first part of this doctoral thesis. As a linking bridge, we
chose to replace the commonly used phenylene group with the 2,4-disubstituted thiophene unit.
The 2,4-disubstitution pattern is similar to the 1,3-disubstitution in benzene, which has been
shown to be more efficient for obtaining low AEst values than the 1,4-pattern. The inclusion of
the sulfur atom in the structure of our emitters aimed to explore the heavy atom effect,
increasing the spin-orbit coupling in these materials and favoring the intersystem crossing. To
probe the effect of sterical hindrance on torsion angles and thus torsion-dependent emission

properties, we used thiophene bridges with and without a sterically demanding methyl

substituent.
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3,6-di-tert-butyl-9H-carbazole, KoCO3, CuSO4.5H,0, 1-methylnaphthalene, 1a: 52%, 1b: 39%, 7a: 48%, 7b: 34%;



IV) 9,9-dimethyl-9,10-dihydroacridine, [Pd(OAc):], Xphos, NaO'-Bu, toluene, 1¢: 57%, 1d: 52%, 7¢: 42%, 7d:
46%; V) NaN3, NH4Cl, DMF, 8a: 88%, 8b: 83%, 8c: 81%, 8d: 79%; VI) C3NsCl;, 2,6-1utidine, toluene, 2a: 38%,
2b: 32%, 2¢: 39%, 2d: 35%.

The emitters based on 1,3,5-triazine presented different emission mechanisms according to the
donor unit used. After time-resolved photoluminescence analyses, 3,6-tertbutylcarbazol
derivatives are phosphorescent emitters, while 9,10-dimethylacridine derivatives are TADF
materials. The high AEst value found for the molecules containing the 3,6-tertbutylcarbazol
donor (> 0.5 eV) makes it impossible for the thermally activated reverse intersystem crossing
to occur and therefore does not allow TADF emission by these carbazole-triazine couples. The
phosphorescence in these emitters is attributed to the effect of the sulfur atom on the spin-orbit
coupling, increasing the intersystem crossing rate by relaxing the spin selection rule and
enabling the T1—So radiative decay. These materials presented a phosphorescence lifetime
(Tphosph) of 0.7 ms for both compounds in toluene solution. Changing the donor unit to 9,10-
dimethylacridine, it was possible to obtain lower AEst values (<0.3 eV), sufficient for thermally
activated reverse intersystem crossing to occur and for the TADF emission mechanism to be
observed, with lifetimes in the range of 0.02 and 0.5 ms. Although these materials show TADF
at room temperature, time-resolved photoluminescence analyses at low temperatures in solid
state showed that these materials are also phosphorescent, with lifetimes between 6.8 and 17.8
ms. The derivative without the methyl group on the thiophene bridge in addition showed
phosphorescence at room temperature with a short lifetime of 10.5 ms. Steady-state
photoluminescence analyses showed that this derivative exhibits a dual emission in toluene
solution attributed to a localized excitation (LE) emission from the 9,10-dimethylacridine unit
and a charge transfer (CT) type emission between the donor-acceptor units. This demonstrates
that the donor-acceptor system is decoupled, with an almost orthogonal dihedral angle (~90°).
The insertion of the methyl group in the linking bridge decreases this angle and increases the
coupling of the moieties, leading to only one CT-type emission in the steady-state
photoluminescence spectrum. Changing the accepting unit from triazine to TTT, we obtain a
same emission mechanism regardless of the employed donor unit. All derivatives showed room
temperature phosphorescence in solution with lifetimes in the range of 0.1 - 3.5 ms. In addition,
for the two carbazole derivatives and the acridine derivative without methyl in the 2,4-thiophene
bridge, the triplet-triplet annihilation delayed fluorescence (TTA) mechanism was also
observed, with lifetimes in the range of 0.5 - 0.8 ms. The high value of AEsr found for these

materials prevents the TADF mechanism from occurring, leading instead to delayed



fluorescence by the TTA mechanism. This mechanism is confirmed by its absence in the solid
state. The restriction of molecular mobility prevents collision between two triplet-excited
molecules, thus disabling the TTA mechanism. The steady-state photoluminescence spectrum
showed that the acridine derivatives present a dual emission corresponding to the isolated unit's
LE emission and the CT emission between the acridine and TTT units. As previously observed
for one of the triazine-based emitters, this indicates that the units are close to orthogonal. In
fact, theoretical calculations using density functional theory (DFT) have shown that in these
derivatives, the dihedral angle is in the range of 80°, with lower values in the bridge-methylated
emitter. Time-dependent DFT (TD-DFT) and spin-orbit coupling TD-DFT (SOC-TD-DFT)
calculations showed that the first three excited states S, have a CT configuration in the carbazole
derivatives. However, these transitions have high oscillator strength (f) values characteristic of
a LE state. Therefore, the emission of these materials is from a mixed 'LE/!CT state. For the
acridine derivatives, the lowest energy emission showed CT configurations for the excited
states and low f'values. The observed emission at the highest energy (shortest wavelengths) is
related to the LE state centered on the TTT-thiophene unit. We observed that the optimized
geometries of the S; states show little change in dihedral angles, resulting in little change in
oscillator strength in these states compared to the ground state. On the other hand, the geometry
in the excited state T changes significantly, resulting in a planarization of the molecule and an
increasing m-system conjugation, resulting in *LE configurations for the Ti, T2, and Ts states
centered on the TTT-thiophene unit. The T4 state has an energy similar to the S state and
therefore presents a CT configuration. To evaluate the effect of spin-orbit coupling on
intersystem crossing and phosphorescence of these materials, we used a spin-orbit coupling
matrix element (SOCME) obtained from spin-orbit coupling-time-dependent density functional
theory calculations. Larger values were found for carbazole derivatives than for the acridine
derivatives, in agreement with the observed quantum yields of photoluminescence. These
values are similar to those found in the literature for simple donor-acceptor systems and for
molecules containing sulfur atoms. The SOC between the excited states allows the otherwise
forbidden transition T1—So. The acridine derivative with the methyl group on the thiophene
bridge showed low values of Tphosph compared to the other three compounds and only weak
RTP. The observed RTP for these compounds in solution is attributed to the protection of the
bulky donor groups from nonradiative deactivation by the *LE excited state centered on the
acceptor-thiophene portion. In both series, low photoluminescence quantum yield values were

obtained. Although these materials have high spin-orbit coupling due to the heavy atom effect



that the thiophene sulfur-containing bridge adds to the system, all compounds have a high
nonradiative decay rate, suggesting structural modifications to increase the rigidity of these
systems. Time-resolved photoluminescence analyses in the solid state showed lower
nonradiative decay rates. At low temperatures, the lifetime of these processes is longer, as
expected, due to the restriction of mobility in the rigid matrix, which is more pronounced at low
temperatures. The thermal stability of all eight emitters was determined by thermogravimetric
analysis (TGA), and all compounds showed good stability (Tgec > 400°C), with carbazole
derivatives being more stable than acridine derivatives in both series. When comparing different
acceptor centers with the same donor unit, we observe that the triazine-based emitters are more
thermally stable than the TTT derivatives, possibly due to the thermal isomerization that can

occour in the latter.
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In the second part of this thesis, we planned and synthesized a series of glassy discotic
liquid crystals based on the 1,3,5-triazine center decorated with short esters for use as matrices
for TADF emitters in the fabrication of new OLED devices. First, we synthesized
tris(phenanthryl)triazine derivatives with different ester chains (TaPhenEst; ethyl, propyl,
butyl). Differential scanning calorimetry (DSC) analyses showed that the ethyl derivative
transitions between two different crystalline phases without exhibiting mesomorphism. On the
other hand, the TaPhenPr and TaPhenBu derivatives exhibit enantiotropic hexagonal columnar
mesophases confirmed by X-ray diffraction. The lack of an attainable transition to the isotropic
liquid below 375°C prevented the growth of defined textures in a polarizing optical microscope
(POM). Both derivatives exhibited a mesomorphic glassy state during cooling, where the
derivative with the longer ester alkyl chains, TaPhenBu, had at much lower glass transition
temperature, showing that the transition temperature is strongly dependent on the size of the
alkyl chain. This showed us that a glassy state above room temperature could only be obtained
with short alkyl chains, at the expense of unattainably high clearing points (>375°C). To solve

this problem, we decided to expand the aromatic region by synthesizing



tris([4]helicenyl)triazine ester derivatives, Ta[4]HelEst, with the same chain lengths as in the
analog phenanthrene series. All derivatives presented a transition to the isotropic liquid in the
range of 205-332 °C. The shortest chain derivative, Ta[4]HelEt, did not exhibit mesomorphism
according to DSC and X-ray diffraction but presented a singular transition between two
hexagonal crystalline phases. In contrast, the longer ester derivatives Ta[4]HelPr and
Ta[4]HelBu exhibited monotropic hexagonal columnar mesomorphism with the growth of
mesophase textures and X-ray diffraction peaks characteristic of this mesophase symmetry. No
glass transition was observed for the Ta[4]HelPr derivative due to the already highly ordered
nature of the lower-temperature one of its two hexagonal mesophases. In contrast, the
Ta[4]HelBu derivative exhibited a glass transition 39°C, forming a mesomorphic glass at room
temperature, thus yielding the targeted hexagonal columnar mesomorphic glass in combination
with an accessible clearing point, showing it to be an excellent candidate for use as a matrix in

electro-organic devices.
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Hexagonal columnar liquid crystalline triazine derivatives with glass transition in the mesophase above room
temperature.
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Growth between glass plates of the hexagonal columnar mesophase of Ta[4]HelPr (top left) and Ta[4]HelBu
(top right) in homeotropic alignment upon cooling through the isotropic-columnar phase transition, and
homeotropic texture of the high temperature mesophase of Ta[4]HelPr at200°C (bottom left) and of
the low temperature mesophase at 100°C (bottom right) after cooling from the isoptropic liquid followed by
reheating; polarizing light optical microcopy with slightly uncrossed polarizers.

We also attempted to induce mesomorphism in the D3A structures described in the first part of
this doctoral thesis and in those reported in the literature based on 1,3,5-triazine and TTT, by
introducing alkyl chains in the 3,6-disubstituted carbazole donor unit. We introduced acyl,
alkyl, and alkoxy chains in the triazine-based molecules. However, unfortunately, no material
in this session displayed mesomorphism. We believe that the non-planarity in these materials,
characteristic of TADF systems, makes it difficult for the molecules to stack and consequently
prevents the formation of the columnar mesophase. We introduced alkoxy chains as well in the
TTT-based D3A molecules, again without success. Not even isomerizing the central unit to the

radial, more extended, isomer of the triaryl-TTT center was enough to induce mesomorphism.
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In conclusion, the inclusion of thiophene bridges in a 2,4- substitution pattern in D3A type
molecules significantly increases the spin-orbit coupling in these materials and thus enables the
T1—So forbidden transition, allowing these materials to emit phosphorescence at room
temperature. Additionally, the solution RTP observed is unexpected due to the high triplet state
lifetime and competition with non-radiative decay. Theoretical calculations have shown that
phosphorescence is derived from a >LE state centered on the acceptor-thiophene portion. We
believe that the bulky donor groups protect this state from non-radiative decay, allowing for
sufficient time for phosphorescence emission. Changing the donor unit in the TTT center is not
enough to decrease AEst and enable TADF emission, although these materials have a TTA
mechanism. In contrast, changing from carbazole to acridine dramatically changes the AEst
values in triazine-based materials. Acridine derivatives showed low values, possibly due to the
almost orthogonality of the units, allowing for thermally activated reverse intersystem crossing
and TADF emission, while carbazole derivatives only showed phosphorescence. In addition to
these longer-lived emissions, all compounds showed prompt fluorescence, with carbazole
derivatives in both series showing emission in the blue region. Inserting a methyl group in the
thiophene unit has different effects on the dihedral angles of the carbazole and acridine
derivatives. While there is an increase in the dihedral angle in the former, there is a decrease
when the donor unit is acridine. The design of D3A-type molecules containing the thiophene

unit in the 2,4- substitution pattern has proven to be a helpful strategy in the search for new



RTP and TADF emitters. Triphenanthryl-triazine-hexaesters where the alkyl ester chain is
larger than the ethyl group, such as propyl and butyl esters, showed enantiotropic
mesomorphism with the formation of a mesomorphic glass upon cooling. However, these
materials' clearing points were not easily accessible, in view of aligning them on a substrate.
The expansion of the aromatic region to tris[4]helicenyl-triazine-hexaesters resulted in a slight
deplanarization, sufficient to destabilize the mesophases, being only observed during cooling,
but also leading to accessible transition temperatures to the isotropic liquid state whilst yielding
glass transitions above room temperature. Molecular planning based on configurational
flexibility and including a slight deviation from planarity with short-chain alkyl ester
substituents, has been shown to allow the stabilization of a solid hexagonal columnar
mesophase at room temperature with an accessible transition to isotropic liquid. Cooling from
the liquid allows for forming aligned samples on the surface. In contrast, the strategy of only
inserting alkyl chains into donor units of D3A systems was not sufficient to induce
mesomorphism. Asymmetric molecular designs where only one twisted portion of the molecule
is responsible for TADF behavior, and the larger remaining planar part of the molecule is
responsible for mesomorphism can be more promising approach to obtain discotic liquid-
crystalline TADF materials.

Keywords: Rom temperature phosphorescence, Delayed fluorescence, glassy discotic liquid
crystal, light outcoupling.



RESUME

L'incorporation de ponts thiophéne contenant du soufre dans des structures de type
D3A avec un motif de substitution 2,4 a permis de produire de nouveaux émetteurs
phosphorescents et a fluorescence retardée. Les émetteurs a noyau accepteur 1,3,5- triazine ont
montré des mécanismes d'émission différents en fonction de I'unité donneuse utilisée. Alors que
les molécules a unités carbazole comme donneur ont montré une phosphorescence a
température ambiante (avec des durées de vie de 0.7 ms), la dérivation avec de l'acridine comme
donneur a entrainé une émission de fluorescence retardée thermiquement (74ADF) avec des
durées de vie allant de 0,02 a 0,5 ms. Les molécules basées sur le noyau
tris[1,2,4]triazolo[1,3,5]triazine (TTT) ont présenté une phosphorescence indépendamment du
la donneur utilis¢, avec des durées de vie allant de 0,1 a 3,5 ms, et ont également montré une
fluorescence retardée par un mécanisme d'annihilation triplet-triplet (774) (avec des durées de
vie allant de 0,5 a 0,8 ms). Le rendement quantique de luminescence (PLQY) pour tous les
composés était compris entre 0,01 et 0,25. Bien que la présence de 1'atome de soufre augmente
le couplage spin-orbite (SOC) et accélere ainsi la vitesse de passage intersystéme, ces matériaux
ont également un fort taux de désexcitation non-radiative, qui a ét¢ limitée dans I'état solide en
raison de la restriction de la mobilité¢ et a ainsi augmenté la durée de ces processus. La
phosphorescence observée a température ambiante en solution est attribuée a la protection de
1'état excité ’LE centré dans la partie accepteur-thiophéne (dans les deux séries) par les donneurs
volumineux, qui empéchent la désexcitation non-radiative par collisions et interactions avec
I'environnement. Pour augmenter l'efficacité de 1’échappement de la lumicre depuis les
dispositifs ¢€lectroluminescents organiques (OLED), il est essentiel d'avoir une émission
anisotrope. Cela peut étre obtenu en incorporant I'émetteur dans une matrice de cristaux liquides
(CL), en particulier un CL discotique vitreux. Des #ris(phénanthryles)triazines substitués par
des esters ont été observés de former, lors du refroidissement, des mésophases hexagonales
colonnaires sans cristallisation. Leur température de transition vitreuse dépend de la longueur
de la chaine alkyl substituante, avec des chaines alkyl courtes induisant un état vitreux supérieur
a la température ambiante, mais aussi des températures de clarification extrémement élevées.
Des tris([4]hélicényl)triazines substitués par des esters courts ont été synthétisés pour
surmonter cette limitation, ce qui a abouti a des mésophases hexagonales colonnaires avec des
températures de fusion et de clarification facilement atteignables. Le dérivé ester propylique
présente une transition singuliére entre deux mésophases hexagonales colonnaires avec une

augmentation soudaine de l'ordre du réseau colonnaire. Une conception moléculaire basé sur la



flexibilité configurationelle, une déviation intrinséque bien dosée de la planéité et des
substituants esters alkyl courts a ainsi permis de stabiliser une mésophase hexagonale
colonnaire en état solide a température ambiante et une transition accessible vers le liquide
isotrope, permettant la formation d'échantillons vitreux orientés par les surfaces en refroidissant
a partir du liquide.

Mots Clés: Phosphorescence a température ambiante, Fluorescence retardée, cristaux liquides

discotiques vitreux, efficacité d’échappement de la lumicre.



RESUME DETAILLE

Les diodes électroluminescentes organiques (OLED) se sont progressivement imposées
sur le marché des écrans. Ces derniéres années, ces matériaux ont atteint une plus grande efficacité
grace a d'importantes modifications et optimisations du mécanisme d'émission moléculaire et de la
structure du dispositif. Aujourd'hui, les dispositifs OLED peuvent déja atteindre un rendement
interne de 100 % sans métaux lourds grace au mécanisme de fluorescence retardée activée
thermiquement (TADF). Un matériau TADF est capable de convertir tous les états triplets non
émissifs formés apres excitation €lectrique en états singlets émissifs par le biais d'un croisement
intersystéme inverse (rISC). Le rISC peut se produire lorsqu'il existe une différence d'énergie
suffisamment faible entre les états triplets et singlets excités (AEst) pour que 1'énergie thermique
présente a température ambiante permette le rISC. Un autre mécanisme de fluorescence retardée est
l'annihilation triplet-triplet (TTA). Ce mécanisme bi-moléculaire a une efficacité plus faible en
raison de I'énergie d'un état triplet excité d'une molécule qui est transférée et favorise le rISC d'une
autre molécule excitée en triplet. Les émetteurs de TADF sont généralement obtenus par des
structures donneur-accepteur. Cette structure réduit le chevauchement des orbitales moléculaires
occupées les plus élevées (HOMO) et des orbitales moléculaires inoccupées les plus basses
(LUMO), et de faibles valeurs de AEsr sont obtenues. De diverses stratégies moléculaires ont
récemment €té étudiées pour obtenir des émetteurs TADF de plus en plus efficaces. L'insertion de
ponts étendus séparant les unités donneur et accepteur, avec des groupes volumineux qui modifient
les angles diedres entre les unités donneur et accepteur, ou avec différents modeles de substitution
qui modifient la conjugaison entre les unités donneur et accepteur, est une approche efficace pour
séparer spatialement les orbitales frontieres et permettre au mécanisme TADF de se produire.
L'efficacité externe, c'est-a-dire globale, d'un dispositif OLED est composée d'un facteur interne,
qui comprend les statistiques de spin, I'efficacité quantique et le rapport électron-trou, et d'un facteur
externe d’échappement de lumiére qui dépend du piégeage de la lumicre dans le dispositif.
Supposons que I'émetteur se trouve dans une matrice isotrope. Dans ce cas, la plupart de la lumiere
émise dans la couche de I'émetteur sera piégée dans la cavité du dispositif, et seulement environ 20
% de la lumiére s’échappe du dispositif et peut tre vue par un observateur. Récemment, les progres
réalisés en matiere d’échappement de la lumicre depuis les OLED ont montré que la forme et
l'orientation des émetteurs sont cruciales pour augmenter la quantit¢ de lumicre émise vers
I’extérieur. L'orientation parallele des dipdles avec les couches du dispositif favorise ceci. Ce type
d'orientation peut étre obtenu dans des matériaux qui forment un verre moléculaire anisotrope. 11

est connu que les cristaux liquides discotiques peuvent s'auto-assembler en colonnes, capables de



transporter des charges de maniére unidirectionnelle grace a leur structure anisotrope spécifique (un
centre aromatique plan entouré de chaines aliphatiques). Lorsqu'ils sont alignés de manicre
homéotrope (c'est-a-dire avec les centres aromatiques paralléles au substrat), ces matériaux peuvent
étre utiles pour I'extraction de la lumiere et, par conséquent, pour obtenir des dispositifs plus
efficaces. La combinaison du mésomorphisme avec la luminescence peut donc avoir un impact
important sur les performances des dispositifs électro-optiques, tels que les OLED. L'alignement
uniforme qui peut étre obtenu dans ces matériaux et leur capacité d'auto-réparation des défauts tels
que les joints de grains, combinés au phénomene de luminescence, peuvent permettre 1'élaboration
d'une structure OLED plus simple et plus efficace, ou la couche émettrice et la couche de transport
peuvent étre les mémes. Bien que des cristaux liquides fluorescents et phosphorescents soient
rapportés dans la littérature, il n'existe encore que peu de cristaux liquides a fluorescence retardée.
La combinaison de ces deux propriétés - cristallinité liquide et émission a base de triplets - dans une
seule molécule peut étre une excellente alternative dans la recherche de matériaux efficaces, mais
il s'agit d'une tAche non triviale. La non-planéité, due aux grands angles de torsion entre les parties
donneuses et acceptrices, des matériaux TADF est difficilement compatible avec la planéité
requise dans les mésogenes discotiques. Cet antagonisme structurel est le principal obstacle a
l'obtention d'un matériau TADF mésomorphe. Récemment, certains groupes de recherche ont
obtenu de tels matériaux, mais pas de maniere efficace, ce qui montre qu'il y a encore une lacune
a combler. Une alternative, plus accessible, pour combiner ces propriétés dans un méme
dispositif est d'intégrer un émetteur TADF efficace dans une matrice de cristaux liquides
discotiques, plus précisément : dans un cristal liquide vitreux colonnaire. Les structures
donneur-accepteur avec une unité aromatique interne accepteuses d’€lectrons et trois unités
externes torsadées donneuses d’¢lectrons montrent une augmentation de la force de 'oscillateur
par rapport aux systémes donneur-accepteur simples. Un fort couplage spin-orbite (SOC)
permet le croisement intersystéme entre les états singlet et triplet, ce qui donne des colorants
¢lectroluminescents efficaces avec une émission a la fois par les états singlet et triplet. Les N-
hétérocycles 1,3,5-triazine et tris[1,2,4]triazolo[1,3,5]triazine (TTT) sont des centres
mésogenes bien connus, avec une large gamme de cristaux liquides rapportés dans la littérature.
Ces derniéres années, avec la recherche croissante d'émetteurs TADF, ces deux centres
aromatiques se sont révélés efficaces comme unités acceptrices d'électrons dans de nouveaux
matériaux luminescents efficaces, en particulier pour obtenir des €metteurs bleus. Il est
nécessaire de travailler dans un systéme de couleurs RGB (rouge, vert et bleu) pour obtenir une

OLED qui émet dans tout le domaine visible. Les émetteurs rouges et verts sont déja bien



implantés sur le marché, avec de bonnes durées de vie et une pureté de couleur satisfaisante.
Cependant, il existe encore une lacune pour les émetteurs bleus, car ces matériaux ont une
énergie ¢levée dans 1'état excité et, par conséquent, une stabilité moindre. Un excellent émetteur
bleu peut étre utilisé seul pour fabriquer un dispositif OLED ou les couleurs rouge et verte
peuvent é&tre obtenues par des couches photoluminescentes externes, ce qui réduit

considérablement la complexité et augmente 1'efficacité de production de ces dispositifs.
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Dans cette perspective, nous avons congu et synthétisé deux nouvelles séries d'émetteurs D3 A
basés sur les centres TTT et 1,3,5-triazine dans la premiere partie de cette these de doctorat.
Comme pont, nous avons choisi de remplacer le groupe phényléne couramment utilisé par
l'unité thiophéne 2,4-disubstituée. Le motif de disubstitution 2,4 est similaire a la disubstitution
1,3 dans le benzene, qui s'est avérée plus efficace pour obtenir de faibles valeurs AEst que le
motif 1,4. L'inclusion de I'atome de soufre dans la structure de nos émetteurs visait a explorer
l'effet d'atome lourd, augmentant le couplage spin-orbite dans ces matériaux et favorisant le
croisement intersystéme. Pour sonder l'effet de l'encombrement stérique sur les angles de
torsion et donc sur les propriétés d'émission dépendant de la torsion, nous avons utilisé des

ponts thiophene avec et sans substituant méthyle stériquement exigeant.
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Les émetteurs basés sur la 1,3,5-triazine ont présenté des mécanismes d'émission différents
selon 1'unité donneuse utilisée. Apres des analyses de photoluminescence résolue en temps, les
dérivés de 3,6-tertbutylcarbazol sont des émetteurs phosphorescents, tandis que les dérivés de
9,10-diméthylacridine sont des matériaux TADF. La valeur élevée de AEst trouvée pour les
molécules contenant le donneur 3,6-tertbutylcarbazole (>0,5 eV) rend impossible le croisement
intersystéme inverse activé thermiquement et ne permet donc pas 1'émission de TADF par ces
couples carbazole-triazine. La phosphorescence dans ces émetteurs est attribuée a l'effet de
'atome de soufre sur le couplage spin-orbite, augmentant le taux de croisement intersystéme en
relaxant la regle de sélection de spin et permettant la désexcitation radiative T1—So. Ces
matériaux ont présenté une durée de vie de phosphorescence (tphosph) de 0,7 ms dans le toluene.
En changeant 'unité donneuse pour la 9,10-diméthylacridine, il a été possible d'obtenir des
valeurs AEst plus faibles (<0,3 eV), suffisantes pour que le croisement intersystéme inverse
activé thermiquement se produise et que le mécanisme d'émission TADF soit observé, avec des
durées de vie comprises entre 0.02 et 0.5 ms. Bien que ces matériaux présentent une TADF a
température ambiante, les analyses de photoluminescence résolue en temps a basse température
ont montré que ces matériaux sont également phosphorescents, avec des durées de vie
comprises entre 6.8 et 17.8 ms. Le dérivé sans le groupe méthyle sur le pont thiophéne a en
outre montré une phosphorescence a température ambiante avec une courte durée de vie de 10.5
ms. Les analyses de photoluminescence en régime continu ont montré que ce dérivé présente

une double émission dans le toluéne, attribuée a une émission par excitation localisée (LE)



provenant de 1'unité 9,10-diméthylacridine et & une émission de type transfert de charge (CT)
entre les unités donneur-accepteur. Ceci démontre que le systéme donneur-accepteur est
dissocié, avec un angle diedre presque orthogonal (~90°). L'insertion du groupe méthyle dans
le pont de liaison diminue cet angle et augmente le couplage des parties, ce qui conduit a une
seule émission de type CT dans le spectre de photoluminescence en régime continu. En
changeant 1'unité acceptrice de triazine a TTT, nous obtenons un méme mécanisme d'émission
quelle que soit 'unité donneuse employée. Tous les dérivés ont montré une phosphorescence a
température ambiante en solution avec des durées de vie comprises entre 0,1 et 3,5 ms. De plus,
pour les deux dérivés carbazole et le dérivé acridine sans méthyle dans le pont 2,4-thiophéne,
le mécanisme de fluorescence retardée par annihilation triplet-triplet (TTA) a également été
observé, avec des durées de vie dans la gamme de 0,5 - 0,8 ms. La valeur élevée de AEgst trouvée
pour ces matériaux empéche le mécanisme TADF, conduisant plutét a une fluorescence
retardée par le mécanisme TTA. Ce mécanisme est confirmé par son absence a 1'état solide :
Dans le solide, la restriction de la mobilit¢é moléculaire empéche la collision entre deux
molécules excitées en triplet, désactivant ainsi le mécanisme TTA. Le spectre de
photoluminescence en régime permanent a montré que les dérivés de l'acridine présentent une
double émission correspondant a 1'émission LE de 1'unité isolée et a 1'émission CT entre les
unités acridine et TTT. Comme observé précédemment pour 1'un des émetteurs a base de
triazine, cela indique que les unités sont proches de l'orthogonalité. En fait, les calculs
théoriques utilisant la théorie de la fonctionnelle de la densité (DFT) ont montré que dans ces
dérivés, I'angle diedre est de 'ordre de 80°, avec des valeurs plus faibles dans I'émetteur méthylé
en pont. Les calculs DFT dépendant du temps (TD-DFT) et TD-DFT a couplage spin-orbite
(SOC-TD-DFT) ont montré que les trois premiers états excités S, ont une configuration CT
dans les dérivés du carbazole. Cependant, ces transitions ont des valeurs de force d'oscillateur
() élevées, caractéristiques d'un état LE. Par conséquent, I'émission de ces matériaux provient
d'un état mixte 'LE/'CT. Pour les dérivés de I'acridine, 1'émission la plus faible en énergie
présente des configurations CT pour les états excités et des valeurs de f faibles. L'émission
observée a la plus haute énergie (longueurs d'onde les plus courtes) est liée a I'état LE centré
sur l'unité TTT-thiophéne. Nous avons observé que les géométries optimisées des états S;
présentent peu de changement dans les angles diedres, ce qui entraine un faible changement de
la force d'oscillation dans ces €tats par rapport a 1'état fondamental. En revanche, la géométrie
de I'état excité T change de manicre significative, entrainant une planarisation de la molécule

et une conjugaison croissante du systéme 7, ce qui donne lieu a des configurations *LE pour les



états T1, Tz et T3 centrés sur I'unité TTT-thiophéne. L'état T4 a une énergie similaire a 1'état Sy
et présente donc une configuration CT. Pour évaluer 1'effet du couplage spin-orbite sur le
croisement intersystéme et la phosphorescence de ces matériaux, nous avons utilisé un élément
de matrice de couplage spin-orbite (SOCME) obtenu a partir de calculs de SOC-TD-DFT. Des
valeurs plus importantes ont été trouvées pour les dérivés du carbazole que pour les dérivés de
l'acridine, en accord avec les rendements quantiques de photoluminescence observés. Ces
valeurs sont similaires a celles trouvées dans la littérature pour des systémes simples donneur-
accepteur et pour des molécules contenant des atomes de soufre. Le SOC entre les états excités
permet la transition T1—So, autrement interdite. Le dérivé d'acridine avec le groupe méthyle
sur le pont thiophéne a montré de faibles valeurs de Tphosph par rapport aux trois autres composés
et seulement une faible RTP. La RTP observé pour ces composés en solution est attribuée a la
protection des groupes donneurs volumineux contre la désactivation non radiative par I'état
excité *LE centré sur la partie accepteur-thiophéne. Dans les deux séries, de faibles valeurs de
rendement quantique de photoluminescence ont été obtenues. Bien que ces matériaux
présentent un couplage spin-orbite élevé en raison de l'effet d'atome lourd que le pont sulfuré
du thiophéne ajoute au systeéme, tous les composés ont un taux de désexcitation non radiative
¢leve, ce qui suggere des modifications structurelles pour augmenter la rigidité de ces systémes.
Les analyses de photoluminescence résolue dans le temps a 1'état solide ont montré des taux de
désintégration non radiative plus faibles. A basse température, la durée de vie de ces processus
est plus longue, comme prévu, en raison de la restriction de la mobilité dans la matrice rigide,
qui est plus prononcée a basse température. La stabilité thermique des huit émetteurs a été
déterminée par analyse thermogravimétrique (TGA), et tous les composé€s ont montré une
bonne stabilité (Tdascomposition > 400°C), les dérivés de carbazole étant plus stables que les dérivés
d'acridine. En comparant différents centres accepteurs avec la méme unité donneuse, nous
observons que les émetteurs a base de triazine sont plus stables thermiquement que les dérivés

TTT, peut-€tre en raison de l'isomérisation thermique qui peut se produire dans ces derniers.
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Dans une deuxiéme partie de cette thése, nous avons planifié et synthétisé une série de cristaux
liquides discotiques vitreux basés sur le centre 1,3,5-triazine décoré avec des esters courts pour
étre utilisés comme matrices pour des émetteurs TADF dans la fabrication de nouveaux
dispositifs OLED. Nous avons d'abord synthétisé des dérivés de tris(phénanthryl)triazine avec
différentes chaines esters (TaPhenEst ; éthyle, propyle, butyle). Les analyses par calorimétrie
différentielle a balayage (DSC) ont montré que le dérivé éthyle transite entre deux phases
cristallines différentes sans présenter de mésomorphisme. D'autre part, les dérivés TaPhenPr et
TaPhenBu présentent des mésophases colonnaires hexagonales énantiotropes confirmées par
diffraction des rayons X. L'absence de transition possible vers le liquide isotrope en dessous de
375°C a empéché la croissance de textures définies dans un microscope optique polarisant
(POM). Les deux dérivés ont présenté un état vitreux mésomorphe pendant le refroidissement,
ou le dérivé avec les chaines alkyle ester les plus longues, TaPhenBu, avait une température de
transition vitreuse beaucoup plus basse, montrant que la température de transition dépend
fortement de la taille de la chaine alkyle. Cela nous a montré qu'un état vitreux present a des
temperatures supérieures a la température ambiante ne pouvait &tre obtenu qu'avec des chaines
alkyle courtes, au prix de points de clarification trop élevés (>375°C). Pour résoudre ce
probléme, nous avons décidé d'étendre la région aromatique en synthétisant des dérivés de
tris([4]hélicényl)triazine-ester, Ta[4]HelEst, avec les mémes longueurs de chaine que dans la
série des phénanthrénes analogues. Tous les dérivés ont présenté une transition vers le liquide
isotrope dans la gamme de 205-332 °C. Le dérivé a chaine la plus courte, Ta[4]HelEt, n'a pas
présenté de mésomorphisme selon la calorimétrie différentielle a balayage (DSC) et la
diffraction des rayons X mais a présenté une transition singuliere entre deux phases cristallines
hexagonales. En revanche, les dérivés esters plus longs Ta[4]HelPr et Ta[4]HelBu ont présenté
un mésomorphisme colonnaire hexagonal monotrope avec la croissance de textures de
mésophase et de pics de diffraction des rayons X caractéristiques de cette symétrie de
mésophase. Aucune transition vitreuse n'a été€ observée pour le dérivé Ta[4]HelPr en raison de
la nature déja hautement ordonnée de celle de ses deux mésophases hexagonales qui est présente
a basse température. En revanche, le dérivé Ta[4]HelBu a présenté une transition vitreuse a
39°C, formant un verre mésomorphe a température ambiante, donnant ainsi le verre
mésomorphe hexagonal colonnaire ciblé en combinaison avec un point de clarification
accessible, ce qui en fait un excellent candidat pour une utilisation comme matrice dans des

dispositifs électro-organiques.
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isotrope (Iso).
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Croissance entre des plaques de verre de la mésophase colonnaire hexagonale de TaPhenPr (en haut a
gauche) et de Ta[4]HelBu (en haut a droite) en alignement homéotrope lors du refroidissement a travers la
transition de phase isotrope-colonnaire, et texture homéotrope de la mésophase de TaPhenPr a haute température
4 200°C (en bas a gauche) et de la mésophase a basse température a 100°C (en bas a droite) aprés refroidissement
a partir du liquide isoptrope suivi d'un réchauffage ; microcopie optique en lumiére polarisée avec des polariseurs
légérement décroisés.

Nous avons également tenté d'induire un mésomorphisme dans les structures D3 A décrites dans
la premicre partie de cette thése de doctorat et dans celles rapportées dans la littérature a base
de 1,3,5-triazine et de TTT, en introduisant des chaines alkyles dans 1'unité donneuse carbazole
3,6-disubstituée. Nous avons introduit des chaines acyle, alkyle et alcoxy dans les molécules a
base de triazine. Malheureusement, aucun de ces matériaux n'a présenté de mésomorphisme.
Nous pensons que la non-planéité de ces matériaux, caractéristique des systemes TADF, rend
difficile I'empilement des molécules et empéche par conséquent la formation de la mésophase
colonnaire. Nous avons €galement introduit des chaines alcoxy dans les molécules de D3A a
base de TTT, toujours sans succes. Méme l'isomérisation de l'unité centrale vers l'isomere

radial, plus étendu, du centre triaryl-TTT n'a pas suffi a induire le mésomorphisme.
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En conclusion, I'inclusion de ponts thiophéne selon un schéma de 2,4-substitution dans les
molécules de type D3 A augmente significativement le couplage spin-orbite dans ces matériaux
et permet ainsi la transition interdite T1—So, permettant a ces matériaux d'émettre de la
fluorescence a température ambiante. De plus, la RTP observée en solution est inattendue en
raison de la durée de vie élevée de I'état triplet et de la compétition avec la désintégration non
radiative. Les calculs théoriques ont montré que la phosphorescence est issue d'un état ’LE
centré sur la partie accepteur-thiophéne. Nous pensons que les groupes donneurs volumineux
protegent cet état de la désintégration non radiative, ce qui permet un temps suffisant pour
'émission de phosphorescence. Changer le groupe donneur dans le centre TTT n'est pas
suffisant pour diminuer AEst et permettre I'émission TADF, bien que ces matériaux montrent
de la fluorescence retardée selon le mécanisme TTA. En revanche, le passage du carbazole a
l'acridine modifie considérablement les valeurs de AEst dans les matériaux a base de triazine.
Les dérivés de l'acridine ont montré de faibles valeurs, probablement en raison de la quasi-
orthogonalité des unités, permettant le croisement intersystéme inverse activé thermiquement
et 1'émission TADF, tandis que les dérivés du carbazole ont seulement montré une
phosphorescence. En plus de ces émissions a plus longue durée de vie, tous les composés ont
montré une fluorescence immédiate, avec des dérivés du carbazole dans les deux séries
montrant une émission dans la région bleue. L'insertion d'un groupe méthyle dans l'unité
thiophéne a des effets différents sur les angles diedres des dérivés carbazole et acridine. Alors

qu'il y a une augmentation de 1'angle di¢dre dans le premier, il y a une diminution lorsque 1'unité



donneuse est l'acridine. La conception de molécules de type D3A contenant 1'unité thiophéne
avec un motif de substitution 2,4 s'est avérée Etre une stratégie utile dans la recherche de
nouveaux ¢émetteurs RTP et TADF. Les hexaesters de triphénanthryl-triazine ou la chaine ester
alkylique est plus grande que le groupe éthyle, tels que les esters de propyle et de butyle, ont
montré un mésomorphisme énantiotrope avec la formation d'un verre mésomorphe lors du
refroidissement. Cependant, les les points de clarification de ces matériaux n'étaient pas
facilement accessibles, en vue d’alignement sur substrat. L'expansion de la région aromatique
aux tris[4]helicenyl-triazine-hexaesters a entrainé une légere déplanarisation, suffisante pour
déstabiliser les mésophases, observes uniquement lors du refroidissement, mais conduisant
aussi a des températures de transition accessibles vers I'état liquide isotrope tout en donnant des
transitions vitreuses supérieures a la température ambiante. Il a été démontré que la conception
moléculaire basée sur la flexibilité configurationnelle et incluant une légére déviation de la
planéité avec des substituants esters alkyles a chalne courte, permet 1’obtention d'une
mésophase colonnaire hexagonale solide a température ambiante avec une transition accessible
vers le liquide isotrope. Le refroidissement du liquide permet de former des échantillons
uniformement alignés sur la surface. En revanche, la stratégie consistant uniquement a insérer
des chaines alkyle dans les unités donneuses des systemes D3A n'était pas suffisante pour
induire le mésomorphisme. Les conceptions moléculaires asymétriques ou une seule partie
torsadée de la molécule est responsable du comportement TADF et la partie plane restante plus
grande de la molécule est responsable du mésomorphisme peuvent étre une approche plus
prometteuse pour obtenir des matériaux TADF discotiques liquides-cristallins.

Mots Clés: Phosphorescence a température ambiante, Fluorescence retardée, cristaux liquides

discotiques vitreux, efficacité d’échappement de la lumicre.



RESUMO
A incorporacdo de pontes de tiofeno contendo enxofre em estruturas do tipo D3A com um
padrao de substituicdo 2,4- tem demonstrado produzir novos emissores fosforescentes e de
fluorescéncia atrasada. Emissores com um nucleo de 1,3,5-triazina mostraram diferentes
mecanismos de emissdo dependendo da unidade doadora empregada. Enquanto moléculas com
uma unidade carbazol apresentaram fosforescéncia a temperatura ambiente (com tempos de
vida de 0,7 ms), a derivacdo com acridina levou a emissdo de fluorescéncia atrasada
termicamente ativada (TADF) com tempos de vida variando de 0,02 a 0,5 ms. Moléculas
baseadas no nucleo tris[1,2,4]triazolo[1,3,5]triazina (TTT) apresentaram fosforescéncia
independentemente da unidade doadora empregada, com tempos de vida variando de 0,1 a 3,5
ms, ¢ também mostraram fluorescéncia atrasada através de um mecanismo de aniquilagao
tripleto-tripleto (774) (com tempos de vida variando de 0,5 a 0,8 ms). O rendimento quantico
de fotoluminescéncia (PLQY) para todos os compostos esta na faixa de 0,01 a 0,25. Embora a
presenga do atomo de enxofre aumente o acoplamento spin-6rbita (SOC) e, portanto, aumenta
a taxa de cruzamento intersistemas, esses materiais também apresentaram uma alta taxa de
decaimento nao radiativo, que foi reduzida no estado s6lido devido a restricdo de mobilidade e,
assim, apresentando um maior tempo de vida nesses processos. A fosforescéncia a temperatura
ambiente observada em solugdo ¢ atribuida a protecdo do estado excitado *LE centrado na parte
aceitador-tiofeno (em ambas as séries) pelos doadores volumosos, que impedem o decaimento
ndo radiativo através de colisOes e interacdes com o ambiente. Para aumentar a eficiéncia de
saida de luz em diodos organicos emissores de luz (OLED), ¢ essencial ter uma emissao
anisotropica. Isso pode ser alcangado incorporando o emissor em uma matriz de cristal liquido
(CL), especificamente um CL discotico vitreo. Tris(fenantril)triazinas substituidas por éster
formam, no resfriamento, mesofases colunares hexagonais sem cristalizagdo. A temperatura de
transicdo vitrea nesses materiais depende do comprimento da cadeia alquilica substituinte, e
cadeias alquilicas curtas com um estado vitreo acima da temperatura ambiente s6 podem ser
obtidas com temperaturas de clareamento extremamente elevadas. Tris([4]helicenil)triazinas
substituidas por éster com cadeias alquilicas curtas foram sintetizadas para suprir esta limitagao,
resultando em mesofases colunares hexagonais com temperaturas de fusdo e clareamento
facilmente alcangéaveis. O derivado éster proprilico apresenta uma transi¢ao unica entre duas
mesofases colunares hexagonais com um aumento stubito na ordem do conjunto de colunas. Um
planejamento molecular baseado na flexibilidade configuracional, um desvio intrinseco leve da

planaridade e substituintes ésters alquilicos de cadeia curta demonstrou permitir a estabilizagdo



de uma mesofase colunar hexagonal semelhante a um s6lido a temperatura ambiente e uma
transicdo acessivel para o liquido isotropico, permitindo a formagdo de amostras vitreas
alinhadas na superficie no resfriamento a partir do liquido.

Palavras-chave: Fosforescéncia a temperatura ambiente, Fluorescéncia atrasada, Cristais

liquidos discéticos vitreos, Saida de luz.



RESUMO EXPANDIDO
Os diodos organicos emissores de luz (OLEDs) tém se consolidado cada vez mais no mercado
de displays. Nos ultimos anos, esses materiais tém alcan¢ado maior eficiéncia gracas as grandes
modificagdes e otimizagdes do mecanismo de emissdo molecular e da estrutura do dispositivo.
Hoje, os dispositivos OLED ja podem alcangar uma eficiéncia interna de 100% sem o uso de
metais pesados através do mecanismo de fluorescéncia atrasada termicamente ativado (74DF).
Um material TADF ¢ capaz de converter todos os estados triplos ndo-emissivos, formados apds
a excitagao elétrica em estados singletos emissivos através do cruzamento intersistemas reverso
(rISC). O rISC pode ocorrer quando ha uma diferenca de energia suficientemente pequena entre
os estados excitados tripletos e singletos (AEst) de modo que a energia térmica presente na
temperatura ambiente possibilita o #ISC. Outro mecanismo de fluorescéncia atrasada ¢ a
aniquilagao tripleto-tripleto (774). Este mecanismo bi-molecular tem uma eficiéncia menor
devido a transferéncia de energia de um estado tripleto excitado de uma molécula para
promover o #ISC de outra molécula tripleto excitada. Os emissores TADF sdo geralmente
obtidos através de estruturas do tipo doador-aceitador. Essa estrutura reduz a sobreposi¢ao do
orbital molecular ocupado de mais alta energia (HOMO) e o orbital molecular desocupado de
mais baixa energia (LUMO), e valores baixos de AEsr sdo obtidos. Varias estratégias
moleculares tém sido recentemente estudadas para obter cada vez mais emissores TADF
eficientes. A insercdo de pontes de ligacdo separando as unidades doador e aceitador, com
grupos volumosos que mudam os angulos diédricos entre as unidades doadora e aceitadora, ou
com diferentes padrdes de substitui¢do que ajusta a conjugacdo entre as unidades doador e
aceitador, ¢ uma abordagem eficiente para separar espacialmente os orbitais de fronteira e
permitir que o mecanismo 7ADF ocorra. A eficiéncia externa, ou geral, de um dispositivo
OLED ¢ composta por um fator interno, que inclui estatisticas de spin, eficiéncia quantica e
razdo elétron-buraco, e um fator externo de saida de luz que depende do aprisionamento da luz
dentro do dispositivo. Suponha que o emissor esteja em uma matriz isotropica. Nesse caso, a
maioria da luz emitida na camada emissora ficara presa na cavidade do dispositivo e apenas
cerca de 20% da luz serd emitida e vista por um observador. Recentemente, avangos no
acoplamento de luz em OLEDs mostraram que a forma e orientacdo dos emissores sdo cruciais
para aumentar o valor da saida de luz. A orientagdo paralela de dipolos com as camadas do
dispositivo favorece uma maior saida de luz. Este tipo de orientacdo pode ser obtido em
materiais que formam um vidro molecular anisotropico. Sabe-se que os cristais liquidos

discoticos podem se auto-organizar em colunas capazes de transportar carga



unidirecionalmente devido a sua estrutura anisotropica especifica (um nicleo aromatico plano
cercado por cadeias alifaticas). Quando alinhados homeotropicamente (ou seja, com 0s centros
aromaticos paralelos ao substrato), esses materiais podem ser Uteis na extragdao de luz e,
consequentemente, na obtencdo de dispositivos mais eficientes. A combinacdo de
mesomorfismo com luminescéncia pode assim ter um impacto importante no desempenho de
dispositivos eletro-Opticos, como os OLEDs. O alinhamento uniforme que pode ser obtido
nesses materiais ¢ sua capacidade de auto-cura de defeitos, como as fronteiras de grao,
combinado com o fendmeno de luminescéncia, pode permitir a elaboracao de uma estrutura
OLED mais simples e eficiente, onde a camada emissora e de transporte podem ser a mesma.
Embora os cristais liquidos fluorescentes e fosforescentes sejam relatados na literatura, ainda
ha poucos cristais liquidos com fluorescéncia atrasada. A combinagao destas duas propriedades
- cristalinidade liquida e emissao de estados tripletos - em uma unica molécula pode ser uma
excelente alternativa na busca de materiais eficientes, mas ¢ uma tarefa ndo-trivial. A nio
planaridade, devido aos grandes angulos de tor¢ao entre doador e aceitador, dos materiais TADF
¢ dificilmente compativel com a planaridade requerida nos mesogenos discoticos. Este
antagonismo estrutural ¢ a principal barreira para a obtencdo de um material TADF-LC.
Recentemente, alguns grupos de pesquisa obtiveram tais materiais, mas ndo de forma eficiente,
mostrando que ainda ha uma lacuna a ser preenchida. Uma alternativa mais acessivel para
combinar estas propriedades no mesmo dispositivo € incorporar um emissor 7ADF' eficiente
em uma matriz de cristal liquido discético, especificamente, um cristal liquido colunar vitreo.
As estruturas do tipo doador-aceitador com uma unidade aromética interna de aceitadora de
elétrons e trés unidades externas torcidas de doagdo de elétrons mostram um aumento na forca
do oscilador (f) em comparacao com sistemas doador-aceitador simples. O forte acoplamento
spin-orbita (SOC) permite o cruzamento entre os estados singleto e tripleto, resultando em
corantes eletroluminescentes eficientes com emissdo tanto pelo estado singleto quanto pelo
tripleto. Os N-heterociclos 1,3,5-triazina e tris[1,2,4]triazolo[ 1,3,5]triazina (TTT) sdo centros
mesogénicos bem conhecidos, com uma ampla gama de cristais liquidos relatados na literatura.
Nos ultimos anos, com a crescente busca por emissores TADF, estes dois centros aromaticos
tétm se mostrado eficazes como unidades aceitadoras de elétrons em novos materiais
luminescentes eficientes, em particular, para a obten¢io de emissores azuis. E necessario
trabalhar em um sistema de cores RGB (vermelho, verde e azul) para obter um OLED que emita
em toda a faixa visivel. Os emissores vermelhos e verdes ja estio bem estabelecidos no

mercado, com boa vida util e pureza de cor satisfatoria. Entretanto, ainda existe uma lacuna



para os emissores azuis, pois estes materiais tém alta energia no estado excitado e,
consequentemente, menor estabilidade. Um excelente emissor azul pode ser usado sozinho para
fabricar um dispositivo OLED onde as cores vermelha e verde podem ser obtidas através de
camadas externas fotoluminescentes, reduzindo drasticamente a complexidade e aumentando a
eficiéncia de producdo destes dispositivos.

A emissdo no plano
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A saida de luz em dispositivos OLED. Emissao isotropica (superior) e emissdo anisotropica (inferior).

Sob esta perspectiva, na primeira parte desta tese de doutorado, projetamos e sintetizamos duas
novas séries de emissores do tipo D3A com base nos centros TTT e 1,3,5-triazina. Como ponte
de ligacao, escolhemos substituir o grupo de fenileno comumente empregado pela unidade de
tiofeno 2,4-dissubstituido. O padrao de disubstituicdo 2,4 ¢ similar ao padrao de disubstituicao
1,3 no benzeno, que se mostrou mais eficiente para obter valores baixos em AEst do que o
padrdo 1,4. A inclusdo do 4tomo de enxofre na estrutura de nossos emissores visou explorar o
efeito do atomo pesado, aumentando o acoplamento spin-orbita nestes materiais e favorecendo
o cruzamento intersistemas. Para sondar o efeito do impedimento estéreo nos angulos de tor¢ao
e, portanto, nas propriedades de emissdo dependentes da tor¢ao, usamos pontes de tiofeno com

e sem o substituinte metila estereticamente pronunciado.
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Sintese de estruturas D3A. I) NH4sOH(aq), I,, THF, 5a: 82%, 5b: 72%; II) CF3SOsH, 6a: 67%, 6b: 55%; I1I) 3,6-
di-tert-butil-9H-carbazol, K,CO3, CuSO4.5H,0, 1-metilnaphtaleno, 1a: 52%, 1b: 39%, 7a: 48%, 7b: 34%; IV)
9,9-dimetil-9,10-dihidroacridina, [Pd(OAc),], Xphos, NaO'-Bu, tolueno, 1¢: 57%, 1d: 52%, 7¢: 42%, 7d: 46%; V)
NaN3, NH4Cl, DMF, 8a: 88%, 8b: 83%, 8c: 81%, 8d: 79%; VI) C3NsCls, 2,6-1utidina, tolueno, 2a: 38%, 2b: 32%,
2¢: 39%, 2d: 35%.

Os emissores baseados no centro 1,3,5-triazina apresentaram diferentes mecanismos
de emissao, de acordo com a unidade doadora empregada. Apds analises de fotoluminescéncia
resolvidas no tempo, os derivados de 3,6-tertbutilcarbazol sdo emissores fosforescentes,
enquanto os derivados de 9,10-dimetilacridina sdo materiais TADF. O alto valor de AEsr
encontrado para as moléculas contendo o doador de 3,6-tertbutilcarbazol (> 0,5 eV) torna
impossivel o cruzamento intersistemas reversivel termicamente ativado e, portanto, ndo permite
a emissdo de TADF por esses pares de carbazol-triazina. A fosforescéncia nestes emissores €
atribuida ao efeito do atomo de enxoftre sobre o acoplamento de spin-orbita, aumentando a taxa
de cruzamento intersistemas ao relaxar a regra de selecdo de spin e permitindo o decaimento
radiativo T1—So. Estes materiais apresentaram tempo de vida de fosforescéncia (Tphosph) de 0,7
ms para ambos os compostos em solugdo de tolueno. Mudando a unidade doadora para 9,10-
dimetilacridina, foi possivel obter menores valores de AEst (<0,3 eV), suficientes para que
ocorresse 0 cruzamento intersistemas reverso termicamente ativado e para que o mecanismo de
emissao TADF fosse observado, com tempos de vida na faixa de 0.02 e 0.5 ms. Embora estes
materiais apresentem 7TADF a temperatura ambiente, andlises de fotoluminescéncia resolvida
no tempo a baixas temperaturas em estado so6lido mostraram que estes materiais também sao
fosforescentes, com tempos de vida entre 6.8 e 17.8 ms. O derivado sem o grupo metil na ponte
de tiofeno, além disso, apresentou fosforescéncia a temperatura ambiente, com um curto tempo
de vida de 10.5 ms. Analises de fotoluminescéncia no estado estaciondrio mostraram que este
derivado apresenta uma emissdo dupla em solucdo tolueno atribuida a uma emissdo de

excitagdo localizada (LE) da unidade de 9,10-dimetilacridina e uma emissdo do tipo



transferéncia de carga (C7) entre as unidades doadoras-aceitadora. Isto demonstra que o sistema
doador-aceitador esta desacoplado, com um angulo diedral quase ortogonal (~90°). A inser¢ao
do grupo metil na ponte de ligacdo diminui este angulo e aumenta o acoplamento das unidades,
levando a apenas uma emissdao do tipo CT no espectro de fotoluminescéncia no estado
estacionario. Mudando a unidade aceitadora da triazina para TTT, obtemos um mesmo
mecanismo de emissdo, independentemente da unidade doadora empregada. Todos os
derivados mostraram fosforescéncia a temperatura ambiente em solu¢do com tempo de vida na
faixa de 0,1 - 3,5 ms. Além disso, para os dois derivados de carbazol e o derivado de acridina
sem o grupo metil na ponte de 2,4-tiofeno, também foi observado o mecanismo de fluorescéncia
atrasada por aniquilagdo tripleto-tripleto (77A4), com tempos de vida na faixa de 0,5 - 0,8 ms. O
alto valor de AEst encontrado para estes materiais impede que o mecanismo 7ADF ocorra,
levando em vez disso a fluorescéncia atrasada pelo mecanismo 77A4. Este mecanismo foi
confirmado por sua auséncia no estado solido. A restricdo de mobilidade molecular impede a
colisdo entre duas moléculas no estado excitado tripleto, desabilitando assim o mecanismo 774.
O espectro de fotoluminescéncia no estado estacionario mostrou que os derivados da acridina
apresentam uma emissao dupla correspondente a emissao LE da unidade isolada e a emissao
CT entre as unidades de acridina e TTT. Como observado anteriormente para um dos emissores
baseados na triazina, isto indica que as unidades estdo proximas a ortogonalidade. De fato,
calculos tedricos utilizando a teoria funcional da densidade (DFT) mostraram que nestes
derivados, o angulo diedro esta na faixa de 80°, com valores mais baixos no emissor de ponte-
metilada. Os célculos de DFT dependente do tempo (7D-DFT) e acoplamento de spin-orbita
TD-DFT (SOC-TD-DFT) mostraram que os trés primeiros estados excitados Sn t€ém uma
configuragdo CT nos derivados do carbazol. Entretanto, estas transigdes tém alta for¢a oscilante
(f) caracteristica de um estado LE. Portanto, a emissdo destes materiais ¢ proveniente de um
estado misto 'LE/'CT. Para os derivados de acridina, a emissio de menor energia mostrou
configuragdes CT para os estados excitados e baixos valores de f. A emissao observada em
energia mais alta (comprimentos de onda menores) estd relacionada ao estado LE centrado na
unidade TTT-thiophene. Observamos que as geometrias otimizadas dos estados S; mostram
pouca mudanga nos angulos diedros, resultando em pouca mudanca na for¢a do oscilador nestes
estados em comparagdo com o estado fundamental. Por outro lado, a geometria no estado
excitado T1 muda significativamente, resultando em uma planarizagdo da molécula e uma
conjugacio crescente do sistema 7, resultando em configuragdes *LE para os estados Ti, T2, e

Ts centradas na unidade TTT-tiofeno. O estado T4 tem uma energia semelhante ao estado S e,



portanto, apresenta uma configuracdo C7. Para avaliar o efeito do acoplamento spin-orbita no
cruzamento intersistemas e na fosforescéncia destes materiais, usamos o clemento de matriz
SOC (SOCME) obtido a partir de calculos SOC-TD-DFT. Foram encontrados maiores valores
para os derivados de carbazol do que para os derivados de acridina, em concordancia com os
rendimentos quanticos de fotoluminescéncia observados. Estes valores sdo similares aos
encontrados na literatura para sistemas doador-aceitador simples e para moléculas contendo
atomos de enxofre. O SOC entre os estados excitados permite a transi¢ao proibida T1—So. O
derivado de acridina com o grupo metil na ponte de tiofeno apresentou baixos valores de Tphosph
em comparagao com os outros trés compostos e apenas uma R7P fraca. A RTP observada para
estes compostos em solugdo ¢ atribuida a protecdo dos volumosos grupos doadores contra a
desativagdo ndo-radiativa do estado excitado ’LE centrado na porcio aceitador-tiofeno. Em
ambas as séries, foram obtidos baixos valores de rendimento quantico de fotoluminescéncia.
Embora estes materiais apresentem alto acoplamento spin-orbita devido ao efeito do atomo
pesado que a ponte tiofeno contendo enxofre adiciona ao sistema, todos 0os compostos t€ém uma
alta taxa de decaimento ndo radiativo, sugerindo modificagdes estruturais necessarias para
aumentar a rigidez destes sistemas. As andlises de fotoluminescéncia resolvidas no tempo em
estado s6lido mostraram taxas de decaimento ndo radiativos menores. Em baixas temperaturas,
o tempo de vida destes processos € maior, como esperado, devido a restrigdo da mobilidade na
matriz rigida, que ¢ mais pronunciada em baixas temperaturas. A estabilidade térmica de todos
os oito emissores foi determinada pela anélise termogravimétrica (7GA), e todos os compostos
mostraram boa estabilidade (Tgec > 400°C), sendo os derivados de carbazol mais estaveis do
que os derivados de acridina em ambas as séries. Ao comparar diferentes centros aceitadores
com a mesma unidade doadora, observamos que os emissores a base de triazina sdo mais
estaveis termicamente que os derivados de TTT, possivelmente devido a isomerizagao térmica

que pode ocorrer neste ultimo.
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Na segunda parte desta tese, planejamos e sintetizamos uma série de cristais liquidos
discoticos vitreos baseados no centro 1,3,5-triazina substituida com ésteres curtos para uso
como matrizes para emissores TADF na fabricacdo de novos dispositivos OLED. Primeiro,
sintetizamos os derivados de tris(fenantril)triazina com diferentes cadeias de ésteres
(TaPhenEst; etil, propil, butil). As analises de calorimetria diferencial de varredura (DSC)
mostraram que o derivado de etil apresenta uma transi¢do entre duas fases cristalinas diferentes
sem exibir mesomorfismo. Por outro lado, os derivados TaPhenPr e¢ TaPhenBu exibem

mesofases hexagonais colunares enantiotropicas confirmadas por difragdo de raios X (XRD). A



falta de uma transi¢do atingivel para o liquido isotrépico abaixo de 375°C impediu o
crescimento de texturas definidas em um microscopio 6ptico de luz polarizada (POM). Ambos
os derivados exibiram um estado vitreo mesomorfico durante o resfriamento, onde o derivado
com as cadeias alquilicas ésteres mais longos, TaPhenBu, teve uma temperatura de transi¢ao
vitrea muito mais baixa, mostrando que a temperatura de transi¢cdo ¢ fortemente dependente do
tamanho da cadeia alquilica. Isto nos mostrou que um estado vitreo acima da temperatura
ambiente sO poderia ser obtido com cadeias alquilicas curtas, as custas de pontos de clareamento
inatingivel (>375°C). Para resolver este problema, decidimos expandir a regido aromatica
sintetizando os derivados de éster tris([4]helicenil)triazina, Ta[4]HelEst, com os mesmos
comprimentos de cadeia que na série andloga de fenantreno. Todos os derivados apresentaram
uma transicdo para o liquido isotrépico na faixa de 205-332 °C. O derivado de cadeia mais
curta, Ta[4]HelEt, ndo exibiu mesomorfismo de acordo com DSC e XRD, mas apresentou uma
transicao singular entre duas fases cristalinas hexagonais. Em contraste, os derivados ésteres de
cadeias mais longas Ta[4]HelPr e Ta[4]HelBu exibiram mesomorfismo hexagonal colunar
monotropico com o crescimento de texturas mesofésicas e picos de difragdo de raios X
caracteristicos desta simetria mesofasica. Nenhuma transi¢cao vitrea foi observada para o
derivado Ta[4]HelPr devido a natureza ja altamente ordenada da mesofase de mais baixa
temperatura entre suas duas mesofases hexagonais. Em contraste, o derivado Ta[4]HelBu
exibiu uma transi¢ao vitrea de 39°C, formando um vidro mesomorfico a temperatura ambiente,
produzindo assim o vidro mesomorfico colunar hexagonal almejado, em combinacdo com um
ponto de clareamento acessivel, mostrando ser um excelente candidato para uso como matriz

em dispositivos eletro-organicos.
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Crescimento entre as placas de vidro da mesofase colunar hexagonal. Ta[4]HelPr (superior esquerdo) e
Ta[4]HelBu (superior direito) em alinhamento homeotropico apés resfriamento através da transicdo de fase
isotropica-colunar, e textura homeotropica da mesofase de alta temperatura de Ta[4]HelPr a 200°C (inferior
esquerdo) e da mesofase de baixa temperatura a 100°C (inferior direito) apds resfriamento do liquido isotropico
seguido de reaquecimento; microscopia optica de luz polarizada com polarizadores ligeiramente descruzados.

Nos tentamos também induzir mesomorfismo nas estruturas D3A descritas na primeira parte
desta tese de doutorado e naquelas relatadas na literatura derivadas de 1,3,5-triazina e TTT,

introduzindo cadeias alquilicas na unidade doadora carbazol 3,6-disubstituido. Introduzimos



cadeias acil, alquil e alcoxi nas moléculas a base de triazina. No entanto, infelizmente, nenhum
material nesta sessdo apresentou mesomorfismo. Acreditamos que a ndo planaridade desses
materiais, caracteristica dos sistemas TADF, dificulta o empilhamento das moléculas e
consequentemente impede a formagdao da mesofase colunar. Introduzimos também cadeias
alcoxi nas moléculas D3A baseadas no TTT, novamente sem sucesso. Nem mesmo a
isomerizacao da unidade central ao isomero radial, mais estendido, do centro do triaril-TTT foi

suficiente para induzir o mesomorfismo.
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Em conclusao, a inclusdo de pontes de tiofeno em um padrao de substituicdo 2,4 em moléculas
do tipo D3A aumenta significativamente o acoplamento spin-orbita nestes materiais e assim
permite a transi¢do proibida T1—So, permitindo que estes materiais emitam fosforescéncia a
temperatura ambiente. Além disso, RTP em solugdo observada ¢ inesperada devido ha alto
tempo de vida do estado tripleto e & competicdo com a decaimento nao-radiativo. Célculos
teoricos mostraram que a fosforescéncia é derivada de um estado *LE centrado na porgio
aceitador-tiofeno. Acreditamos que os grupos doadores volumosos protegem este estado do
decaimento ndo-radiativo, permitindo tempo suficiente para a emissdo de fosforescéncia.

Mudar a unidade doadora no centro TTT ndo ¢ suficiente para diminuir AEst e permitir a



emissdo de TADF, embora estes materiais tenham um mecanismo de 774. Em contraste, a
mudanca de carbazol para acridina altera drasticamente os valores AEst em materiais baseados
na triazina. Os derivados de acridina mostraram baixos valores, possivelmente devido a quase
ortogonalidade das unidades, permitindo o cruzamento intersistemas reverso ativado
termicamente e a emissdo de TADF, enquanto os derivados de carbazol mostraram apenas
fosforescéncia. Além destas emissdes com tempo de vida mais longo, todos os compostos
apresentaram fluorescéncia direta, com derivados do carbazol em ambas as séries mostrando
emissao na regido azul. A insercdo de um grupo metil na unidade de tiofeno tem efeitos
diferentes sobre os angulos diedros do carbazol e dos derivados de acridina. Enquanto ha um
aumento no angulo diédrico no primeiro, ha uma diminui¢do quando a unidade doadora ¢ a
acridina. O projeto de moléculas do tipo D3A contendo a unidade de tiofeno no padrao 2,4 de
substituicdo provou ser uma estratégia util na busca de novos emissores RTP e TADF. Os ésteres
trifenantril-triazina-hexaésteres onde a cadeia de ésteres alquilicos é maior que o grupo etilico,
como os ésteres propilico e butililico, mostraram um mesomorfismo enantiotropico com a
formagdo de um vidro mesomorfico no resfriamento. No entanto, os pontos de clareamento
destes materiais ndo foram facilmente acessiveis, tendo em vista alinha-los sobre um substrato.
A expansdo da regido aromatica para tris[4]helicenil-triazina-hexaésteres resultou em uma leve
desplanarizagdo, suficiente para desestabilizar as mesofases, sendo observada apenas durante o
resfriamento, mas também levando a temperaturas de transi¢do acessiveis para o estado liquido
isotropico, a0 mesmo tempo em que produzia transi¢cdes vitreas acima da temperatura ambiente.
O planejamento molecular baseado na flexibilidade configuracional e incluindo um leve desvio
da planaridade com substituintes ésteres alquilicos de cadeia curta, demonstrou permitir a
estabilizacdo de uma mesofase hexagonal colunar solida a temperatura ambiente com uma
transi¢do acessivel para liquido isotropico. O resfriamento a partir do liquido permite a
formacdo de amostras alinhadas na superficie. Em contraste, a estratégia de apenas inserir
cadeias alquilicas nas unidades doadoras dos sistemas D3A ndo foi suficiente para induzir o
mesomorfismo. Projetos moleculares assimétricos onde apenas uma porgao torcida da molécula
¢ responsavel pelo comportamento do 7ADF, e a maior parte restante da molécula plana
responsavel pelo mesomorfismo pode ser uma abordagem mais promissora para a obtenc¢ao de
materiais TADF liquido cristalinos discoticos.

Palavras-chave: Fosforescéncia a temperatura ambiente, Fluorescéncia atrasada, Cristais

liquidos discdticos vitreos, Saida de luz.
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1 INTRODUCTION

Organic light emitting diodes (OLEDs) have been extensively studied academically
and industrially due to their application in electronic display technology (e.g., color televisions,
smartphones, etc.). These materials have numerous advantages: low weight, fast response, large
viewing angle, low power consumption, compatibility with flexible substrates, and easy
chemical modification of the emitting molecules. According to the emission mechanisms,
different types of OLEDs have been developed. The first-generation OLEDs employ prompt-
fluorescent molecules in the emitting layer, which are limited by spin statistics to 25% maximal
internal quantum yield. The second generation is based on phosphorescent molecules, which
allow a maximal internal quantum yield of unity, but suffer from reduced molecular stability
due to the presence of weakly bound heavy atoms. Recently, with the discovery thermally
activated delayed fluorescence (TADF) in organic molecules, the third generation of OLEDs
has emerged, which maintains the efficiency of the second-generation materials and the stability
of the first generation. In recent years, many researchers have been making efforts to improve
the efficiency and quality of these materials. Based on this, there is great interest in third-
generation OLEDs. Molecules that exhibit the TADF mechanism can convert dark triplet states
into emissive singlet states, which entails an increase in internal efficiency to 100% without
using heavy metals and is thus economically viable. There are some factors responsible for
obtaining a TADF material. Among them, it is essential to highlight that low values of AEst are
essential to allow reverse intersystem crossing (rISC), and a high rate of radioactive decay (k)
by the S; exciton is required. To this end, novel molecular design strategies have been
developed since it is conflicting to obtain a low value of AEst and a high value of k. Donor-
acceptor (D-A) type structures have been shown to reduce the overlap of the HOMO and LUMO
orbitals, and therefore, it is possible to obtain small AEst values, thus enabling rISC. The
insertion of bridges between the units and bulky groups that change the dihedral angle, favoring
the spatial separation of the HOMO-LUMO pair, have been widely employed in synthesizing
these materials. Donor-acceptor scaffolds with an inner electron-accepting aromatic unit and
three twisted outer electron-donating units (D3A) exhibit enhanced oscillator strength compared
to simple donor-acceptor systems and have been shown to be efficient electroluminescent dyes,
as strong spin-orbit coupling (SOC) allows for fast singlet-triplet rISC leading to emission from

both singlet and initial triplet states.
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In recent years, electron-accepting N-heterocycles, such as 1,3,5-triazine and
tris[1,2,4]triazolo[1,3,5]triazine (TTT), have been employed as the acceptor unit in D3-A type
molecules that exhibit TADF. In addition to being present in the structure of molecules that
exhibit delayed fluorescence, these two N-heterocycles have been employed as a central unit in
liquid crystal synthesis due to their high ability to perform m-stacking interactions and easy
functionalization. Liquid crystalline self-assembly is intrinsically anisotropic and can thus
induce polarized emission, which is of interest for 3D displays. The use of liquid crystals as
emitter layer and/or electron carrier layer in optoelectronic devices also allows for avoiding the
phenomenon of light outcoupling and, consequently, increases the efficiency of these materials.
Thus, synthesizing new liquid crystals that act as emitters and carrier layers or only as a matrix
in OLED devices is a strategy for obtaining efficient materials. Several research groups have
been trying to combine the properties of liquid crystals with the TADF phenomenon. Although
this combination is possible on paper, it is not easy in practice. Efficient symmetric C; emitters
must be non-planar to have a good spin-orbit coupling (SOC) without heavy atoms, while planar
discotic structures favor liquid crystalline phases. But exceptions are known, among them
tangentially triphenyl-substituted TTTs, which are both mesogenic and pronouncedly non-
planar units. Both the delayed fluorescence behavior and the liquid-crystalline self-assembly in
these systems may be improved by introducing heteroaromatic donors.

Looking for new TADF materials, we designed two new series of D3A star-shaped
molecules. As the acceptor unit, we employed the N-heterocycles 1,3,5-triazine and
tris[1,2,4]triazolo[1,3,5]triazine. The donor units were 3,6-di-tert-butyl-9H-carbazole and 9,9-
dimethyl-9,10-dihydroacridine. Considering that heavy atoms facilitate spin-orbital coupling
and, therefore, can enhance delayed fluorescence and phosphorescence through interconversion
between singlet and triplet states, we inserted sulfur-including thiophene bridges between the
donor and acceptor units

After the synthesis and characterization of all molecules, time-dependent fluorescence
spectroscopy studies were performed to verify the type of radiative decay these materials
present. All the molecules of the TTT series showed phosphorescence at room temperature
(RTP) and most of them delayed fluorescence in a triplet-triplet annihilation (TTA) mechanism.
Although they do not show TADF, this result is significant because it was possible to obtain
phosphorescent materials without heavy metals in solid and solution, possibly by inserting the

S atom of the thiophene bridge. For the series of materials based on 1,3,5-triazine, we obtained
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both RTP and TADF. The compounds where the donor unit was the heterocycle 3,6-di-tert-
butyl-9H-carbazole showed only phosphorescence. When we changed the donor unit to 9,9-
dimethyl-9,10-dihydroacridine, the TADF phenomenon was observed besides RTP.
Unfortunately, although the materials showed TADF behavior, the quantum yield is very low.

To induce liquid crystalline behavior in the molecules synthesized in this Ph.D. thesis
and those already reported in the literature, we chose to introduce aliphatic chains in the 9H-
carbazole donor unit. Two series were synthesized, one based on the TTT core and the other on
the 1,3,5-triazine heterocycle. Unfortunately, none of the six molecules synthesized exhibited
liquid crystalline behavior. Alternatively, we plan and synthesize a series of discotic liquid
crystals based on s-triazine with esters on the disk periphery to use as a matrix for our
luminescent molecules in the fabrication of optoelectronic devices. Combining the polarized
emission of the liquid crystals with efficient emitters aims at obtaining OLEDs with improve

efficiency.
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1.1 ORGANIC LIGHT-EMITTING DIODE — OLED

An organic light-emitting diode (OLED) is a light-emitting diode where the emitting
layer is a film of an organic. The use of these organic materials in the emitting layer allows the
use of a wide variety of chemical compounds in the fabrication of new emitters so that structural
modifications to these materials allow the optimization of these devices concerning lifetime,
brightness, and color.!

Although electroluminescence in organic semiconductors was first reported in the
1960s, with work on anthracene and its derivatives, it was only in the 1980s that Tang and Van
Slyke presented significant developments in the field.>> The authors developed an OLED by
stacking four different layers. Indium-Tin-Oxide (ITO) and Mg/Ag are used as the anode and
cathode, respectively. The organic layer was split between a hole carrier layer (N,N'-diphenyl-
N,N'-bis(3-methylphenyl)-1,1'-biphenyl-4,4'-diamine - TPD) and an electron carrier layer
(tris(8-hydroxyquinoline) aluminum - Alq3). This configuration allows for the recombination

and emission of light between the organic layers.” Figure 1 shows the structure of the device.
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Figure 1 Device structure made by Tang and Van Slyke - the first heterojunction OLED.
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Three significant factors determine an OLED efficiency: charge injection, charge
transport, and light emission. Over the years, the pursuit of improving OLED has allowed the

development of new heterojunctions structures with more and more layers.
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In OLEDs, the emission process is activated by applying a driving voltage of 5 to 10
V or lower. This causes electrons to be injected from the metal cathode into the electron-
transporting layer, while holes are injected into the hole conducting layer from the anode.
Electrons and holes both move towards the recombination layer from opposite directions and
can combine there to form excitons. When the conditions are suitable, this leads to a population
of excited states in the emitter material, which subsequently emits light through a recombination
process in which excitons release energy and emit photons in the visible range.” There are three
dominant mechanisms for light emission in OLEDs: fluorescence, phosphorescence, and
thermally activated delayed fluorescent (TADF). Fluorescence occurs when opposite charges
recombine at the organic layer and emit photons through a singlet-to-singlet transition.
Phosphorescence involves desexcitation from a triplet to a singlet state and is often achieved
using heavy metal complexes such as iridium, platinum. TADF is a particularly efficient
mechanism for fluorescence in OLEDs because it converts triplet excitons into singlet excitons
through reverse intersystem crossing (rISC).!’

For the past two decades, researchers have been trying to improve the performance of
OLEDs for commercial use. One aspect of this effort has been using phosphorescent materials
to increase the external quantum efficiency (EQE) of OLEDs by enhancing spin-orbit coupling
in the new emitters, which allows for emission from the triplet state.>® While OLEDs have
already been used successfully in commercial products such as tablets, smartwatches, and
smartphones, there is still a challenge known as the "blue gap," which refers to the difficulty in
creating high-quality blue displays using OLED technology.!® To solve this problem,
researchers are exploring various approaches, including fluorescence, phosphorescence, and
thermally activated delayed fluorescence (TADF), to improve OLED performance.!

The creation of full-color OLED displays requires the development of red, green, and
blue pixels. One approach involves depositing individual red, green, and blue subpixels, while
another involves using a white OLED with color filters. A third approach involves using a blue
OLED layer with a film of green- and red-photoluminescent subpixels on top as color-change
layer.!!:12

In addition to the limited quantum efficiency of the emitter molecules, there are
several other reasons for losses in OLED performance, such as poor adjustments of the work
functions of the electrodes relative to the HOMO or LUMO of the adjacent organic layers, poor
alignment of the HOMOs and LUMOs of the different organic layers relative to each other,
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which can cause charge carrier trapping and unfavorable space charges, unbalanced electron
and hole transport, low electron or hole mobility, ohmic losses, low cross sections for electron-
hole recombination, and low light outcoupling efficiency.®!*!4

The efficiency of light emission from OLEDs depends on spin statistics. OLED
devices generate singlet and triplet excitons in a 25% to 75% ratio. To achieve high-
performance OLED devices with high external quantum efficiencies (EQEs), the development
and design of light-emitting materials that can fully harvest singlet and triplet excitons are
crucial.’®
1.1.1 Fluorescent OLEDs: first generation

Prompt-fluorescent OLEDs, also known as first-generation OLEDs, utilize organic
dyes. The non-radiative intersystem crossing (ISC) transition between states with different
electronic spin multiplicity limits fluorescence efficiency, as only the transition from singlet
excitons to the singlet ground state (S1—So) can theoretically produce fluorescence. Only
approximately 25% of singlet excitons can be utilized for luminescence. Without additional
optical outcoupling, the maximum external quantum efficiency (EQE) of OLEDs using
conventional fluorescent emitters is limited to 5%."

The first generation of OLEDs utilized 8-hydroxyquinoline aluminum (Alqg3) as the
fluorescent green emitter, which exhibited a brightness of over 1,000 cd m 2, green emission
peaking at 550 nm, and a driving voltage of less than 10 V.? In 1989, orange-red emitters were
introduced. However, red fluorescent materials were predominantly utilized as dopants in red
OLEDs due to concentration-dependent quenching caused by aggregation.'® Blue fluorescent
emitters, frequently based on anthracene derivatives, have a wide bandgap and good thermal
stability. However, their emission color is often shifted from deep blue to light blue (cyan) due

to the aggregation of molecules in the thin film.!"!8

1.1.2  Phosphorescent OLEDs: second generation

Phosphorescent heavy-metal complexes have been employed as second-generation
emitters in OLEDs to utilize the remaining 75% of excitons in triplet states. These complexes,
which include heavy metals such as iridium and platinum, facilitate intersystem crossing from
the singlet state to the triplet state T1 and accelerate the radiative deactivation of T to the ground

state So through enhanced spin-orbit coupling. This use of triplet to ground state relaxation



71

allows phosphorescent heavy-metal-based emitters to reach an internal quantum efficiency
(IQE) of up to 100%.!

Ir(ppy); as a green emitter in OLEDs has been extensively studied because of its
stability and electroluminescent performance.'® Since its introduction in 1999, various other
green emitters have been developed, including Ir(IIT) complexes with different ligand field
strengths, bulky substituents, and coordination geometries, which have contributed to the
improvement and development of more efficient and stable green OLEDs.?*?** Red
phosphorescent materials like per-deuterated and per-fluorinated materials and cyclometalated
neutral iridium complexes have limitations like high cost and complex synthesis.!**

In recent years, there has been significant interest in using iridium and platinum
complexes as blue phosphorescent emitters in OLEDs. Ir(Ill) complexes as color-switchable
emitters in OLEDs have also been extensively studied.!

Phosphorescence is often limited in certain materials due to their inability to absorb
light by So to T excitation and the sensitivity of the triplet excited states towards nonradiative
decay. Typically, phosphorescence can only be observed in low-temperature rigid matrices.**
To achieve stable phosphorescence at room temperature, it is necessary to facilitate the ISC
process and suppress nonradiative dissipation. One method for promoting intersystem crossing
is the heavy atom effect (HAE), which occurs when heavy atoms, i.e. those with high atomic
numbers, are present in a molecule and increase spin-orbit coupling.” The HAE can be either
internal, where the heavy atom is covalently bonded to an aromatic system, or external, where
the heavy atom is present in a separate molecule that interacts with the system.??’ Recently,
high phosphorescence quantum yields at ambient conditions have nevertheless been reported

in purely organic, metal-free materials. These materials are alternatives to organometallic

materials in OLED applications.?*

1.1.3 Delayed Fluorescence (TADF) OLEDs: third generation

The use of third-generation emitters has garnered significant attention due to their
potential to replace heavy-metal-based phosphorescent emitters, which have cost and
environmental limitations. One promising option is TADF (Thermally Activated Delayed
Fluorescence), which relies on a small energy gap between the excited singlet and triplet states.
Under conditions where the lifetime of triplet excitons is sufficient, a reverse intersystem

crossing process can occur, allowing for the conversion of triplet excitons into singlet excitons,
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which subsequently relax to the ground state. This process results in a theoretical internal
quantum efficiency of 100%."’

The first TADF OLED was reported in 2012, with an external quantum efficiency
(EQE) of 11.9% and a peak wavelength of 580 nm.?® Since then, TADF emitters have made
significant progress, with devices achieving EQEs of up to 30%.%°3! However, the development
of purely red TADF-based OLEDs has been slower due to limitations in their photosensitivity
and luminescent properties.! Research has also been conducted on developing NIR TADF
emitters with wavelengths above 700 nm, but progress in this area has been slower.’? Blue
OLEDs have historically faced challenges due to the high energy of blue light, which can lead
to issues with device lifetime and material degradation. As a result, developing stable blue
emitters and OLEDs has been a significant challenge. In recent years, there have been several
notable advancements in blue TADF emitters and OLEDs, including developing TADF
emitters with high EQE and deep blue color, as well as addressing the issue of efficiency roll-
off in blue OLEDs (decrease of efficiency when increasing device brightness with voltage).**"
33 These advancements have led to the development of highly efficient blue OLEDs with EQEs
of up to 25%. Green TADF OLEDs have also made significant progress in recent years, with
EQEs of up to 37.8%.3® Pure green OLEDs with EQEs of up to 22.0% and full width at half
maximum (FWHM) of 25 nm have also been developed using TADF emitters.>” Vacuum-
deposited OLEDs with green emission (552 nm) and an EQE of 23.9%, as well as solution-
processable OLEDs with an EQE of 21.8% have also been developed using a TADF emitter.>®

1.1.4 Light outcoupling from OLED devices

One of the main challenges in organic light-emitting diodes is improving their
outcoupling efficiency, which is the fraction of emitted light actually leaving the device cavity
and visible to the observer. Currently, most OLEDs only extract around 30% of the photons
they produce.*® The extraction efficiency of planar OLEDs is typically low due to the organic
materials' high refractive index and the metal electrode's presence, which can cause strong
reflection and absorption. The external quantum efficiency of an OLED is influenced by
internal factors such as charge balance, spin statistics, and radiative exciton decay, as well as
an outcoupling factor.*!*? The shape and orientation of the molecules used as emitters in

OLEDs play a significant role in the device's efficiency. For example, rod-like or disc-like
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molecules tend to form optically anisotropic thin films, which can affect the orientation of the
emitters.*>4

Recent advances in the understanding of emitter orientation in OLEDs, have led to the
discovery that evaporated thin films of organic semiconductors can form anisotropic molecular
glasses.*>* The orientation of these molecules may or may not have time to diffuse and readjust
before being covered by the next deposited layer, depending on factors such as substrate
temperature, evaporation rate, and molecular shape. As a result, film growth and morphology
are kinetically controlled processes. It was found that the orientation of these films is influenced
by the substrate temperature relative to the organic material's glass transition temperature. A
completely horizontal orientation of thin organic films, which leads to pronounced
birefringence, can be achieved for a specific ratio of substrate temperature to the glass transition
temperature.***® This has allowed for the creation of TADF emitters with a strongly
horizontal orientation by film growth on cooled substrates, significantly improving the
efficiency of OLEDs.

The orientation of TADF emitters can be influenced by various factors, including the
intrinsic properties of the emitter molecules, the glass transition temperature of the host matrix
in which the emitters are placed, and the alignment of the host material. A higher glass transition
temperature in the host matrix may result in a greater tendency for the matrix molecules to lie
flat. At the same time, the alignment of the host material may also promote the orientation of
the TADF emitters.****7 Suppose the emitter layer, which contains a high-quantum-yield
luminogen embedded in a large-band gap matrix to reduce self-quenching effects, are in a
randomly oriented glassy state. In that case, the emission is mainly isotropic, leading to some
of the emitted light being trapped within the device cavity (figure 2, top). However, if the
emitting dipoles are oriented parallel to the device interfaces, emission occurs mainly
perpendicular to the device, minimizing light trapping and potentially increasing the light
output by approximately 50%.%*> One way to orient the dipoles of the emitters parallel to the
device layers is to use a glassy discotic liquid crystal matrix (figure 2, bottom). Additionally, a
columnar matrix for TADF emitters should have a large energy gap between the molecular
singlet ground state (So) and the first excited triplet state (T1) to prevent quenching of the excited

emitter by the matrix.*$%
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Figure 2 Schematic representation of light output in OLED devices. Isotropic emission (top) and anisotropic
emission (bottom).

1.2 LUMINESCENCE

Light emission in response to absorption of energy is known as luminescence. This
energy absorption promotes electronic transitions from the fundamental state to a higher energy
electronic state (excited state). In the (at least partial) absence of nonradiative desexcitation
pathways, the return from the excited state to the fundamental state is responsible for the
emission of energy in the form of light (figure 3). There are several ways to perform electronic
excitation, such as absorption of light (photoluminescence), injection of electrons
(electroluminescence), and a chemical reaction (chemiluminescence).>
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Figure 3 Simplified representation of the luminescence phenomenon. Excitation and emission.
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If we consider photoluminescence, after absorbing a photon with sufficient energy to
promote an electron from the fundamental state to the excited state, several processes can occur
until the relaxation to the fundamental state. These photophysical phenomena can be described

using the Jablonski diagram (figure 4).%"!
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Figure 4 Jablonski diagram, representation of the photophysical processes present in the luminescence
phenomenon. IC: internal conversion; VR: vibrational relaxation; ISC: intersystem crossing; rISC: reverse
intersystem crossing, AEst - Energy difference between the excited states S; and T,. Adapted from the literature.

When the molecule is excited from the fundamental state (So) to a higher energy level
(S1, S2, ..., Sn), the release of energy by the excited species can occur by radiative and non-
radiative processes. In the excitation, one of the electrons is transferred from the HOMO to the
LUMO. The electrons have an antiparallel configuration in the fundamental state of most
molecules. This configuration infers a total spin number of 0 (-2 + '2) and spin multiplicity
(25+1) equal to 1, indicating a singlet state. If the spin of one of the electrons inverts, the total
spin number becomes 1 (72 + %2) and the spin multiplicity 3 (triplet state).

For reasons of practicality, non-radiative mechanisms arising from intermolecular
interactions (e.g., charge transfer, proton transfer, etc.) will not be discussed. An excited species
may exhibit internal conversion (IC, S1 — Sp) and vibrational relaxation (VR) as non-radiative
decay, or the relaxation from the S; state to the fundamental state may result in the release of
energy in the form of a photon (radiative decay), a phenomenon known as fluorescence. The

de-excitation of the excited state S; may involve an intersystem crossing (ISC), leading to the
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triplet state (T1). This crossover, ISC, involves two states of different spin multiplicity and the
same vibrational energy. The triplet state can undergo de-excitation by non-radiative processes,
anew intersystem crossing to the So state of the same vibrational energy followed by vibrational
relaxation, or a radiative decay from the triplet state (T1 — So), which is termed
phosphorescence.”!

A reverse intersystem crossing (rISC, T1 — S1) can occur when the energy difference
between the Ti and S; states (AEst) is small enough and the lifetime of the triplet state is
sufficiently long. rISC causes delayed fluorescence. The main difference between prompt and
delayed fluorescence is the duration of the process. In the case of delayed fluorescence, the
lifetime is longer because the molecules have been in the T state for a while before emission
from the S; state. All the radiative and non-radiative decays have different lifetimes and
compete with each other.> Table 1 shows the lifetime of each photophysical event (excitation

and de-excitation).

Table 1 Average timescales for radiative and no-radiative processes.

TRANSITION TIME SCALE
Absorption 105
Vibrational Relaxation (VR) 10712 - 1071%
Intersystem Crossing (ISC) 10— 10%s
Internal Conversion (IC) 101 — 107
Prompt fluorescence 101%-107s
Delayed fluorescence ~1073s
Phosphorescence 10°-10s

The fluorescence lifetime (tr) and the quantum yield (®F) are the most relevant
characteristics of a fluorophore (species responsible for luminescence). The quantum yield is
interpreted as the ratio of the number of photons emitted by Si over the number of photons
absorbed by Sy (equation 1a). Considering that the depopulation of excited states is the sum of
radiative and non-radiative processes, we can mathematically express the fluorescence yield as
shown in equation 1b. The fluorescence emission rate is defined by I', while the non-radiative

decay rate is knr, where kqr is the sum of the non-radiative decay rates (kic + kisc).
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(1a) OF number of photons emitted by S1
a =

number of photons absorbed by SO

(1b) @F = where knr = KIC + KISC

I+ knr’

Experimentally, the fluorescence quantum yield, ®F, can be calculated relatively, as
shown in equation 2. From the quantum yield of a standard, the wavelengths used in the
excitation of the standard and the sample, the emission band areas, and the refractive index of
the solvents used for the analysis, it is possible to calculate the relative fluorescence quantum

yield.>?

Absorbance (standard) Emission Band Area (sample) n(sample)

(2)  ®F (sample) = ®F(standard)x Absorbance (sample) * Emission Band Area (standard)  n(standard)

1.2.1 Delayed fluorescence

There are three known types of delayed fluorescence. E-type delayed fluorescence
(TADF - Thermally Activated Delayed Fluorescence), P-type delayed fluorescence (TTA -
Triplet-Triplet Annihilation), and recombination fluorescence. The latter involves settling the
Si excited state from recombining ions with electrons or ionic recombination of opposite
charges followed by luminescence emission. E-type luminescence is so named because eosin
was the first molecule to exhibit this type of phenomenon. Like the E-type, the P-type is so
named because of the pyrene with which it was historically observed. The acronyms TADF and
TTA are currently the most common denominations. TADF is an intramolecular process, and
for it to occur, the energy difference between the S; and T states must be as small as possible.
Thus, a small thermal energy is enough for the rISC process to occur, and the S; state emits
(figure 5a). The TTA mechanism, on the other hand, is an intermolecular process and occurs
at high concentrations, where two neighboring molecules in the T state undergo energy transfer
that promotes one molecule to the Sy state and the other to the S; state responsible for the

emission (figure 5b).>>>*
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Figure 5 Representation of the processes responsible for delayed fluorescence. a) TADF, intramolecular process;
b) TTA, intermolecular process.

Although TADF has been known for quite some time, interest in these materials has
recently resurged. Adachi et al. used this mechanism to generate delayed fluorescence in
OLEDs based on Sn**-porphyrin complexes. These compounds had a slight energy difference
between the triplet and singlet states (AEst) that allowed rISC and increased device efficiency.>
Based on these results, in 2012, the same research group published the first OLED with a TADF
mechanism without heavy metals.”® From that moment on, the search for new devices with
TADF mechanisms intensified, especially in electroluminescence, where OLEDs with a high
performance already exist.>>6-6

An OLED is a light-emitting diode in which the emitting layer is based on an organic
film, typically luminescent or phosphorescent. In these devices, the type of excitation is
electrical (electroluminescence). By applying a potential difference to the diode, positive
charges (holes) and negative charges (electrons) are generated and recombined in the emitting
layer.! The charge combination statistically generates a ratio of one exciton (electron-hole pair)
in the singlet state to three excitons in the triplet state. Thus, prompt-fluorescence-based devices
limit the internal quantum efficiency to 25% (figure 6, left). To solve this, phosphorescent
OLEDs have been created with the incorporation of heavy metals (e.g., platinum, iridium).
These metals allow for increased spin-orbit coupling, which relaxes the prohibition of the T;
— So transition, increasing the internal quantum efficiency to 100% (figure 6, middle). The
TADF mechanism is the best alternative for creating the 3rd generation OLEDs to avoid the

heavy metals and instability of these materials in the second generation of OLED devices.
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Thermally activated delayed fluorescence enables an internal quantum efficiency of 100%

(figure 6, right).!

@O @O oS

25% ,"\ 75% 25% /"\ 75% 25% ,"\ 75%
¥ \ ¥ \ 4 \
\ \ i RISC ¥
S1 S1 e 3 geee- \
eoe 1) Loooo T, v b
ISC ISC
SD SU Sl] AAA
Fluorescence Phosphorescence TADF
(1st OLED generation) (2Znd OLED generation) (3rd OLED generation)

Figure 6 Representation of electroluminescence in OLED. a) 1st generation OLEDs: prompt fluorescence; b) 2nd
generation OLEDs: phosphorescence; ¢) 3rd generation OLEDs: thermally activated delayed fluorescence.

Designing new TADF emitters is a challenging task. The design of the molecules must
follow several conditions, which are in part antagonistic. Thermally activated rISC is critical
for the material to exhibit TADF behavior efficiently. The dependence of the rISC process rate
constant (kisc) on temperature is expressed in the relationship with the Boltzmann distribution:
kasc o< exp(-AEst/ksT) where kg is the Boltzmann constant, and T is the temperature. From this
relationship, we can infer that the higher AEsr, the lower the value of kusc and vice versa. As
seen earlier, AEsrt is the energy gap between the singlet and triplet (Es - Et) states. Each state's
energy is defined as Es = E + K + J and Er = E + K - J; in this way AEst = 2J, where E is the
orbital energy, K is the electronic repulsion energy, and J is the exchange energy. From quantum
theory, in organic molecules, J is related to the spatial overlap of the wave functions of the
HOMO and LUMO orbitals.®!> Low values of AEst can be obtained through spatial separation
of the electronic density of the boundary orbitals (figure 7a). This separation is achieved in
rotated donor-acceptor-type structures. Another essential factor for obtaining a good TADF
material is a relatively large radiative rate constant k; at the transition from the S; state to the
ground state (So). A good kr can be obtained by increasing the conjugation in the material, a
strategy antagonistic to the method for obtaining low values of AEst (disruption of conjugation
by spatial separation of HOMO and LUMO).>? Thus, the design of TADF emitters should be

done cautiously to realize these two conditions (low AEst values and high kr values)
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simultaneously and effectively. In recent years, several authors have summarized some

principles of molecular planning for these emitters (figure 7b).>2!

a) HOMO LUMO b) small ;_\EST
(Separation of HOMO and LUMO)
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D-A structure where X can be:
- Physical separation, spiro-linker:
- Steric hindrance;
- Multiple resonance effect.
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- increase a large delocalization of MO

Small AEg

Figure 7 Strategies to adjust AEst and 4. a) Orbital overlap in benzophenone. Large n-n* overlap induces large
AEsr (top) and weak n- n* overlap induces small AEst (bottom); b) Design principles of organic TADF materials.

As seen previously, low AEst values are obtained in D-A type molecular structures
with a twist between the donor and the acceptor portions that can be achieved by two
approaches: bulky substituents or spiro-junction.’” Recently, systems that exhibit a multiple
resonance effect have also been shown to be an alternative for obtaining small AEst values.®
To increase the values of ki, it is necessary to increase the overlap between the electronic wave
functions of the excited and ground states, allowing the radiative decay S — So. Systems where
there is a large delocalization of the molecular orbitals with a good separation of the HOMO
and LUMO levels, are shown to suppress the decrease of kr while decreasing the values of AEsr.
The extent of the m-conjugation and the redox potentials are also relevant factors in obtaining

efficient emitters.>?

1.3 LIQUID CRYSTALS

Matter, in general, presents three distinct states: liquid, solid, and gas. These states are
differentiated according to the degree of organization of the atoms or molecules. In a crystalline
solid, there is a well-defined spatial organization, where the atoms or molecules present an

orientational and positional order in a determined volume (figure 8a). The state of matter
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known as a liquid does not present long-range orientational or positional organization, whilst
molecules are in close contact. Gases, like liquids, lack any orientation, and the
molecules/atoms are more widely spaced from each other (Figure 82a).%* Some materials present
intermediate characteristics with respect to those of solids, liquids, and gases. Among them,
liquid crystals have the orientational organization and, in some cases, partially the positional
organization, of the solid state combined with some of the fluidity present in the liquid state

(figure 8b). They are an important class of functional materials.®>¢
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Figure 8 Representation of molecular organization in the different states of matter. a) solid, liquid and gaseous
states; b) liquid crystalline state: representation of nematic and smectic mesophases.

The history of liquid crystals began in the late 19th century. Friedrich Reinitzer, an
Austrian botanist, conducted studies with the compound cholesteryl benzoate (figure 9) and
observed two distinct melting points.®’ It transitioned to a viscous opaque liquid after heating

the solid material to 145.5°C. The material changed to a translucent liquid with increasing
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temperature (178.5°C) (figure 9). This experiment demonstrated that cholesteryl benzoate has
a phase between the solid and liquid state. Otto Lehmann created the term liquid crystal
sometime later when he observed that these compounds presented optical anisotropy (figure
9).%% Since then, many liquid crystalline phases with different structures have been

discovered.® 73

145,5°C 178,5°C

Figure 9 The first liquid crystal. a) structure of cholesteryl benzoate; b) demonstration of the experiment by
Lehmann: Texture observed under polarized light microscope (174°C, 10x); ¢) demonstration of the experiment
by Reinitzer: from left to right: solid phase, mesophase, isotropic liquid.

RT

Molecules that exhibit liquid crystalline behavior are called mesogens, and the phases
between the solid and liquid states are called mesophases. For liquid crystals, melting represents
the phase change from the solid to the liquid crystalline state, while the phase change from the

liquid crystalline state to the isotropic liquid is called the clearing point.®’

1.3.1 Types of liquid crystals

Liquid crystalline materials can be divided into two classes: lyotropic and
thermotropic. Thermotropic liquid crystals are free of solvent and exhibit temperature-
controlled phases, while lyotropic liquid crystal phases are controlled by mesogen
concentration, solvent, and temperature. Some materials exhibit both thermotropic and

lyotropic mesomorphism and are called amphitropic. Molecules that exhibit lyotropic
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mesomorphism have an amphiphilic (lypophilic + hydrophilic) structure, and thermotropic
mesogens exhibit anisometry. Different types of anisometry distinguish different groups of

).” The best known are the calamitic (rod-shaped) and

thermotropic liquid crystals (scheme 1
the discotic (disk-shaped) LCs. However, lately, a series of more exotic anisometries have
emerged, giving rise to unconventional liquid crystals.” In this doctoral thesis, the interest is

focused on thermotropic liquid crystals.
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‘{ Thermotropics \ Lyotropics
| Anisometry l Amphiphilic
| molecules molecules
| I |
. | . . | . / °oﬁ \
Calamitic { Discotic \ Unconventional p's’o‘ Na/

Scheme 1 Classification of liquid crystals.

1.3.1.1 Calamitc liquid crystals

Calamitic (rod-shaped) mesogens are elongated in one direction of space and short in
the other two (figure 10a). The general chemical structure is depicted in Figure 10b, where X
and Y are the central rigid units (e.g., benzene), R1 and R are flexible chains, such as linear
and/or branched alkyl groups, A1 and A: are terminal chain linking groups (S, N, O, etc.) and
W is a connecting group between the central units (ester, azo, etc.). Each unit's nature
significantly affects the morphology of the mesophases and the physical properties of these

materials.’®”’
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Rigid central units

Terminal groups Connector group

Figure 10 Calamitic liquid crystals. a) Rod-like anisometry; b) Schematic structure of calamitic mesogens.

Generally, there are two main types of mesophases found for calamitic liquid crystals.
These mesophases are called nematic (N) and smectic (Sm). Figure 11 shows the type of
organization found in these types of mesophases. The nematic mesophase (figure 11a) lacks
positional order and shows only orientational order along a director vector (n). This type of
organization is responsible for the nematic mesophase's low viscosity and high fluidity. With
the appearance of the short-range positional order of the molecules in one dimension, the
smectic mesophase arises. The molecules are organized in fluid layers, making the system more
organized and consequently more viscous than a nematic mesophase. The different angles that
the molecule director (n) makes with the vector normal to the layer plane (K) lead to a smectic
polymorphism, the most common ones being SmA and SmC (figure 11b and figure 11c,
respectively). In the SmA phase, the director vector of the molecules is in parallel to the normal
vector of the layer, and in the SmC phase, the molecules are tilted at an angle O to the normal

vector.%>77
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Nematic (N) Smectic A (SmA) Smectic C (SmC)

Figure 11 Molecular organization in calamitic liquid crystal mesophases. a) nematic mesophase (N); b) non-tilted
smectic mesophase (SmA); c) tilted smectic mesophase (SmC).

1.3.1.2  Discotic liquid crystals

Thermotropic discotic liquid crystals have been discovered by Chandrasekhar in his
work on the mesomorphic properties of benzene-hexa-n-alkanoates in 1977 (figure 12).7® Since
then, various families of compounds have been synthesized and various forms of their self-

assembly described.’”>”’
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Figure 12 First discotic liquid crystal synthesized by Chandrasekhar and coworkers. Cr: cristal phase; Col:
columnar mesophase; I: isotropic phase.

The basic structure of a discotic mesogen is composed of a planar and rigid central
unit (e.g., benzene, triphenylene, perylene, etc.) surrounded by linear or branched aliphatic
peripheral chains that attribute flexibility to the molecule and induce phase segregation (figure
13b). In most cases attached to the center via ether or ester linkages. As the name suggests, the
anisometry in this type of molecule, is such that one of the molecular axes is much shorter than

the other two (figure 13a).”
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Figure 13 Discotic liquid crystals. a) Disk-like anisometry; b) Schematic structure of discotic mesogens.

Similar to calamitic liquid crystals, discotic mesogens can also exhibit a nematic
mesophase, which lacks long-range positional order. The basic mesogenic unit can be either the
individual molecular disk (figure 14a), or an elongated supramolecular segment of stacked
disks that forms a nematic phase of supramolecular spaghetti-like fragments that fail to organize
in a regular column lattice (figure 14c). The presence of chiral centers enables the existence of
cholesteric nematic discotic mesophase (Np*, figure 14b), which the organization is the twisted
nematic type, where the smallest molecular component is continuously twisted in the direction

of the normal plane, resulting in a helical structure.”
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Cholesteric nematic
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Np
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Figure 14 Nematic mesophases in disk-like mesogens. a) Nematic discotic mesophase (ND); b) Cholesteric
nematic discotic mesophase (ND*); ¢) Nematic columnar mesophase (NC).
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The more common form mesogenic organization of disk-shaped mesogens is the
columnar liquid crystalline state, which is characterized by a 2D-crystalline lattice of columns
made of stacked disks, whilst some fluid-like positional disorder is maintained in the direction
of the column axes (i.e., within the stack). The columnar stacks can be rather orderly (with
equidistant molecules) albeit lacking the correlation of molecular positions in adjacent columns
that is characteristic of the crystalline state (figure 15a) or rather disordered (figure 15b), where

there is no regularity in the stacking (variable distance between molecules).”

a)

Figure 15 Intracolumnar order. a) ordered stacking; b) disordered stacking.

There are three main structural arrangements of different columnar mesophases:
hexagonal (Coln, with molecular planes perpendicular to the column axis, figure 16),
rectangular (Col;, with molecules tilted out of the plane perpendicular to the column axis, figure
16), and oblique (Colov, also tilted, figure 16). The rectangular columnar family includes some
types of planar symmetry groups. In addition to the one shown in figure 16 (C2/m), the groups
P2/a and P2/a are known (figure 16).”>
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Figure 16 Different arrangements in columnar mesophases, cross sections viewed from above. a) Columnar
hexagonal; b) Columnar rectangular; ¢) Columnar oblique; d) Columnar rectangular with P2;/a symmetry; e)
Columnar rectangular with P2/a symmetry.

One major interest in columnar mesophases is due to the efficiency of n-stacking type
interactions between the molecular orbitals of the mesogens, within the columns, allowing
efficient quasi-one-dimensional charge transport. The column center acts as a conducting
channel and the aliphatic periphery as an insulator and can be compared to genuine molecular
wires (figure 17). Although there is no intrinsic charge transport in these molecules, it can be
obtained from external stimuli (chemical doping, optical stimulation, and/or electron
injection).”>” The development of new materials combining discotic mesogenic units with

units that favor some extra feature (e.g., luminescence) is a topic of recurring interest.”
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Figure 17 n-stacking interaction and one-dimensional charge transport present in columnar mesophases. Adapted

from the literature.
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2.1.1 General Goals

The focus os this work was to create new D3A-type luminescent materials based on

the 1,3,5-triazine and #ris-1,2,4-triazolo-1,3,5-triazine (TTT) cores, to induce mesomorphism

in such emitters, and synthesize new triazine-based discotic liquid crystals towards matrices for

delayed luminescence emitters.

2.1.2 Specific Goals

More specifically, this work aimed at:

Designing and synthesizing new D3A-type emitters where the acceptor unit is
the 1,3,5-triazine heterocycle and the donor units 3,6-di-tert-butyl-9H-
carbazole and 9,9-dimethyl-9,10-dihydroacridine spaced by a 2,4-substituted
thiophene bridge.

Designing and synthesizing new D3A-type emitters where the acceptor unit is
the tris-1,2,4-triazolo-1,3,5-triazine (TTT) heterocycle and the donor units 3,6-
di-tert-butyl-9H-carbazole and 9,9-dimethyl-9,10-dihydroacridine spaced by a
2,4-substituted thiophene bridge.

Designing and synthesizing new delayed luminescence liquid crystals based on
1,3,5-triazine and TTT heterocycles by introducing alkyl chains in the 9H-
carbazole donor unit.

Designing and synthesizing new discotic liquid crystals based on the triazine
core surrounded by ester groups as new liquid crystal matrices for delayed
luminescence emitters.

Photophysical, thermal and electrochemical characterization of the target
materials.
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3 NEW D3;A-TYPE EMITTERS. THERMALLY ACTIVATED DELAYED
FLUORESCENCE (TADF) AND ROOM TEMPERATURE
PHOSPHORESCENCE (RTP) MATERIALS.

In this Chapter, we will cover the synthesis and characterization of new donor-acceptor
type emitters based on s-triazine and tristriazolotriazine acceptor cores surrounded by different
donor moieties. We will first approach the s-triazine unit with a brief literature review. Next,
we will explore the synthesis and structural characterization of the new materials. In the third
part, we will cover the photophysical characterizations and, finally, an overall conclusion. The

same approach is presented for the TTT-based molecules.

3.1  1,3,5-TRIAZINE: TADF & RTP EMITTERS.
3.1.1 Introduction

Triazines are six-membered heterocycle containing three nitrogen atoms and three
carbon atoms. There are three different possible triazine systems: 1,2,3-, 1,2.4-, and 1,3,5-
triazine (figure 18).%° In this Ph.D. thesis, only the most stable and most accessible of them, the

symmetric 1,3,5-triazine or s-triazine, will be discussed.

™ Yy Yy

N._ =N A\
N N N
1.2.3-triazine 1.2 4-triazine 1.3.5-triazine

Figure 18 The three possible triazine systems: 1,2,3-, 1,2.4-, 1,3,5-triazine.

1,3,5-triazine derivatives have received significant interest due to their diverse
applications in different fields. These derivatives have applications in pharmaceuticals, liquid
crystals, supramolecular chemistry, and organic light-emitting devices (OLEDs).81"% S-triazine
was first synthesized by Neff (1895) by treating hydrogen cyanide with ethanol in a hydrogen-
chloride-saturated ether solution, followed by treating the resulting salt with alkali (figure
192).%° The potential for various fluorescence applications enabled 1,3,5-triazine derivatives to
become important synthetic precursors for new materials. Among them, 2,4,6-trichloro-1,3,5-
triazine (available in abundance and inexpensive) is the industrially most important

intermediate. The high reactivity of the chlorine atoms at positions 2, 4, and 6 of the triazine
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ring allows the insertion of different nucleophiles in the synthesis of symmetric and asymmetric

1,3,5-triazines with different substituents (figure 19b).34

E{OH : - ~
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Figure 19 1,3,5-triazine synthesis. a) First reported synthesis from hydrogen cyanide; b) Synthesis of 1,3,5-triazine
derivatives from 2.,4,6-trichloro-1,3,5-triazine; Top: synthesis of asymmetric derivatives (temperature control);
Bottom: synthesis of symmetric derivatives.

Several annulation protocols have been developed. The [2+2+2] annulation plays a
central role in synthesizing symmetric 1,3,5-triazine. In this synthetic approach, the nitrile
group trimerizes into s-triazine under different conditions, as shown in figure 20. Treatment of
benzonitrile with chlorosulphonic acid leads to the formation of 2,4,6-triphenyl-1,3,5-triazine
in 40% yield (figure 20a). Under high pressures, the same benzonitrile trimerizes in 74% yield
(figure 20b), and piperidine-1-carbonitrile, when treated with triflic anhydride at room

temperature, yields 2,4,6-tri(piperidin-1-yl)-1,3,5-triazine in 81% (figure 20¢).%

@/ @ b) @ 7000 8500 atm@ Y©
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a) QCN

triflic anhydride G\I N\\l/@

¢c) { N-CN \
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J

Figure 20 Different protocols for the trimerization of the nitrile group in the synthesis of 1,3,5-triazine; a) Protic
acid; b) High pressure; ¢) Lewis acid.
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The most widely used method for the preparation of 1,3,5-triazines is the acid-catalyzed
trimerization of the cyano group. Figure 21 shows the simplified mechanism of the reaction.
Initially, two molecules of nitrile and one molecule of hydrochloric acid form intermediate I.
After adding another nitrile molecule, the resulting intermediate II releases HCI to give s-

triazine.%¢

R
A N\ i iy
2RC:N+HC] ——| N7 Cl4RCN— = NN HCL SN
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R NH R/L %IT)\R R)\NJ\R
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Figure 21 Simplified mechanism of acid-catalyzed nitrile group trimerization in the synthesis of s-triazine.

In the conception of new emitters for OLEDs, 1,3,5-triazine plays an important role as
a potential target compound. The 1,3,5-triazine electron-acceptor has emerged as a promising
building block in the design of TADF emitters, with many examples of its successful
implementation in organic light-emitting diodes (OLEDs) as an emitter, resulting in high
efficiency and long operating lifetimes.®® 1,3,5-triazine has been a widely used electron-
deficient heteroaromatic acceptor in green and blue TADF emitters and is also commonly used
in the design of host materials due to its moderate electron affinity and LUMO values.’”®

The development of organic TADF materials as emitters for OLEDs began in 2011 with
a triazine-based compound, which has several advantages for this purpose. Triazine and its
derivatives are easy to synthesize, can be functionalized at various positions, and have a stable
aromatic structure, all of which contribute to improved device performance.®® High-efficiency
OLED:s using the small molecule emitter DMAC-TRZ have been developed.®® More recently,
the emitter SpiroAC-TRZ has improved performance with a maximum external quantum
efficiency of 36.7%.”° The TADF emitter 5Cz-TRZ has a fast reverse intersystem crossing rate
constant, and high-efficiency non-doped OLEDs using DMAC-TRZ have shown comparable
performance to doped devices.®! Triazine-based materials have proven to be versatile in
designing TADF emitters due to their ability to easily tune the emission spectrum and form

intermolecular exciplexes or charge transfer interactions, which can improve the photophysical
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properties of these compounds.®* However, the full potential of triazine as a moiety in TADF

emitter design has yet to be fully explored.

3.1.2 Results and Discussions
3.1.2.1 Design of emitters based on the s-triazine core.

Considering the strategies to wards new TADF molecules, we have designed a new
series of D3A molecules by linking a donor moiety (3,6-di-tert-butyl-9H-carbazole or 9,9-
dimethyl-9,10-dihydroacridine) to an s-triazine core via 2,4-substituted thiophene bridge as

shown in figure 22.
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Figure 22 Target D3;A molecules based on the 1,3,5-triazine core. Donor units are 3,6-di-tert-butyl-9H-carbazole
and 9,9-dimethyl-9,10-dihydroacridine.

There are several advantages of having the s-triazine core included in TADF materials.
Triazine is easily functionalized at positions 2,4 and 6 with a variety of aryl units, increasing
the diversity of structures obtainable; the link between the donor moiety and the triazine core
can be adjusted by changing the linking unit as well as the relative position between the donor
and acceptor moieties; it allows symmetric and asymmetric structures to be achieved.®® The
donor moieties chosen were 3,6-di-tert-butyl-9H-carbazole and 9,9-dimethyl-9,10-
dihydroacridine. Due to its moderate donor strength and easy chemical derivatization, carbazole
has been widely employed as an electron donor unit in optoelectronic materials. Another
relevant factor is the absence of sp’ carbons in its structure, different from the structure of other
donors (e.g., 9,9-dimethyl-9,10-dihydroacridine). The presence of sp® carbons in these donors
enables degradation pathways in the device.®> We chose to use the 3,6-di-tert-butyl-9H-

carbazole derivative because the tert-butyl group increases the solubility of the materials.
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Unlike carbazole, the 9,9-dimethyl-9,10-dihydroacridine unit is a N-heterocycle that generally
produces a more twisted conformation between the donor and the linker bridge due to increased
steric hindrance.”?> As a result of this twisted conformation, the overlap between the frontier
orbitals decreases, which gives smaller values of AEst.>? Considering that heavy atoms facilitate
spin-orbit coupling and, therefore, can enhance delayed fluorescence and phosphorescence
through interconversion between singlet and triplet states, we inserted sulfur-including

thiophene bridges between the donor and acceptor moiety.>*

3.1.2.2  Synthesis and Characterization
After the target molecules have been designed, the best synthetic route to obtain the

desired products must be planned. Scheme 2 is represented the synthetic method employed.

01lc4\j —*OHC#\/\[ N(d {)\T WI& Jivory (/} J&
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2
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&) Ry = H; R, = Cz/Bu, b 55% b Sai
b) R, = CHj; R, = CziBu. . 579
¢)R, = H; R, = DMAc. pps)
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d) R) = CH3; Ry = DMAg, szBu DMAc

Scheme 2 Synthesis of compounds 1a-d. i) Br,, AcOH; ii) NH4OH(aq), I, THF; iii) CF3;SOsH; iv) (a-b) 3,6-di-
tert-butyl-9H-carbazole, K,COs, CuS04.5H>0, 1-methylnaphthalene; v) (e-d) 9,9-dimethyl-9,10-dihydroacridine,
[Pd(OAC):], Xphos, NaOt-Bu, toluene.

The starting substrate for synthesizing molecules 1a and 1¢ was the commercial
reagent 4-bromothiophene-2-carbaldehyde. The substrate chosen for synthesizing compounds
1b and 1d was 5-methylthiophene-2-carbaldehyde, which is much cheaper than the brominated
analog. It was necessary to perform a bromination reaction in the first step to obtain the
intermediate 4b (60%).%* All other synthetic steps are the same for the compounds without and
with the methyl group on the thiophene unit. The aldehyde group of intermediates 4a/b is
converted to cyano group (5a: 82% and Sb: 72%) by oxidation with iodine and ammonium
hydroxide.”* The 1,3,5-triazine heterocycle (6a: 67% and 6b: 55%) is obtained in the next step
by trimerization of the cyano group with trifluoromethanesulfonic acid.”> To obtain the final
molecules of this series, two different C-N coupling strategies were used depending on the
donor species. The 3,6-di-tert-butyl-9H-carbazole heterocycle reacts with the intermediate Sa/b

via a variant of the Ullman condensation to yield the final molecules 1a and 1b (1a: 52% and
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1b: 39%).”® Compounds 1c and 1d (1c: 57% and 1d: 52%) are obtained after palladium-
catalyzed C-N coupling between intermediate 6a/b and the aza-heterocycle 9,9-dimethyl-9,10-
dihydroacridine.”’

All intermediate and final compounds were characterized by 'H and '*C NMR and
infrared spectroscopy (IR). The final molecules were also characterized by high-resolution mass
spectrometry. The change of functional groups at each step was accompanied by the infrared
spectra and the different low-field chemical shifts in the 'H NMR spectrum of the intermediates.

The conversion of the aldehyde functional group to the nitrile group could be monitored
by IR spectroscopy in the 2.500 — 2.000 cm™' region. The commercial reagent 4a does not show
the characteristic band of the nitrile functional group ~ 2.200 cm™ present in the spectrum of
the intermediate Sa, as shown in figure 23, left. In addition, the presence of only two aromatic
hydrogen signals in the '"H NMR spectrum of intermediate Sa (figure 23, right) confirms
functional group conversion. The disappearance of the CN stretching band at 2.217 cm! in the
IR spectrum of molecule 6a indicates trimerization of the functional group to the triazine
heterocycle. Although we cannot directly compare the chemical shift of the signals in the 'H
NMR spectrum (figure 23 top right, Sa, deuterated chloroform solvent and bottom right, 6a,
deuterated tetrachloroethane solvent), the differing solubility is also an indication of the

formation of compound 6a. All spectra are available in the annex section.
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Figure 23 IR and 'H NMR spectra of intermediates 4a, Sa and 6a. IR spectra region 2.000 —2.500 cm™', monitoring
of the CN stretching band (left). "H NMR spectra (400 MHz, 5a: CDCls, 6a: C2D,Cly). Aromatic region (right).

The bromination of the commercial reagent 3b is confirmed by the presence of only

two signals in the low field region of the 'H NMR spectrum (figure 24, top right, 4b), referring
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to the hydrogen of the aldehyde group at 9.75 ppm and the hydrogen of the thiophene ring at
7.63 ppm. IR and '"H NMR can follow the conversion of intermediate 4b into compound 5b.
The appearance of the CN stretching band at 2.215 cm™! in the IR spectrum (figure 24, left, 5b)
and the disappearance in the 'H NMR spectrum (figure 24, middle right, 5b) of the singlet at
9.75 ppm indicate functional group conversion. The trimerization of the nitrile group was
confirmed by the disappearance of the characteristic stretching of the CN group at 2.215 cm™
in the IR spectrum of compound 6b and the chemical shift of the singlet from the hydrogen of
the thiophene ring in the 'H NMR spectrum to the low field of the spectrum (figure 24, bottom

right, 6b). All spectra are available in the annex section.
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Figure 24 IR and '"H NMR spectra of intermediates 4b, 5b and 6b. IR spectra region 2.000 —2.500 cm!, monitoring
of the CN stretching band (left). '"H NMR spectrum (400 MHz, C2D,Cly) (right).

After synthesizing the key intermediates 6a/b, it was possible, through CN coupling
reactions, to obtain the target molecules 1a-d. The appearance of the signals in the aromatic
region of the 'H NMR spectrum of compound 1a (1b) (figure 25), 8.15 (8.13) ppm, 7.52 (7.47)
ppm, 7.45 (7.12) ppm refer to the hydrogens of the 3,6-di-tert-butyl-9H-carbazole unit. The
ratio of 2H (1H, 1b) of the thiophene ring to 6H of the 3,6-di-tert-butyl-9H-carbazole
heterocycle indicates the proper ratio of the triple coupling. The '*C NMR spectrum and the

aliphatic region of the "H NMR spectrum can be seen in the annex section.
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Figure 25 '"H NMR spectra of the final molecules 1a and 1b (400 MHz, CDCls;). Aromatic region.

The structure of the final compounds was confirmed by high-resolution mass
spectrometry. All spectra can be found in the annex section.

The aromatic region of the 'H NMR spectrum of the final molecules lc/d is
demonstrated in figure 26. As compounds 1a/b, the appearance of new signals in the aromatic
region indicates CN coupling. The signals at 7.46 (7.50) ppm, 7.01 (7.03) ppm, and 6.50 (6.47)
ppm refer to the 9,9-dimethyl-9,10-dihydroacridine unit in the spectrum of 1¢ (1d) and are in a
ratio of 8H to 2H (1H, thiophene ring), indicating the proper ratio of the triple coupling. The
13C NMR spectrum and the aliphatic region of the 'TH NMR spectrum are available in the annex

section.
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Figure 26 '"H NMR spectra of the final molecules 1¢ and 1d (400 MHz, 1c: CDCl3, 1d: C2D,Cly). Aromatic region.

The mass spectra obtained for compounds 1¢/d confirm the desired structure (see

annex section).



3.1.2.3  Thermogravimetric analysis (TGA)

100

The thermal stability of the synthesized emitters was investigated through TGA

measurements. The measurements were carried out in a nitrogen atmosphere with a heating rate

of 10°C min’'. The results are presented in the thermogram shown in figure 27.
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Figure 27 Mass loss patterns determined through TGA measurements in N, with heating rate of 10 °C min™.

All four compounds derived from triazine demonstrated good thermal stability, with

decomposition temperatures (defined as a 3% mass loss) ranging from 440 to 488°C. The

emitters containing the 9,9-dimethyl-9,10-dihydroacridine unit displayed slightly lower

stability than those containing the 3,6-di-tert-butyl-9H-carbazole unit. The decomposition

temperatures of the emitters 1a-d are summarized in table 2.

Table 2 Decomposition temperatures of triazine-based emitters obtained through TGA analyses.

Compound Tdec (°C)?
la 485
1b 488
1c 441
1d 442

a: 3% mass loss



101

3.1.2.4 Cyclic voltammetry (CV)
To determine the oxidation-reduction potentials of emitters based on 1,3,5-triazine

core, we performed cyclic voltammetry experiments. Figure 28 shows the voltammogram

obtained for compounds 1a/d in DMF solution.
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Figure 28 CV curves of the Triazine-based emitters in DMF solution. 0.1 mol L' of BusNPFs
(tetrabutylammonium hexafluorophosphate) as a supporting electrolyte. Scan rate: 100 mV s

In the potential range studied, only the reduction of molecules was observed. All
potentials were referenced to ferrocenium/ferrocene (Fc/Fc+, EFc/Fc+ = 0.46 V). Since all
emitters are based on the same acceptor unit, triazine, similar reduction potentials were found,

namely -1.82 V,-1.90 V, -1.83 V, and -1.91 V for 1a, 1b, 1¢, and 1d, respectively.

3.1.2.5 Photophysical Properties
Following the synthesis and structural characterization of triazine-based emitters,
steady-state and time-resolved photoluminescence analyses were performed to investigate the

photophysical processes responsible for the emission of these compounds in solution and solid

states.
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3.1.2.5.1 Steady-State Photoluminescence — Solution and Solid State

To study the impact of structural modifications to the triazine core on the
photophysical properties of the newly synthesized materials, the UV-vis absorption and
emission spectra of 1a-d were measured in toluene and Me-THF solution. The experiments
were conducted at low concentrations (10® mol L!) using the Lambert-Beer parameters and
avoiding aggregate formation. Figure 29 displays the absorption and normalized emission

spectra.
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Figure 29 Absorption and emission spectra of 1a-d in dilute toluene solution (1076 mol L™). Solid line: absorption,
dash line: emission.

All compounds 1a-d display a high energy absorption band at around 292 nm in toluene
solution (as shown in figure 29). This band is attributed to the n-n* transition of the triazine
core.”® Additionally, 1a and 1b exhibit an absorption band at 321 nm, attributed to the carbazole
n-n* transition.”” For 1c and 1d, the corresponding absorption band at 325 nm is attributed to
the m-n* transition of the acridine group.”® In addition to the bands characteristic of the
individual subunits, broad and weak absorption bands are observed at longer wavelengths
associated with an intramolecular charge transfer (CT) state between the donor and acceptor
units.

The steady-state photoluminescence spectra (figure 29) of the carbazole derivatives 1a

and 1b in dilute toluene solution show a Gaussian emission peak with maxima at 477 nm and
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459 nm, respectively. This emission originates from a mixed state of locally excited singlet
('LE) and charge transfer singlet ('CT). Molecule 1d exhibits the same photoluminescence
spectra behavior in toluene solution as carbazole analogs. A Gaussian emission peak with a
maximum at 499 nm arises from a mixture of 'CT/'LE states. Interestingly, when excited at 350
nm, emitter 1¢ exhibits a dual emission. The higher energy peak (around 344 nm) matches the
acridine moiety emission previously reported,’® while the second broad and weak emission peak
at approximately 529 nm is assigned to a 'CT emission. The observed emission from the
acridine moiety demonstrates the strong decoupling of the donor and acceptor moieties in this
compound.

A photoluminescence spectroscopy experiment was conducted using solvents of
different polarities to identify the excited states responsible for the emission of the compounds
being studied. Figure 30 compares the absorption and emission spectra obtained in toluene and

2Me-THF solutions.
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Figure 30 Absorption and normalized photoluminescence spectra in toluene and 2-MeTHF solutions. Solid line:
absorption, dash line: emission.
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Increasing the polarity of the solvent, toluene to 2Me-THF, results in a slight red shift
in the emission of carbazole derivatives, as shown in figures 30a and 30b. The peak also
becomes broader, which suggests the presence of a mixed 'LE/!CT state. In 2Me-THF, the
emission of 1c¢ at low wavelengths is similar to that in toluene solution, without any shift in the
band. This indicates that the 'LE state is responsible for this emission. The emission at lower
energy is divided into two maxima (512 nm and 554 nm) and becomes broader and more intense
(figure 30c). This observation suggests that in more polar solvents, the CT band is stabilized
(red-shift, onset at 554 nm). Additionally, there is an increase in the contribution of
phosphorescence to the emission of the compound (°LE state, with an onset at 512 nm).
Compound 1d exhibits similar characteristics to those of carbazole derivatives (figure 30d).
The insertion of the methyl group on the thiophene bridge reduces the orthogonality between
the donor and acceptor units in 1d, enabling more significant coupling between these units and
suppressing the 'LE emission from the acridine unit observed in the analog 1c. A slight red shift
with a broader emission suggests also a mixed 'LE/'CT state for this emission.

The photophysical properties of the emitters in a solid state were measured in a zeonex
matrix, a non-polar saturated hydrocarbon polymer. Figure 31 shows the normalized absorption

and emission spectra for all four compounds.
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Figure 31 Normalized absorption and photoluminescence spectra in zeonex excited at the peak of the lowest
energy band. Solid line: absorption, dash line: emission.
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In the solid-state spectra, the CT bands were generally quite broad. The other high-
energy absorption bands displayed a less structured shape than those observed in the toluene
solution, likely due to the thickness of the film. The photoluminescence of all compounds
featured a Gaussian-shaped emission band with a slight blue shift compared to that observed in
toluene solutions. Interestingly, compound 1e¢ displayed only one emission band instead of two,
as observed in the toluene solution. The presence of a bulky matrix may have flattened the 1¢
compound, leading to mixed 'LE/!CT states, similar to what has been previously observed with
other derivatives in toluene.

To better understand the role of non-radiative rates in these molecules, we measured
the absolute photoluminescence quantum yield (PLQY) of toluene solutions in air and degassed
conditions. The PLQY in degassed solution (Dgegassed) Was calculated from the PL ratio between

degassed and air-equilibrated solutions, shown in figure 32.
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Figure 32 Emission spectra in degassed (solid lines) and air-equilibrated (filled areas) in dilute toluene solution at
room temperature.

The slight decrease in the photoluminescence of the emitters when oxygen is
introduced into the solution indicates that triplet states are likely involved in the emission
process. Oxygen has a known effect of suppressing slow emissive processes, such as TADF
and RTP, which involve triplet states.

In toluene solution, acridine derivatives demonstrated significantly lower PLQY

values than carbazole derivatives. This is consistent with the acridine unit being more
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orthogonally positioned (nearly 90 degrees) to the core than the carbazole unit. Therefore, even
though it forms a CT state, this state has a low oscillator strength and, consequently, a lower
radiative rate. Compound 1c¢ has a very low emission intensity, indicating that its CT state has
the lowest oscillator strength of analog 1d. These measurements are summarized in table 3.
According to the PLQY results, the presence of the thiophene group in all the molecules leads
to strong spin-orbit coupling between their low energy states, resulting in a large population of
triplet states (®isc = 1 - @degassed) and triplet non-radiative deactivation, especially in the

compounds 1¢ and 1d.

Table 3 Quantum yields ® in toluene solution.

1a 1b 1c 1d
Dir 0.156 0.123 - 0.018
Dgegassed 0.210 0.163 2.79 (ratio) 0.098

3.1.2.5.2 Time-resolved photoluminescence — Solution and Solid State
To examine the behavior of the excited states, we conducted time-resolved
photoluminescence (TRPL) measurements in toluene and solid-state materials. The resulting

decay curves in toluene are presented in figure 33.
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Figure 33 Time-resolved decay curves in toluene. The excitation wavelength was 355 nm. All measurements were
performed in the absence of oxygen.
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All the compounds exhibited a decay profile with two types of emission. The radiative
decay observed in the nanosecond range was due to prompt fluorescence. A second emission
in the millisecond range (for compounds 1a, 1b, and 1d) and in the microsecond range (for
compound 1¢) was also observed, which could be attributed to either phosphorescence or
delayed fluorescence. By analyzing the emission spectra at different decay times (figure 34), it

was possible to identify the specific decay mechanism in each of these materials.
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Figure 34 Normalized spectra taken after different delay times at room temperature in toluene solutions. The
excitation wavelength was 355 nm. All measurements were performed in the absence of oxygen.

The time-resolved photoluminescence spectra for the carbazole derivatives, shown in
Figures 34a and 34b, reveal similar trends. In the initial nanoseconds after excitation, both
compounds exhibit an emission peak centered at approximately 475 nm and 460 nm for 1a and
1b, respectively. This peak is attributed to the decay of the 'LE/'CT state, with lifetimes of 8.3

ns and 5.5 ns for 1a and 1b, respectively. As the delay times increase, a second emission peak
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is observed at wavelengths of approximately 575 nm and 555 nm for 1a and 1b, respectively.
These peak displays characteristics typical of room-temperature phosphorescence (RTP), with
a lifetime of approximately 0.7 ms for both compounds.

Moving from carbazole derivatives to acridine homologs (figures 34c and 34d), the
time-resolved photoluminescence (TRPL) spectra of 1¢ and 1d in toluene solution exhibited
similar behavior. Specifically, 1¢ displayed a rapid stabilization of the 'CT state with a 1.5 ns
lifetime, followed by a broad emission band at around 525 nm with an 11.9 ns lifetime. At
longer time delay, the band in the microsecond time regime has identical spectra as the prompt
decay and is ascribed to delayed fluorescence (DF). The DF emission exhibited faster decay,
with lifetimes of 0.5 ms. For 1d, In the initial nanoseconds after excitation, we observed
emission with an onset at 520 nm and a lifetime of 4.7 ns. By increasing the delay times, the
emission band in the microsecond time regime has been found to have identical spectra as the
prompt decay. It is also identified as delayed fluorescence (DF) with a lifetime of 0.02 ms.

The presence of RTP in the toluene solution of compounds 1a and 1b is surprising, as
triplet states typically have a long lifetime and tend to undergo non-radiative decay. However,
the bulky carbazole donor surrounding the rigid triazine core protects the ’LE state, centered at
the triazine-thiophene core (similar to TTT derivatives), from non-radiative losses such as
collisional deactivation with the environment. The lifetime data of all processes is summarized

in table 4.

Table 4 Lifetimes 7 in toluene solution.

la 1b 1c 1d
71 (ns) - - 1.5 (36%) -
T2 (ns) 8.3 5.5 11.9 (64%) 4.7
TpF (mS) - - 0.5 0.02
TPhosph (MS) 0.7 0.7 - -

Time-resolved photoluminescence analyses in the solid state were also performed.
Figure 35 shows the time-resolved decay and the normalized emission spectrum at different

delay times for all emitters.



10°4 °
|

10"4

1074

3
"

"
104
1074
.
10°4
1074

Normalized Intensity (a.u.)

10%4
)
10”4

e 295K
o 80K

1a : Zeonex (1%wt)

Normalized Intensity (a.u.)

5

-

10

7

e
10° 100 10"

Time Delay (s)

10" °
10" 4

)
3 3
sl il

1074
1074
10°4
1074

Normalized Intensity (a.u.

104
10°4

e 295K

e 80K

1b : Zeonex (1%wt)

Normalized Intensity (a.u.)

107 T
10"

-
107

10° 10° 10" 107
Time Delay (s)

Normalized Intensity (a.u.)

1c : Zeonex (1%wt)

Normalized Intensity (a.u.)

10

Ty
10° 10° 10"

Time Delay (s)

Normalized Intensity (a.u.)

1d : Zeonex (1%wt)

Normalized Intensity (a.u.)

4

T T T
100 10° 10°
Time Delay (s)

109

1.4
Time Delay 1a : Zeonex (1%wt)
124 ——15ns 295K
— 124ns
104 ——19ms
— 79 ms
0.8
0.64
0.4+
0.2
0.0+
350 400 450 500 550 600 650
Wavelength (nm)
1.4
Time Delay 1b : Zeonex (1%wt)
1.2 1.5 ns 295K
— 124ns
104 ——1.9ms
—11.2ms
0.8 79 ms
0.6
0.4
0.2+
0.0 T T T
350 400 450 500 550 600 650
Wavelength (nm)
1.4
Time Delay 1c : Zeonex (1%wt)
124 —15ns 295 K
—112ps
104 ——1122ps
—19ms
0.8 -
— 79 ms
0.6 4
0.4
0.2+
0.0 T T T T T
350 400 450 500 550 600 650
Wavelength (nm)
1.4
Time Delay 1d : Zeonex (1%wt)
124 ——1.5ns 295K
—L.1lps
104 ——112ups
—19ms
0.8 11.2ms
—39.8 ms
0.6
0.4+
0.2
0.0 .

350

! T T T
450 500 550

Wavelength (nm)
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The decay curves of compounds 1a and 1b exhibit two regimes, like those previously
observed in toluene solutions. The curves display a prompt fluorescence followed by
phosphorescence at longer delay times. In the initial delay times (nanoseconds range), both
compounds exhibit an emission with onset at 455 nm (1a) and 435 nm (1b) with lifetimes of
6.3 ns and 3.0 ns, respectively. At the delayed lifetimes, we observed phosphorescence emission
with an onset at 567 nm for compound 1a and 545 nm for compound 1b. The lifetimes for this
process were found to be 21.0 ms and 55.7 ms for compounds 1a and 1b, respectively. The
derivative containing acridine, 1¢, exhibited three distinct emission regimes upon excitation. In
the nanosecond range, we observed prompt fluorescence with peak emission at 507 nm and a
lifetime of 5.3 ns. As the delay time increased into the microsecond range, we observed a similar
spectrum corresponding to delayed fluorescence (DF) with a lifetime of 0.1 ms. Finally, at even
longer delay times in the millisecond range, we observed a new emission peak at 610 nm and a
lifetime of 10.5 ms, characteristic of RTP. Compound 1d exhibits two emission regimes in
time-resolved decay, although the emission spectrum remains unchanged at different
acquisition times, characteristic of prompt and delayed fluorescence. The onset of emission
occurs at 473 nm, and the lifetimes of PF and DF are 2.4 ns and 0.36 ms, respectively.

As the temperature decreases, 295K to 80K, the spectra in all regimes become better
resolved, indicating a decrease in motion and an increase in the rigidity of the structure in the
film. The most extended lifetime observed for radiative decays in all compounds at low
temperatures is correlated with less pronounced non-radiative decays. The obtained data are

summarized in table 5.



Table 5 Lifetimes 1, quantum yield @, and S; & T, energies in zeonex matrix.
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1c 1d
RT
TpF (NS) 53 2.4
TPhosph 1 (MS) 10.5 -
TPhosph 2 (IMS) 21.3 (60%) 56.2 (56%) - -
TPhosph av (ms)[?] - -
Tor 1 (MS) 0.2 (25%) 0.004 (66%)
TpF 2 (MS) 0.03 (75%) 0.36 (34%)
TDF av (M) 0.1 0.36
Dyir 0.04 0.03
80 K
TpF (S) 8.8 4.6
TPhosph 1 (IMS) 51.1 (87%) 7.0 (22%) 17.9 (12%)
TPhosph 2 (MS) 5.74 (13%) 84.1 (94%) 0.07 (78%) 0.02 (88%)
Trhosph av (ms)™! 6.8 17.8
TpF (mMS) - -
S1(eV) 2.725+0.014  2.845+0.009 2.461 +£0.015 2.583 +£0.016
T1(eV) 2.202+0.019 2.289+0.010 2.243 +0.020 2.315+0.008
AEst (eV) 0.218 0.268

[a] Obtained from t = X 1,%A; /ZtiA;, due to multi-exponential profile.

From the onset values of the PF emission peak at room temperature and the

phosphorescence emission peak at low temperature, we estimated the AEsr gap for all

compounds (as shown in table 5). The high values that were found for the carbazole derivatives

prevent these emitters from showing delayed fluorescence, while the gap values found for the

acridine-containing emitters allow rISC to occur, enabling TADF emission.

With the acridine derivatives, delayed fluorescence was suppressed when time-

resolved photoluminescence (TRPL) was carried out at low temperatures (see annex section).

This observation, in conjunction with the values of AEst obtained for these derivatives, supports

the conclusion that the mechanism of delayed fluorescence exhibited by these materials is of
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the thermally activated delayed fluorescence (TADF) type. The small amount of thermal energy
at room temperature is sufficient to facilitate intersystem crossing and enable emission from the

'LE/!CT state.

3.1.2.6  Theoretical investigations

Theoretical density functional theory (DFT) calculations are currently being
performed to determine the geometries of the ground state of all emitters. Time-dependent DFT
(TD-DFT) and spin-orbit coupling TD-DFT (SOC-TD-DFT) calculations are also being
conducted to examine the properties of the excited states of triazine-based compounds and
compare them to experimental results. At the time of writing and submitting this Ph.D. thesis,

the calculations are still ongoing and need to be finalized.

3.1.3 Conclusions

Structural modifications on D3 A molecules based on the triazine core have been found
to impact these materials' emission properties significantly. For example, the carbazole moiety
in the triazine-thiophene structure allows for phosphorescence emission, while acridine
derivatives exhibit TADF emission. The strongly twisted structure triazine-thiophene-acridine
reduces the overlap between the HOMO and LUMO orbitals, resulting in low AEst values (less
than 0.3 eV), which enables reverse intersystem crossing and TADF emission with lifetimes
ranging from 0.02 to 0.5 milliseconds. Although the molecular structure in carbazole
derivatives does not typically allow for low AEst values, the inclusion of thiophene bridges can
result in solution RTP emission with lifetimes of 0.7 milliseconds, because of the heavy atom
effect of the sulfur of the thiophene bridge. Acridine derivatives also show phosphorescence in
the solid state at low temperatures, with lifetimes ranging from 6.8 to 17.8 milliseconds. The
PLQY of these materials ranges from 0.01 to 0.02 in a degassed solution. All of the compounds
demonstrated PF with lifetimes ranging from 4.7 to 11.9 nanoseconds, with carbazole
derivatives showing higher efficiency due to a mixed 'CT/'LE state. The RTP observed in
solution for carbazole derivatives suggests that the °LE emission state centered on the triazine-
thiophene unit is protected from nonradiative decay by the bulky donor in the structure. The
incorporation of thiophene bridges with a sulfur atom in the D3;A structure of new emitters
based on the triazine center has proven effective in creating materials with different emission

mechanisms depending on the donor unit.
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3.2 TRIS[1,2,4]TRIAZOLO[1,3,5]TRIAZINE: RTP & TTA EMITTERS.
3.2.1 Introduction

The tris[1,2,4]triazolo[1,3,5]triazine (TTT) core is a fused tetracycle containing nine
nitrogen atoms in its structure. Four known isomeric forms exist two symmetrical Cs structures
and two less symmetrical ones (figure 36). The symmetric isomers are denoted by t-TTT

(tangential) and r-TTT (radial), while the less symmetric ones by t,t,r-TTT, and t,r,r-TTT.!%

N\N/N N N/N N N,N N\NJ/N
Nt N, N AL
LY Yy YN NN
-N N N4, N~

tTTT tt,r-TTT t,r,r—TTT\ ~TTT )

Figure 36 Isomeric forms of the TTT core.

Hoffmann and co-workers were the first to report the synthesis of the TTT heterocycle
from 3,5-diamino-1,2,4-tetrazole (figure 37a). In this work, Hoffman characterizes the
molecule obtained as the radial isomer.!?! Years later, Kaiser corrected the structure proposed
by Hoffmann as being the t-TTT isomer.!”? Conducting studies with tetrazole derivatives,
Huisgen reported the reaction of these derivatives with cyanuric chloride as a synthetic route to
obtain the t-TTT heterocycle (figure 37b), the most used route nowadays to obtain these
molecules due to its broad scope.!® In 2005, Tartakovisky proposed the synthesis of the r-TTT
isomer from the cyclo-condensation of the 3-R-5-chloro-1,2,4-triazole molecules (R = Cl and
Ph, figure 37¢). In this work, the author explored the thermo-instability of the t-TTT isomer
and obtained a mixture of isomers. Among them is the symmetric r-TTT C; isomer (figure

37d).'™
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Figure 37 Synthetic methodologies of TTT core; a) from 3,5-diamino-1,2,4-tetrazole (first report); b) from
cyanuric chloride (Huisgen reaction); ¢) r-TTT from 3-R-5-chloro-1,2,4-triazole; d) thermoisomerization t-TTT to
r-TTT.

The mechanism for the Huisgen reaction is proposed in figure 38a. Initially, the
substitution of all chlorine atoms in the cyanuric chloride reagent for the tetrazole units followed
by the thermal opening of the ring and elimination of N results in the formation of the TTT
heterocycle. The formation of a nitrile imine intermediate is the determining step for the
formation of the t-TTT isomer.!% Although it is possible to obtain the r-TTT isomers via the
thermal condensation of 3-R-5-chloro-1,2,4-triazole derivatives, the scope of this reaction is
limited. Figure 38b shows the thermal isomerization mechanism for converting t-TTT
molecules to r-TTT. In the first step, a heterolytic cleavage of a C-N bond of the triazine ring
occurs, forming a zwitterionic species. The next step is a rotation of the anionic ring and
subsequent recombination with the cationic portion. Two more steps of cleavage, rotation and
recombination occur for complete isomerization. A mechanism via homolytic breakdown and
formation of a biradical is not ruled out due to the high isomerization temperatures and the non-

delocalization of the positive charge on the cationic ring.!%
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Figure 38 Synthetic mechanism TTT core; a) Huisgen reaction; b) Thermoisomerization, Dimroth rearrangement.

Cyclic voltammetry studies have suggested that the TTT core can accept electrons and
function as electron transport material in electroluminescent devices. The combination of
columnar mesomorphism, luminescence, and thermal stability are essential requisites for
application in electro-optical devices. The emission in the blue region found for these materials
is also an essential factor that drives research in derivatives of the TTT heterocycle. 106197

The TTT moiety has been of interest in the field of blue TADF emitters due to its
properties as an acceptor group of moderate strength. Recently, there has been a focus on
developing blue emitters using the TTT moiety.”*"1%112 Pathak et al. introduced two TADF
emitters, TTT-PXZ and TTT-DMAC (figure 39), which had moderate PLQY's and short DF
lifetimes, but the devices made with these emitters had low EQEmax values.!” Wang et al.
improved the efficiency of a DMAC-based OLED using a TADF emitter called TTT-Ph-Ac
(figure 39), resulting in an efficiency of 9.73%.%° Hundemer et al. found that using TTT as a
central acceptor in TADF molecules can produce blue emissions with long-lived DF.!% The
synthesis of asymmetric emitters based on the TTT acceptor with one or two donor units was
also proposed, resulting in the creation of TTT-Ac and TTT-2Ac (figure 39), which showed
blue-shifted emission in solution and film.!'"® The Dimroth rearrangement, a thermal
isomerization process of TTT derivatives, produced efficient TADF emitters with minimal
AEst. This led to the synthesis of three new compounds, TTTD3HMAT, TTTD-3tBu, and
TTTD-3ACR (figure 39).!'! TTT-based emitters modified with diphenylamine-derived donor
fragments called TTT-TPA-R (R = H, OMe, and ‘Bu) were also synthesized and characterized,
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showing deep/pure blue emission with maximum emissive peaks in the 420-470 nm range in

films.!1?
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Figure 39 TADF emitters based on TTT core.

3.2.2 Results and Discussions

3.2.2.1 Design of the TTT-based emitters
Tristriazolotriazine core (TTT) is a derivative of s-triazine with an expanded planar
structure. Its electron-deficient character and easy chemical functionalization allow the TTT

core to be employed as an acceptor unit in TADF materials.”>!%112 Considering the recent
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progress in the use of this unit in molecules with delayed luminescence, we have designed a

new series of D3A-type emitters based on the TTT core, as shown in figure 40.

5 DH/

NN S NN V8
Oy 0y
D' NN D' (NN

Figure 40 Target D3A molecules based on the TTT core. Donor units are 3,6-di-tert-butyl-9H-carbazole and 9,9-
dimethyl-9,10-dihydroacridine.
Analogous to the series of molecules based on the s-triazine core, the TTT emitters

have the same donor wunits (3,6-di-tert-butyl-9H-carbazole and 9,9-dimethyl-9,10-
dihydroacridine) and the same linking bridge (2,4-substituted thiophene) to compare the

photophysical properties of the materials of the two synthesized series.

3.2.2.2  Synthesis and Characterization
Unlike the synthesis of the target materials based on the triazine acceptor unit, the
synthesis of the TTT core should be the last reaction step. Thus, the synthesis of a series of

intermediates (7a-d, 8a-d) was required, as shown in scheme 3.
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Scheme 3 Synthetic approach to 2a-d; i) Br,, AcOH; ii) NH4OH(aq), I, THF; iii) (a-b) 3,6-di-tert-butyl-9H-
carbazole, K»CO3, CuS04.5H,0, 1-methylnaphthalene; iv) (¢-d) 9,9-dimethyl-9,10-dihydroacridine, [Pd(OAc):],
Xphos, NaOt-Bu, toluene; v) NaN3, NH4Cl, DMF; vi) C3N3Cls, 2,6-lutidine, toluene.

Like in the synthesis of the triazine analogs 1a-d, the same coupling between the donor
units (3,6-di-tert-butyl-9H-carbazole and 9,9-dimethyl-9,10-dihydroacridine), and the bromine-
bearing nitrile substrates (5a/b) was employed. The variant of Ullman reaction was used for
synthesizing the intermediates 7a/b (7a: 48% and 7b: 34%) and coupling via palladium
chemistry to obtain the compounds 7¢/d (7¢: 42% and 7d: 46%).°%"7 In the next step, the cyano
group of 7a-d is converted to the tetrazole heterocycle (8a-d, ~80%) via a 1,3-dipolar cyclo
addition between sodium azide and the cyano group. The intermediates 8a-d react with cyanuric
chloride in a Huisgen reaction to give the N-heterocycle TTT compounds (2a-d, ~35%).!%

The low field region of the "H NMR spectrum of molecules 5a,7a, and 8a is shown in
figure 41 (right). The CN coupling can be easily observed through the appearance of three
signals (8.13, 7.51, and 7.33 ppm) in the aromatic region of the spectrum of intermediate 7a.
The ratio of 2H (thiophene ring) to 6H (3,6-di-tert-butyl-carbazole heterocycle) indicates the
proper ratio of units (this interpretation applies also to 7b-d, the spectra are in the annex
section). Although the 'H NMR spectra of compounds 7a and 8a were not made in the same
solvent (making a direct comparison of the chemical shift impossible), the different solubilities
of the materials indicate the change of functional group. This change can be easily observed by
infrared spectroscopy. In (left), the IR spectra of the intermediates 5a,7a, and 8a are shown
(spectra of 7b-d and 8b-d are analogous, the spectra are available in the annex section). The

band's presence around 2.200 cm™! in the spectrum of 5a and 7a indicates the presence of the



119

nitrile group, as expected. After conversion to 8a, the characteristic band of the CN stretching

on the nitrile group is not observed, confirming the change in the functional group.

100

— 5a
Ta
—8a

804

% Transmittance

60

40

T
2500 2400

T T
2300 2200
Wavenumbers (cm-1)

T J
2100 2000

S._CN
"/
Br 5a o L
100 0.98
S = r
UCN = & o ,}ﬂ
"Bu O N 7a ‘;n |B'm c @] [o@a] Lj\]‘
SI S .
et e i
= 203
N
N
H:

101 1.04

35 8.30 825 8.20 8.15 8.10 8.05 8.00 7.95 7.90 7.85 7.80 7.75 7.70 7.65 7.60 7.55 7.50 7.45 7.40 7.35 7.30 7.25 7.20 7.1*
Chemical Shift (ppm)

Figure 41 IR and 'H NMR spectra of intermediates 5a, 7a and 8a. IR spectra region 2.000 — 2.500 cm™!, monitoring
of the CN stretching band (left). "H NMR spectra (400 MHz, 5a and 7a: CDCl;, 8a: DMSO-d6). Aromatic region

(right).

Since we cannot directly compare the chemical shift of the aromatic hydrogens in the

"H NMR spectra of the intermediate 8a with the final molecule 2a (figure 42, up), analyzing

the 3C NMR spectrum (figure 42, bottom) together with the mass spectrum is key to confirm

the synthesis of the TTT heterocycle. The same is true for 2b. Spectra are available in the annex

section.
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Figure 42 '"H NMR spectrum of final molecule 2a (400 MHz, C,D,Cls) (top). '*C NMR spectrum from 8a and 2a
(101 MHz, 2a: C;D,Cl4, 8a: DMSO-d6) (bottom).

The presence of 14 signals in the 3C NMR spectrum of compound 2a, in contrast to the
13 signals present in the spectrum of intermediate 8a, indicates the formation of the N-
heterocycle TTT. The extra signal is assigned to the carbons of the central triazine heterocycle
of the target molecule. Combined with the information from the *C NMR spectra, the mass
spectra confirm the desired structure for compounds 2a/b.

The sucess of the CN coupling reaction can again be verified through the 'H NMR
spectrum (figure 43, right). The presence of the signals in the aromatic region (7.47, 7.03, and
6.32 ppm) refers to the aromatic hydrogens of the 9,9-dimethyl-9,10-dihydroacridine unit at a
ratio of 8H to 2H of the thiophene ring, indicating the formation of the carbon-nitrogen bond.
Monitoring of the stretching band in the IR spectrum at ~ 2.200 cm™! (figure 43, left), present
in the spectrum of 7¢ and absent for 8¢, supports functional group conversion after the 1,3-

dipolar cycle addition reaction.
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Figure 43 IR and 'H NMR spectra of intermediates 5a, 7¢ and 8c. IR spectra region 2.000 —2.500 cm’!, monitoring
of the CN stretching band (left). 'H NMR spectra (400 MHz, 5a and 7a: CDCl;, 8a: DMSO-d6). Aromatic region
(right).

As for 2a/b, the formation of the final molecules 2¢/d is confirmed by 'H NMR, 3C
NMR. Figure 44 (top) shows the 'H NMR spectrum of the final molecule 2¢. The *C NMR
spectra of the intermediate 8c and the final compound 2¢ are showed in figure 44 (bottom). The
presence of 13 signals in the spectrum of 2¢ in contrast to 12 signals for compound 8c indicates
cyclization of the tetrazole heterocycle in TTT. The extra signal is attributed to the carbons of

the central triazine ring formed. All the spectra to elucidate the structure of 2d are in the annex

section.
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Figure 44 '"H NMR spectrum of final molecule 2¢ (400 MHz, CDCl;) (top). '3C NMR spectrum from 8¢ and 2¢
(101 MHz, 8c: DMSO-d6, 2¢: C;D,Cls) (bottom).

The mass spectra obtained for compounds 2¢/d confirm the desired structure (see

annex section).
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3.2.2.3  Thermogravimetric analysis (TGA)
TGA measurement were performed to investigate the thermal stability of the emitters
synthesized in this chapter. The analyses were performed under an N> atmosphere with a heating

rate of 10°C min™'. The thermogram is shown in figure 45.
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Figure 45 Mass loss patterns determined through TGA measurements in N, with heating rate of 10 °C min™.

All four compounds derived from TTT exhibited good thermal stability with
decomposition temperatures (defined as 3% mass loss) in the range of 400 — 450 °C. The
emitters containing the 9,9-dimethyl-9,10-dihydroacridine unit were slightly less stable than the
analogs containing the 3,6-di-tert-butyl-9H-carbazole unit. Table 6 summarizes the

decomposition temperatures (Tqec) of the emitters 2a-d.

Table 6 Decomposition temperatures of TTT-based emitters obtained through TGA analyses.

Compound Tgec (°C)?
2a 442
2b 449
2¢ 401
2d 402

a: 3% mass loss
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The good thermal stability of these materials under inert conditions is suitable for

applications, such as OLEDs.

3.2.2.4  Cyclic voltammetry (CV)
We performed cyclic voltammetry analyses to investigate the TTT emitters' redox
properties. Figure 46 shows the voltammograms of compounds 2a-d. The solvent used for all

compounds was DMF.
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Figure 46 CV curves of the TTT emitters in DMF solution. 0.1 mol L' of BusNPF¢ (tetrabutylammonium
hexafluorophosphate) as a supporting electrolyte. Scan rate: 100 mV s!.

For emitters 2a and 2b, irreversible oxidation (Eox) signals were obtained in the range
of ~1.5-1.6 eV. Compounds 2¢ and 2d showed quasi-reversible oxidation in the range of ~ 1.2-
1.3 eV. From the oxidation onset, the Eox values are 0.88 V for 2a, 0.94 V for 2b, 0.58 V for
2¢, and 0.60 V for 2d relative to ferrocenium/ferrocene (Fc/Fc+, EFc/Fc+ = 0.46 V). The
smaller values of oxidation potentials found for the emitters containing the 9,9-dimethyl-9,10-
dihydroacridine moiety is in line with stronger donor character of this unit compared to 3,6-di-
tert-butyl-9H-carbazole. As the electron acceptor unit is the same in 2a-d, similar reduction
potentials were found: -2.30, -2.40, -2.29, and -2.34 V. According to the formulas Enomo = -
(Eox - Erc/re+ +4.8) eV and ELumo = - (Ered - Ere/re+ +4.8) €V, the HOMO/LUMO energy levels
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were calculated as -5.68/-2.50 eV (2a), -5.74/-2.40 eV (2b), -5.38/-2.51 eV (2¢) and -5.40/-2.46
eV (2d). Correspondingly, the energy gaps are evaluated as 3.18, 3.34, 2.87, and 2.94 eV.

3.2.2.5 Photophysical Properties
After synthesis and structural characterization of the TTT-based emitters, steady-state
and time-resolved photoluminescence analyses were performed to determine the photophysical

processes involved in the emission of these compounds in solution and solid state.

3.2.2.5.1 Steady-State Photoluminescence — Solution and Solid State

To investigate the effect of the structural changes at the TTT core on the photophysical
properties of the new materials synthesized in this work, the UV-vis absorption, and emission
spectra of 2a-d was measured performed in toluene solution. The experiments were performed
at low concentrations (107 mol L) following the Lambert-Beer parameters and avoiding the

formation of aggregates. Figure 47 shows the normalized absorption and photoluminescence

spectra.
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Figure 47 Absorption and emission spectra of 2a-d in dilute toluene solution (1073 mol L ™). Solid line: absorption,
dash line: emission.
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A high-energy absorption band is observed at 280 nm for all compounds, which is
attributed to m - m* transition at the TTT core.!'’ The band close to 340 nm in the absorption
spectrum of compounds 2a and 2b is attributed to the carbazole moiety's 7 - n* transition.”®!!3
For emitters 2¢ and 2d, on the other hand, the © - n* transition of the dimethylacridine portion
is responsible for the corresponding band at 320 nm.”® In addition to these characteristic bands
of the subunits, intramolecular charge transfer bands are observed at longer wavelengths. These
bands exhibit low molar absorptivity coefficients (<1000 mol™! L cm™), characteristic of this
type of electronic transition.!' With 2¢ and 2d this band is weaker than with 2a and 2b. This
suggests that the 9,9-dimethyl-9,10-dihydroacridine donor unit and the TTT core are nearly
orthogonal, forming a charge transfer state with low oscillator strength (f). The emitters
containing the donor portion 3,6-di-tert-butyl-9H-carbazole show in the steady state
photoluminescence spectrum an emission band with a maximum at 440nm for 2a and 430 nm
for 2b. This emission comes from a mixture of excited states, 'LE/!CT (LE = locally excited
singlet, 'CT = charge transfer singlet). The derivatives 2¢ and 2d surprisingly exhibit a double
emission when excited at 320 nm. The higher energy emission peak matches the emission from
the 9,9-dimethyl-9,10-dihydroacridine unit, as reported in the literature.”® The second broad
emission centered at 460 nm is attributed to a !CT emission. Observing the emission related to
dimethylacridine suggests a decoupling of the donor and acceptor moieties in these derivatives.

To confirm the nature of the emission, photoluminescence spectra in 2-MeTHF solution
were obtained. Figure 48 compares the photoluminescence spectra of 2a-d in toluene and in 2-

MeTHF.
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Figure 48 Absorption and normalized photoluminescence spectra in toluene and 2-MeTHF solutions. Solid line:
absorption, dash line: emission.

For 2a and 2b (figure 48a and b), increasing solvent polarity results in a slight red

shift, and the emission peak becomes less structured. This behavior indicates a mixed 'LE/!CT

state. Emitter 2¢ (figure 48¢) shows in more polar solvents a broader emission. This broad

emission can be related to the stabilization of the !CT state and the increased phosphorescence

contribution to the overall emission. The phosphorescence contribution to the emission can be

confirmed by time-resolved photoluminescence analyses. The emission band shift is more

pronounced in 2d than in 2¢. In addition, the emission becomes broader.

The photophysical properties in the solid state were investigated using a zeonex

matrix, a non-polar saturated hydrocarbon polymer that simulates isolated molecules. The

absorption and emission spectra of all emitters are shown in figure 49.
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Figure 49 Normalized absorption and photoluminescence spectra in zeonex excited at the peak of the lowest
energy band. Solid line: absorption, dash line: emission.

The compounds 2a and 2b derived from carbazole exhibited the same absorption and
emission profile when observed in a toluene solution. However, the acridine analogs displayed
a more clearly resolved absorption, which was expected due to the increased structural rigidity
of the molecules in the matrix. All emitters, except for 2¢, exhibited a Gaussian emission band
with similar onsets as those observed in toluene solution. Compound 2¢ showed a broader
emission, likely due to a significantly wider distribution of the blocked donor-acceptor dihedral

angles in the solid matrix.

3.2.2.5.2 Time-resolved photoluminescence — Solution and Solid State
We performed a time-resolved photoluminescence analysis to investigate the excited
states' dynamics and understand the emission mechanisms in these materials in solution and

solid-state. Figure 50 shows the decay curves obtained in toluene solution for 2a-d.
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Figure 50 The TTT derivatives time-resolved decay curves in toluene. The excitation wavelength was 355 nm.
All measurements were performed in the absence of oxygen.

All compounds presented a decay profile with two types of emission. In the nanosecond
range, the observed radiative decay is related to prompt fluorescence. With longer decay times,
it is possible to observe a second emission in the millisecond range. This emission can be
attributed to phosphorescence or delayed fluorescence. By plotting the emission spectra at
different decay times (figure 51), it is possible to understand which decay mechanism these

materials present.
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Figure 51 Normalized spectra taken after different delay times at room temperature in toluene solutions. The
excitation wavelength was 355 nm. All measurements were performed in the absence of oxygen.

The carbazole derivative 2a and 2b exhibit the same emission profile. We have the
emission peak centered at 440nm (2a) and 415 nm (2b) in the first ns. This direct fluorescence
emission comes from the radiative decay of the ILE/1CT excited state, as mentioned earlier.
Increasing the delay time, in the microsecond range, emitters 2a, and 2b exhibit a dual emission
regime. The emission at shorter wavelengths exhibits the same profile as that observed in the
first nanosecond range and is attributed to delayed fluorescence. The second emission band,
with a maximum at 575 nm for both compounds, exhibits typical phosphorescence
characteristics at room temperature. The acridine homologs 2¢ and 2d exhibit different emission
spectra. Like the carbazole derivatives, compound 2¢ exhibits a similar emission spectrum.
Initially, 2¢ undergoes a very rapid stabilization of the 'CT state, which then, with a broad
emission band at around 460 nm, decays with a longer lifetime. At a more prolonged time delay,
in the microsecond range, the same double emission is observed and assigned as delayed
fluorescence and phosphorescence at room temperature. For 2d, we only observe different ones

at longer time delays in the microsecond range. This molecule, unlike its homolog, did not show
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delayed fluorescence, only a weak phosphorescence at room temperature with a low lifetime.
The room temperature phosphorescence observed in solution for all the emitters in our study is
a rare occurrence. This is because the long lifetime of the triplet state typically leads to non-
radiative decay of excited states through interactions with the solvent, such as collisions.
However, our theoretical calculations indicate that the excited state responsible for the
phosphorescence, in this case, is of the ’LE type, centered on the TTT-thiophene center. This
suggests that the large donor groups surrounding the central unit are able to protect the excited
state from non-radiative deactivation, allowing for the emission of phosphorescence in solution.
An exception is 2d, where the larger SOC between the low-lying states and a higher triplet
energy enhances the phosphorescence rate, as further discussed in the theorical investigation.

Table 7 shows the lifetime values and quantum yields obtained in toluene solution.

Table 7 Lifetimes t and quantum yields @ in toluene solution.

2a 2b 2c 2d
T1(ns) - - 2.3 (84%) 1.5 (89%)
T2(ns) 7.3 43 30.2 (16%) 32.7 (11%)
Tpr(ms) 0.5 (75%) 0.7 (83%) 0.8 (67%) -
TPhosph(MS) 2.8 (25%) 3.2 (17%) 3.5 (33%) 0.1
Dyir 0.258 0.196 0.017 0.023
Dgegassed 0.304 0.232 0.023 0.029

To investigate the role of non-radiative decay in these materials, we conducted
experiments to measure the absolute PLQY. We obtained the PLQY in air using an integrating
sphere, and we calculated the degassed PLQY (®degassed) by comparing the photoluminescence
of air-equilibrated and degassed solutions. Figure 52 illustrates the ratio of the

photoluminescence.
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Figure 52 Emission spectra in degassed (solid lines) and air-equilibrated (filled areas) in dilute toluene solution at
room temperature.

The slight decrease in the photoluminescence of the emitters when oxygen is introduced
into the solution suggests that triplet states are involved in the emission mechanism, as
previously suggested by time-resolved photoluminescence experiments. These mechanisms are
identified as RTP and TTA, as we will see later.

When comparing the PLQY of molecules containing the acridine unit to carbazole
analogs in toluene solution, we find that compounds 2¢ and 2d have lower values. This is likely
because the acridine portion is more orthogonal (nearly perpendicular) to the TTT center than
the carbazole units in emitters 2a and 2b. Although this system forms a charge transfer state,
this state has low oscillator strength values and exhibits low radiative decay. By examining the
relationship between ®@isc (a measure of radiative decay) and @Dgegassed (2 measure of non-
radiative deactivation), and the PLQY values found for these materials, we can conclude that
all compounds have strong spin-orbit coupling due to the presence of a sulfur atom in the
thiophene unit. This results in a high population in the triplet state and high non-radiative
deactivation of these states, particularly for the acridine derivatives.

Time-resolved photoluminescence analyses were also carried out in the solid state. A
double regime was observed for all compounds, a region of prompt fluorescence followed by
phosphorescence emission. Figure 53 shows the decay profile and the normalized emission

spectra at different acquisition times.
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Figure 53 a: Time-resolved decay in zeonex. b: Normalized spectra after different delay times.
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The TRPL decay in the solid state appears to be more structured in emitters containing
an acridine component. A bulky matrix may decrease the orthogonality between donor-acceptor
units, resulting in a mixed 'LE/'CT state as observed in homologs containing carbazole in a
toluene solution. As a result, all emitters in zeonex displayed similar lifetimes, as shown in
table 8. This slight increase in lifetime can be attributed to the reduced mobility of molecules
in the solid state, leading to a lower non-radiative decay rate. Additionally, the similarity in
lifetimes between the solid state and solution suggests that the bulky donor groups effectively
protect the °LE excited state centered on the TTT-thiophene unit, enabling phosphorescence
emission.

The absence of double emission in the microsecond range, as seen in analyses in
solution, suggests that the mechanism for delayed fluorescence in these materials in toluene is
likely triplet-triplet annihilation (TTA). This bimolecular process requires two triplet excited
state molecules to collide, with one transferring energy to the other, which returns to the singlet
state and subsequently emits fluorescence. While this phenomenon can occur in solution due to
the unrestricted mobility of molecules, it is suppressed in a rigid matrix or in the solid state.
The values obtained for AEst also support the conclusion that the delayed fluorescence is of the
TTA type. By analyzing the fluorescence onset at room temperature and the phosphorescence
onset at low temperatures, the values of AEst were estimated and are shown in table 8. The
similar values found for the triplet energy (°LE) in all emitters indicate that structural

modifications around the TTT center have a minimal impact.



Table 8 Lifetimes 1, quantum yields @ and S; & T, energies in zeonex matrix.
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2a 2b 2¢ 2d
RT
pr(nS) 3.9 2.6 3.8 3.4
T Phosph 1 (IS) 4.7 8.3 1.2 (82%) 0.8 (68%)
T Phosph 2 (M) - - 12.7 (18%) 7.3 (32%)
T Phosph av (ms)™*! - - 9.3 6.1
Dyir 0.144 0.124 0.031 0.055
80K
Tpr(NS) 7.7 6.0 5.1 4.7
T Phosph 1 (MS) 20.4 20.7 0.9 (59%) 0.6 (51%)
T Phosph 2 (MS) - - 16 (48%) 21 (49%)
T Phosph av (mMs)[ - - 14.6 20.5
Si (eV) 3.121 £0.020 3.229+0.017 2983 £0.015 3.103 £0.016
Ti (eV) 2.475+0.015 2.520+0.010 2.480+0.010 2.524 £ 0.008
AEst 0.646 0.709 0.503 0.579

[a] Obtained from t = X 12A; /ZtiA;, due to multi-exponential profile.

Materials that exhibit TADF should have AEst values within the range of 0.3 eV for
small thermal energy to be sufficient to promote the reverse intersystem crossing process. All
the materials synthesized in this study had AEst values above 0.5 eV, which excluded the TADF
mechanism as the cause of the delayed fluorescence emission observed in these materials in the
toluene solution.

As the temperature decreases, the spectra become more resolved in both the prompt
fluorescence and phosphorescence regimes. This is due to the molecules having less movement
and a more rigid structure within the film. Additionally, at low temperatures, the lifetimes of

these materials are similar and non-radiative decay is less pronounced.

3.2.2.6 Theoretical investigations

DFT (density functional theory) calculations were carried out to determine the ground
state geometries of the compounds. The resulting bond and angle values for all compounds
agreed with similar compounds for which X-ray structures had been obtained.!’!!* To evaluate

the orthogonality of the donor-acceptor units, dihedral angles were measured between the TTT
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core and the thiophene unit and between the thiophene unit and the donor unit (carbazole or

acridine). The measured dihedral angles and the optimized geometries are shown in figure 54.
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Figure 54 Optimized ground state geometries within B3LYP/def2-SVP level of theory.

The average TTT-thiophene angles of 15.76° and 13.20° for compounds 2a and 2b,
respectively, suggest that these units are not coplanar. The thiophene-carbazole angle increases
from 41.43° in 2a to 61.08° in 2b. As the TTT-thiophene dihedral angles are similar for both
compounds, the thiophene-carbazole angle indicates that the carbazole unit is more orthogonal
to the TTT core in 2b. For compounds 2¢ and 2d, similar TTT-thiophene dihedral angles of
13.59° and 21.44° were found. However, thiophene methylation decreases the thiophene-
acridine angle from 85.67° in 2¢ to 77.42° in 2d.

The characteristics of the excited states of 2a and 2b were investigated using TD-DFT
and SOC-TD-DFT. The first absorption band observed experimentally in these compounds
(figure 47) corresponds to the three low-lying states, which have CT orbital configurations

extending over the carbazole and part of the TTT-thiophene core. However, these states also
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have relatively high oscillator strengths (f), typical of LE states. Therefore, the excited states of
2a and 2b are considered a mixture of 'CT/'LE states, with 2b having a higher LE character
due to its more significant f value. The Si, Sy, and S; states are associated with the thiophene-
carbazole arms of the molecule, with S; corresponding to the arm with the largest thiophene-
carbazole dihedral angle and S> and S; corresponding to the other arms with lower dihedral
angles due to configurational asymmetry. The first absorption band in 2¢ and 2d corresponds
to the three low-lying CT states from acridine to the TTT-thiophene core, as indicated by their
low fvalues and orbital configurations. The second band in the theoretical spectra for all four
compounds, which corresponds to the high-energy band observed experimentally, is related to
the LE states from the TTT-thiophene core. Detailed information about these excited states can
be found in the annex section. The optimized S; and T geometries were obtained to gain
insights into the S; and triplet states. In the optimized S; state geometry, only minor differences
in the dihedral angles are observed as showed in Figure 55. This results in only slight changes

in f for the So — S transition in all four compounds (annex section).
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In contrast, the geometry of the molecules flattens significantly when going from the
ground state to the T state, resulting in a decrease in the dihedral angles between the donor and

acceptor moieties (Figure 56).
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Figure 56 Optimized T, state geometries within B3LYP/def2-SVP level of theory.

The configuration of the excited triplet states was calculated using SOC-TD-DFT
starting from the T state geometry. The flattening of the structure increases the overall
conjugation of the m-system, resulting in low-lying states with an LE orbital configuration
(annex section). Therefore, the T1, T2, and T states are assigned as *LE from the TTT-thiophene
core, with the lowest energy state being the smallest dihedral angle between these two moieties.
The Ty state is close in energy to S1 and has a CT orbital configuration from donor to acceptor
moieties.

The impact of spin-orbit coupling on ISC and phosphorescence pathways was studied

using SOC matrix elements (SOCME) obtained from SOC-TD-DFT calculations as shown in
table 9.
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Table 9 SOCME and adiabatic energy differences.

2a 2b 2c 2d

Y (Tj-1-4 oy | Hsoc|S1))? (em™) 4.36 5.19 3.75 1.75
Y (Tixyz|Hsoc|Siz1-10))% (em™)  10.36  9.37 11.65 14.54

S1 (eV) 3231 3346 2972 3.112
T1 (eV) 2207 2256 2.061 2.245
AEst 1.024 1.090 00911 0.867

The ISC rate is proportional to the sum of the SOCME between the singlet state (S1)
and all triplet states of lower or similar energy (in this case, Ti-T4 for all compounds). For
compounds 2a and 2b, the sum of the SOCME between S; and the triplet states was 4.36 and
5.19 cm’!, respectively, while for compounds 2¢ and 2d, we found values of 3.75 and 1.75 cm™
! respectively. These values match the measured quantum yields ®. Compounds 2a and 2d
have higher @ values than their homologs, mainly due to less deactivation via the ISC pathway
as indicated by fluorescence emission. These SOCME values for the ISC pathway are similar
to those found in regular donor-acceptor molecules and sulfur-containing compounds.!'!>!16

The SOCME between the low-lying states enables the previously forbidden T1 — So
radiative pathway. We calculated the SOCME between T and the first ten excited singlet states
for compounds 2a, 2b, 2¢, and 2d. The results show that the spin-orbit coupling sum for 2a and
2b is 10.36 and 9.37 cm™!, respectively. As the T energies of these two compounds are similar,
the observed lower kpnosph and higher tphosph With 2b can be explained by these spin-orbit
coupling sums. The spin-orbit coupling sums for compounds 2¢ and 2d are 11.65 and 14.54 cm™
!, respectively. In this case, 2d has a more significant spin-orbit coupling between the low-lying
states and a higher T energy than 2c¢, resulting in a significantly lower tphosph than the other
three compounds and only very weak RTP. The phosphorescence pathway has relatively larger
values of SOC, similar to other molecules with RTP.!'"!18 Ag the low-lying triplet states are

3LE states centered both at the TTT core and the thiophene bridge, the inclusion of thiophene

increases the SOC associated with the radiative T1 — So pathway, enabling RTP.

3.2.3 Conclusions
The incorporation of thiophene bridges in D3A-type TTTs significantly impacted their

emission behavior. Using a 2,4-substitution pattern on the thiophene bridges, we prepared four
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target compounds with thiophene bridges linked to the TTT core at position 2 and a donor
moiety at position 4. While this substitution pattern was not enough to achieve a low AEst value
and induce TADF behavior, the inclusion of thiophene bridges resulted in solution RTP
emission with lifetimes ranging from 0.1 - 3.5 ms and PLQY values between 0.023 and 0.258.
All compounds also exhibited PF emission, with the carbazole derivatives showing higher
efficiency due to a mixed 'CT/'LE state and the acridine derivatives showing pure 'CT emission
due to good orthogonality between the donor and acceptor moieties. A comparison of solution
and solid-state emission and their lifetimes indicated that the bulky donor moieties protect the
emissive ’LE state, allowing RTP under air to manifest even in solution. Based on these
findings, we recommend incorporating thiophene bridges in DyA-type emitters for molecular

design aiming for solution RTP.
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4 TOWARDS ANISOTROPIC DELAYED LUMINESCENCE FROM LIQUID
CRYSTALS
This chapter will discuss the attempts to induce mesomorphism in luminescent
materials and the synthesis of new liquid crystal matrices based on triazine to improve the
lightoutputing in OLED devices through anisotropic emission. After a short review of the
literature on mesogenic s-triazine and TTT derivatives, we present the attempts to induce

mesomorphism in luminescent molecules reported in the literature and proposed in this work.

4.1 INTRODUCTION
4.1.1 s-triazine

The synthesis of discotic liquid crystals has intensified over the years. These materials
have several applications that attract the industry's attention, i.e., light-emitting diodes, one-
dimensional conductors, photovoltaics, and others. These materials are easily processable and
have efficient self-healing properties.”® Relevant aspects for applying these materials are the
organization between the columns, the distances between the disks, the mesophases' stability,
and the rigid moiety's size.” Including heterocycles in these mesogens enhances molecular
interactions, improving the stability and organization of the material.!'>!?° Aza-aromatic
centers can form columnar liquid crystals with low LUMO levels, which leads to n-type
semiconductor properties. The N-heterocycle 1,3,5-triazine is one of the most widely used aza-
aromatics in discotic liquid crystals. Its electro-deficient character and easy functionalization at
the 2,4,6 positions of the ring, combined with the straightforward synthesis of the unit via
trimerization of the cyano group, allows obtaining several star-shaped C3-symmetric molecules
that can self-organize into columnar mesophases.?> The disk formation can occur through
hydrogen bonds between the nitrogens of the triazine center and some hydrogen bond donor
from another molecule (figure 57, left)!?! or through covalent bonds, where the disc formation

is intrinsic to the anisometry of the molecule (figure 57, right).'?
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Figure 57 Triazine-based mesogenic compounds.

The supramolecular self-assembly of these materials into 1D columns able to transport
charges combined with fluorescent properties has attracted much attention from researchers.
The combination of the ability to generate light with the charge transport in the columnar
arrangement allows the application of these materials in emissive layers for advanced
technologies such as OLEDs.” In this way, the emissive layer will be the same as the carrier
layer, simplifying the device structure, to give room for anisotropic alignment that may enhance
device performance.'?* Various luminescent discotic liquid crystals have been synthesized and
studied in recent years.!**127 Among the different core units present in these mesogens, the
triazine heterocycle has been increasingly used to synthesize these luminescent materials.5?
Recently, the triazine heterocycle began to be used as an acceptor unit on efficient TADF
emitters of D-A type structure. Triazine-based blue emitters are reported in the literature and
demonstrate that triazine-based molecules are promising in the search for efficient blue
emitters.'”® Bearing this in mind, in the pursuit of combining mesomorphism with TADF

properties, the triazine center was chosen.

412 TIT
In 2008, the Gallardo research group first reported mesomorphism in molecules
derived from the #ris[1,2,4]triazolo[1,3,5]triazine heterocycle.!?® Since then, several works on

the ability of TTT to stabilize columnar mesophases have been published (figure 58).!0%:107:129-
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135 The authors have modified both the number of aliphatic chains and their length. The rigid
central unit was also expanded, and some connecting groups, such as esters and azo groups,
were added. Although thermal isomerization of the TTT core has been known since 2005,'%
only in 2017, Lehmann et al. reported on the influence of the isomeric structures on the
properties of the mesophase.!% The authors observed that isomerization leads to higher melting

points, variably accompanied by loss or gain of mesomorphism.
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Figure 58 Examples of discotic liquid crystals based on the TTT core.

Although the TTT heterocycle has been widely explored regarding its mesomorphism,
recently, with this core as an acceptor unit in new efficient blue emitters, a renewed interest in
incorporating the TTT core in the structure of new luminescent liquid crystals that exhibit
delayed fluorescence has been raised.”®:19-112:13¢ The non-planarity in some of these mesogens
may be compatible with the non-planar structure desired in TADF materials and may facilitate

the combination of these two phenomena.

4.1.3 Triazine-based columnar matrices for OLED devices
Glassy polyaromatic matrices are often used in organic electronics because they can

prevent electrical and optical problems arising from grain boundaries in microcrystalline
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materials while still providing the mechanical stability of a solid. The formation of glasses
rather than crystals is favored by conformational multiplicity and the presence of dipoles. While
isotropic glasses are common among charge-transporting polycyclic aromatics, liquid
crystalline polyaromatic glasses are much rarer. These glasses enable the embedding of emitting
materials in an oriented anisotropic alignment, resulting in anisotropic emission, which can
increase the efficiency of external devices by 50%.4>137138 Hexagonal columnar liquid crystals
are fascinating because they tend to align homeotropically to surfaces, resulting in an emitter
orientation with preferred emission perpendicular to the device plane.!*® It has recently been
shown that the alignment direction and entropy content of a small molecule room temperature
columnar glass can be controlled during physical vapor deposition by adjusting the deposition
speed and substrate temperature.'4?

Our research group has recently reported that molecules with a triphenyltriazine core
decorated with ester groups, i.e. (tris(3-alkoxycarbonylphenyl)-s-triazines, display nematic
liquid crystal behavior. When these molecules are modified by adding fluorine atoms (either in
the central unit or in the aliphatic chains), they form columnar mesophases that do not tend to
crystallize at room temperature due to the flexibility of the single bond between the triazine and
benzene groups. This flexibility allows for different configurations of the ester groups bonded
in the meta position with respect to this bond. An additional notable characteristic of these
molecules is that the limited conjugation between the three outer arene units, connected through
meta-linkages in the central triazine cycle, results in a large band gap, T1-So.*® This makes it

possible to incorporate blue emitters, which are desirable for TADF OLEDs.

4.2 RESULTS AND DISCUSSIONS
4.2.1 Columnar liquid crystalline glasses based on triazine core

Since it was not possible to obtain a stable glassy state at a temperature above room
temperature using the smallest representative triaryltriazine esters, we designed new triply
phenanthryl- and [4]helicenyl-substituted triazine-hexaalkyl esters with shorter alkyl chains.
Doctoral student Fabricia Nunes da Silva, with whom I closely cooperated in the laboratory,
was responsible for synthesizing and characterizing the target molecules in this section. Figure

59 shows the structure of the synthesized mesogens.
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Figure 59 Target molecules based on the triazine center synthesized by Fabricia Nunes da Silva.

Fabricia found that it is possible to cleanly trimerize (4-cyanophenyl)acetic acid,

yielding a suitable substrate for threefold Perkin-Mallory sequences'*!

that enable the synthesis
of extended triaryltriazine hexaesters. 7ris((4-carboxymethyl)phenyl)triazine is Perkin-
condensed with phenylglyoxylic acid, and the resulting tris(maleic acid) is subjected to in-situ
esterification and subsequent Mallory photocyclization to obtain triphenanthryl-triazines with
three pairs of vicinal ester substituents (scheme 4). Fabricia extended the three aryl arms by
reacting the intermediate tris((4-carboxymethyl)phenyl)triazine with 2-naphthylglyoxylic acid
through a Perkin condensation, followed by in situ esterification. Photocyclization of Mallory

was then performed to obtain triply [4]helicenyl-substituted triazine-hexaalkyl esters (scheme

4). As aresult, the hexaethyl, hexapropyl, and hexabutyl ester derivatives were synthesized.
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Scheme 4 Synthetic approach for the synthesis of triazine-based mesogens. 1) CF3SOsH; ii) phenylglyoxylic acid,
acetic anhydride, triethylamine, THF; iii) alkyl alcohol, bromoalkene, triethylamine, THF; iv) iodine, ethyl acetate,
light; v) 2-naphthylglyoxylic acid, acetic anhydride, triethylamine, THF.
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After synthesizing and characterizing the molecules, we conducted further
characterizations of the liquid crystalline properties of the materials using differential scanning

calorimetry (DSC), polarized optical microscopy (POM), and X-ray diffraction (XRD).

4.2.1.1 Differential scanning calorimetry (DSC)

DSC analyses were performed to determine the phase transition temperatures and
energies that the materials exhibit. The analyses were carried out with a heating rate of 10°C
min’'. The results obtained are summarized in Table 10 and the diffractograms can be found in

the annex section.

Table 10 Calorimetric phase transition onset temperatures (°C) and enthalpies (J/g [in brackets]), and glass
transition onset temperatures, on heating with 10°C/min; Cr= crystalline phase, Colwex = hexagonal columnar
mesophase, Iso = isotropic liquid, T,(Col) = glass transition temperature in the hexagonal columnar mesophase;
monotropic transitions (observed on second heating only, after cooling from the isotropic liquid) in italics.

Cr-Cr Cr-Colhex  Colhex-Colhex  Colhex-Iso  Cr-Iso Tg

(Col)
TaPhenEt 22406 >375
TaPhenPr 150131 >375 81
TaPhenBu 10811 >375 19
Ta[4]HelEt 15312 3251261
Ta[4]HelPr 1791191 223801 23207
Ta[4]HelBu 1491101 205034 39

The results show that hexaethyl ester (TaPhenEt) undergoes a phase transition between
two different crystalline states upon heating above its melting point at 224°C but does not
transition to the isotropic liquid state up to 375°C. The propyl homolog (TaPhenPr) melts at
150°C and exhibits a hexagonal columnar mesophase above this temperature, which becomes
a non-shearable mesomorphic glass upon cooling. A glass transition at approximately 81°C in
TaPhenPr restricts crystallization to the temperature range between this point and the melting
onset at 150°C. The butyl homolog (TaPhenBu) exhibits a hexagonal columnar mesophase after
melting at 108°C but with a significantly lower glass transition temperature of 19°C. The
hexaethyl, hexapropyl, and hexabutyl ester derivatives (Ta[4]HelEt, Ta[4]HelPr and
Ta[4]HelBu) of sym-tris([4]helicen-3-yl)triazine, all melt directly to the isotropic liquid at
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attainable temperatures and do not form mesophases upon cooling. Ta[4]HelEt exhibits a
crystal-to-crystal transition at 153°C upon heating, while Ta[4]HelPr and Ta[4]HelBu exhibit
monotropic mesophases upon cooling below their clearing points. The clearing temperatures of

Ta[4]HelEt, Ta[4]HelPr and Ta[4]HelBu are 325°C, 232°C, and 205°C, respectively.

4.2.1.2 Polarized optical microscopy (POM)

All compounds were analyzed using polarized optical microscopy (POM). It was
found that TaPhenEt, TaPhenPr and TaPhenBu did not show a transition to the isotropic liquid
state up to 375°C when observed using POM. X-ray diffraction identified the high-temperature
state for TaPhenPr and TaPhenBu as a hexagonal columnar mesophase. However, TaPhenBu
had a significantly lower calorimetric glass transition temperature of 19°C. In contrast, the sym-
tris([4]helicen-3-yl)triazine esters Ta[4]|HelEt, Ta[4]HelPr and Ta[4]HelBu all showed a direct
melting of the crystalline state to the isotropic liquid at attainable temperatures of 325, 232, and
205°C, respectively, when observed using POM. No mesophase was detected in Ta[4]HelEt
upon cooling from the isotropic liquid, while Ta[4]HelPr and Ta[4]HelBu showed monotropic
mesophases upon cooling below their clearing points at 223 and 149°C, respectively, with the
typical growth textures of a hexagonal columnar mesophase. Micrographs are shown in the

annex section.

4.2.1.3 X-ray diffraction (XRD)

X-ray diffraction analyses were conducted to verify the molecular organization in the
mesophases of the materials synthesized in this session. The hexaethyl ester, TaPhenEt,
undergoes a phase transition between two different crystalline states when heated above its
melting temperature of 224°C, as confirmed by powder X-ray diffraction (XRD). The high-
temperature state of the propyl homolog TaPhenPr is identified as a hexagonal columnar
mesophase (due to the characteristic (11) and (21) secondary XRD peaks of the column lattice,
which correspond to distances related by factors of V3 and V7 to the main lattice peak)'*? (shown
in annex section). Upon cooling to room temperature, this mesophase solidifies into a non-
shearable mesomorphic glass. Powder XRD diffractograms taken at 250 and 25°C show a
contraction of the column-to-column distances by 10% (from 23.0 A to 20.7 A) over this
temperature range, accompanied by roughness in the diffraction pattern in the small angle

region, but without loss of the (11) and (21) peaks. In the butyl homolog TaPhenBu, which also
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exhibits a hexagonal columnar mesophase after melting at 108°C, immediate crystallization is
not observed upon heating above this glass transition temperature (19°C). The hexagonal lattice
parameter of TaPhenBu is preserved upon cooling from 150°C to room temperature, with a
column-to-column distance of 23.8 A. The n-stacking order inside the columns, corresponding
to an inter-disk distance of about 3.3 A, is enhanced at room temperature, facilitating charge
carrier transport. The m-stacking order was not observed in the powder XRD spectra of
TaPhenPr.

Upon cooling from the isotropic liquid state, Ta[4]HelEt does not exhibit any
mesophase, and a crystal-to-crystal transition is observed through differential scanning
calorimetry (DSC) upon heating at 153°C. Both crystalline phases of Ta[4]HelEt are hexagonal
and show the characteristic (10), (11), (20), (21), (30), (22), and (31) peaks corresponding to
hexagonal lattice distances in the ratios of 1:V3:V4:V7:¥9:412:V13, as well as many other peaks
(diffractogram is shown in the annex section.). In contrast, the crystalline phases of Ta[4]HelPr
and Ta[4]HelBu do not display prominent XRD peaks indicative of a hexagonal lattice. Upon
cooling below their clearing points at 223°C and 149°C, respectively, Ta[4]HelPr and
Ta[4]HelBu exhibit monotropic mesophases with the characteristic growth textures of the
hexagonal columnar mesophase (as mentioned before) and the corresponding \3 and V4 XRD
peaks. Therefore, the slight deplanarization of the aromatic core destabilizes the hexagonal
mesophase enough to achieve attainable clearing temperatures in Ta[4]HelPr and Ta[4]HelBu.
In contrast, the mesophase is wholly suppressed in Ta[4]HelEt and Ta[4]HelBu in favor of a
hexagonal crystal. Upon cooling, Ta[4]HelPr undergoes a low-enthalpy transition (1.9 J g,
table 10). X-ray diffraction analysis shows that this transition is not accompanied by any
change in the hexagonal symmetry of the mesophase or the appearance of peaks that are not
associated with a 2D hexagonal lattice. However, the higher-order peaks of the column lattice
significantly increase in relative intensity compared to the primary lattice peak (and the V7, \9,
V12, and V13 peaks are now clearly visible). This indicates an improvement in the correlation
length of the column lattice and an enhancement of the interdisk peak. As with TaPhenPr, a
slight contraction of the column-to-column distance (from 22.6 A to 22.2 A) and of the n-
stacking distance (from 3.8 A to 3.7 A) was also observed for Ta[4]HelPr. No glass transition
was observed for Ta[4]HelPr within the temperature range of this highly ordered mesophase.
In the case of Ta[4]HelBu, no transition from less regular to more regular mesophase is

observed. Instead, Ta[4]HelBu forms a mesomorphic glass at room temperature and exhibits a
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calorimetric glass transition at 39°C (table 10). As a result, Ta[4]HelBu displays both a
persistent mesomorphic hexagonal columnar glass at room temperature (with a column-to-
column distance of 21.9 A and an intercolumnar distance of 3.7 A) and easily accessible melting
and clearing temperatures of 205°C and 149°C, respectively. All diffractograms are shown in

the annex section.

4.2.2 Towards mesomorphic properties in delayed luminescence molecules.

As we discussed earlier, discotic liquid crystals exhibit specific structures. Molecules
with discotic anisometry, where aliphatic chains surround a rigid, planar central unit, tend to
exhibit columnar mesomorphism.’? To synthesize luminescent liquid crystals, it is necessary to
incorporate a suitable chromophore into the structure of a mesogen.'?* Pursuing efficient TADF
emitters with liquid crystal properties is challenging. Efficient symmetric C3 emitters need to
be non-planar to allow good spin-orbit coupling in the absence of heavy atoms.>* At the same
time, liquid crystalline phases are favored by planar disk-shaped molecules. There are
exceptions, among them the TTT heterocycle which is both a mesogenic and pronouncedly
non-planar unit.!®” Although it is planar, the triazine heterocycle is a mesogenic unit and
electron acceptor in TADF emitters.5%3
The molecules designed to be synthesized here are derivatives of molecules already

reported in the literature as TADF emitters and molecules synthesized in previously session of

this doctoral thesis. Figure 60 shows the target molecules of this session.

R
K R /S N
©\N\(© R’%N\{@ a)R=+N

N._-N

16a-¢ e 17¢ C()(‘-;IIis
S CsH, 5

b)R==%N

COC,H, s

-0

CgHy5
NN OCgH;3

=,
oo

N N_N N NN\: <:> O
o IVQR A N )
\g\_l\/f N—l\% ¢)R- %N
20¢ 21c O

OCeH 5

Figure 60 Target compounds in the search for discotic liquid crystals with TADF.
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To induce mesomorphism, we introduced alkyl and alkoxy chains in the peripheral
portions of the luminescent molecules. The molecules chosen have as donor unit the carbazole
moiety, as this is easily functionalized in the 3,6 positions, simplifying the insertion of the

aliphatic chains.

4.2.3 Synthesis and Characterization

4.2.3.1 9H-carbazole derivatives
To induce liquid crystalline behavior in luminescent molecules, it was chosen to insert

alkyl or alkoxy chains into the 9H-carbazole donor portion, as shown in scheme 5.

O 0
I I i C7H15 ’\‘ ’ | : C7H15 i C3H17| | ;CKHI-/'
N N N
H H H
9 10 77% 1155%
Br. Br jii CgHy30 OCgHy;4
N N
H H
12 13 45%

Scheme 5 Synthetic approach for 9H-carbazole derivatives; i) octanoyl chloride, AICls;, dichloromethane; ii)
LiAlH4, AICI3, THF; iii) hexan-1-ol, Na, Cul, DMF.

Intermediate 11 was obtained in two steps. In the first step, the commercial reagent 9
reacts with octanoyl chloride in a Friedel-Crafts acylation reaction to yield the acylated
intermediate 10 (77%). The carbonyl group of 10 is reduced to CH> (11, 55%) with lithium
aluminum hydride in THF.'* Inserting the alkoxy group into the 9H-carbazole unit required
the commercial reagent 3,6-dibromo-9H-carbazole (12).!** After the formation of sodium
hexan-1-olate in situ, the bromine atoms of commercial reagent 12 are replaced, resulting in
intermediate 13 in a yield of 45%.

Figure 61 shows the 'H NMR of intermediates 10, 11, and 12. The presence at 3.11
ppm of a triplet in the spectrum of 10 (figure 61, aliphatic region, red line) refers to the
hydrogens of the carbon neighboring the carbonyl in a ratio of 4H CH> to 7H in the aromatic
region (carbazole hydrogens), confirms the acylation reaction. The 'H NMR spectrum of

intermediate 11 is, in essence, the same as that of molecule 10 (same type of signals, figure 61,
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black line) but the integral of the signals in the aliphatic region differs in number, indicating the
presence of more hydrogens in molecule 11 (4H, see annex section) indicating reduction of the
carbonyl group. By monitoring the 1.800 — 1.500 cm™ region of the IR spectrum of these
materials (figure 61), it is possible to confirm the reduction of the carbonyl group. For molecule
10, there is a stretching band at 1665 cm™ characteristic of the CO bond. This same band is
absent in the spectrum of 11. Similarly, the presence of a signal at 4.04 ppm (figure 61, aliphatic

region blue line), in a ratio of 4H to 7H in the aromatic region of the spectrum, supports the

formation of product 13.
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Figure 61 IR (top) and 'H NMR (bottom) spectrum of intermediates 10, 11 and 13 (400 MHz, 10 and 13: CD,Cl,,
11: CDCl).
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4.2.3.2 1,3, 5-triazine

In parallel to the synthesis of the peripheral units, intermediates 10, 11, and 13, it was
necessary to synthesize the central unit 1,3,5-triazine. Two different substrates were chosen, 4-
fluorobenzonitrile (14) and 4-bromothiophene-2-carbonitrile (4), to induce mesomorphism in
luminescent molecules already reported in the literature!*> and molecules newly synthesized in
this work, respectively. Scheme 6 shows the synthetic route adopted to obtain the final

molecules 16a-c¢ and 17c.
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Scheme 6 Synthetic approach to 16a-c and 17¢; i) CF3SOsH; ii) a - 1,1'-(9H-carbazole-3,6-diyl)bis(octan-1-one)
and b - 3,6-dioctyl-9H-carbazole, Cs,CO3, dimethylacetamide; iii) ¢ - 3,6-bis(hexyloxy)-9H-carbazole, K,COs3,
CuS0,4.5H,0, 1-methylnaphthalene.

Intermediate 15 (75%) is obtained in the same way as intermediate 5, synthesized
earlier. The nucleophilic substitution reaction between the carbazole derivatives and
intermediate 15 leads to the final molecules 16a-c (~38%).!*® Compound 17¢ (32%) is obtained
via the Ullmann reaction variant described previously.

IR spectroscopy confirmed the trimerization of the nitrile group in the 1,3,5-triazine
heterocycle. Figure 62 shows the IR spectrum (2.000 — 2.500 cm™! region) of intermediate 15
and starting reagent 14. The presence of the stretching band at 2.233 cm™ in the spectrum of 14
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and the absence of the same in the spectrum of 15 indicates the change in the functional group.

The characterization of § was discussed earlier and followed the same reasoning.
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Figure 62 IR spectrum of intermediates 14 and 15. Monitoring CN stretch band.

The target molecules of the 1,3,5-triazine series were obtained after reacting the
carbazole derivatives (10, 11, and 13) with intermediates 15 and 5. "H NMR spectrum of 16a-
¢ is shown in figure 63. The absence of the NH hydrogen signal from the starting reagents and
the presence of 5 signals in the aromatic region in a 1:1 ratio (3 referring to the substituted
carbazole unit and 2 from the benzene ring between the donor-acceptor system) suggests the

formation of the target molecules. The structure of 16a-c¢ was confirmed by mass spectrometry

(see annex section).
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Figure 63 '"H NMR spectrum of the final molecules 16a-¢ (400 MHz, 16a and 16b: CD,Cl,, 16¢: CDCl3).
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The 'H NMR spectrum of compound 17¢ is shown in figure 64. In the aromatic region,

the presence of 5 signals, 3 referring to the 6H of the donor unit and 2 assigned to the 2H of the

thiophene ring, and the ratio between the signals support the substitution of the three bromine

atoms by the donor units. In the aliphatic region, all the signals of the alkoxy chains are present,

especially the triplet at 4.08 ppm relative to the hydrogens neighboring the oxygen in the

aliphatic chain and the triplet at 0.91 ppm of the terminal methyls. Mass spectrometry confirmed

the structure of 17¢.
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Figure 64 '"H NMR spectrum of the final molecule 17¢ (400 MHz, CDCl;).

After synthesizing and characterizing compounds 16a-c and 17¢, polarized light

optical microscopy was performed as a preliminary analysis of mesomorphism. Unfortunately,

none of the materials exhibited liquid crystalline behavior under the microscope (texture

formation), not being a liquid crystal.
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4.2.33 r-TTT
The donor unit chosen to induce mesomorphism in luminescent molecules containing

the acceptor unit TTT, was intermediate 13. In scheme 7 is shown the synthetic route employed.
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Scheme 7 Synthetic approach to 20 and 21; i) 3,6-bis(hexyloxy)-9H-carbazole, Cs;CO3, dimethylacetamide; ii)
NaNj3, NH4Cl, DMF; iii) C3N3Cls, 2,6-lutidine, toluene; iv) KoCOs, 1,2-dichlorobenzene.

In the first step, the fluorine atom is replaced by the donor unit in a nucleophilic
substitution reaction to generate compound 18 (55%).'4¢ The nitrile group of this intermediate
is converted in the next step to the tetrazole heterocycle (19, 82%) by 1,3-dipolar cyclo addition.
19 reacts with cyanuric chloride in a Huisgen reaction to form the target molecule 20 (42%).'%
This tangential form (20) is then converted to the radial TTT isomer (21, 67%) by Dimroth
rearrangement. H

The aromatic region of the 'H NMR spectrum of intermediate 18 identifies the
compound (figure 65, top). The successful exchange of the fluorine atom for the donor unit is
observed with the presence of 3 signals (6H) referring to the hydrogens of the 3,6-substituted
carbazole unit (confirmed by the triplet at 4.56 ppm) and 2 signals (4H) referring to the 1,4-
substituted benzene ring. By directly comparing the spectra of 18 and 19 (figure 65), it is

possible to observe a characteristic low field shift of one doublet from 8.51 ppm (18) to 8.85
ppm (19).
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Figure 65 '"H NMR spectrum of intermediates 18 and 19 (400 MHz, DMSO-d6).

This tetrazolization is confirmed by the IR spectrum (figure 66). The absence of the

stretching band at 2.200 cm™ in the spectrum of 19 confirms the absence of the nitrile group in

the molecule.
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Figure 66 IR spectrum of intermediates 18 and 19. Monitoring CN stretch band.
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To characterize the final molecule 20, the '"H NMR spectrum alone (annex section)
was not enough because, in essence, it is the same spectrum as the intermediate 19. Mass
spectrometry was crucial for adequately characterizing the material (see annex section). The
thermal isomerization of compound 20 into its isomer 21 is quickly followed by 'H NMR
(figure 67). Using the same deuterated solvent during the spectra acquisition enable us to
directly compare the chemical shifts of the signals in the aromatic region of the 'H NMR
spectrum. For example, the doublet at 8.53 ppm (20) shifts to 8.69 ppm (21) after isomerization,

as observed in the literature.

"1 90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 15 T4 13 72 71 10 69 68 67 66
Chemical Shift (ppm )

Figure 67 '"H NMR spectrum of the final molecules 20 and 21 (400 MHz, C,D,Cly).

Analysis of the isomers 20 and 21 in polarized light optical microscopy did not reveal
any liquid-crystalline behavior. These materials showed only a solid-liquid phase transition

during heating of the sample (liquid-solid on cooling).

43 CONCLUSIONS

Triphenanthryl-triazine-hexaesters (TaPhenEst) with alkyl ester substituents longer
than ethyl, for example, TaPhenPr and TaPhenBu, have been found to exhibit enantiotropic
hexagonal columnar mesophases that can be cooled without crystallization to form a
mesomorphic glass. The glass transition temperature strongly depends on the length of the
chain, with the Tg of the shorter propyl homolog TaPhenPr being approximately 60°C higher

than that of TaPhenBu. As a result, a glassy state at and above room temperature can only be
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obtained with very short alkyl chains, which require clearing temperatures above 375°C that
are not easily attainable.

To manage this, larger but less planar tris[4]helicenyl-triazine-hexaesters,
Ta[4]HelEst, have been designed and synthesized. When combined with short alkyl chains,
these compounds yield monotropic hexagonal columnar mesophases with melting and clearing
temperatures that can be conveniently attained. In the case of Ta[4]HelBu, the glass transition
temperature is also improved by 20°C compared to its phenanthryl analog TaPhenBu. Upon
cooling, the shorter-chain homolog Ta[4]HelPr does not show a glass transition but instead
exhibits an unusual and intriguing first-order transition to a second hexagonal columnar
mesophase with an extremely well-ordered hexagonal column lattice.

A molecular design based on configurational flexibility, a well-dosed intrinsic
deviation from planarity, and short alkyl ester substituents is shown to enable the stabilization
of a solid-like hexagonal columnar mesophase at room temperature and an accessible transition
to the isotropic liquid, allowing for the formation of surface-aligned samples by cooling from
the liquid.

Combining mesomorphism with thermally activated delayed fluorescence (TADF) has
proven to be a challenging task due to the opposing structural characteristics of these materials.
While we have successfully synthesized discotic molecules with a mesogen-based structure
(consisting of an aromatic center surrounded by aliphatic chains), none displayed the desired
liquid crystalline behavior. This is likely due to the lack of planarity in these molecules, which
is caused by the torsion angles between the donor and acceptor units. These angles hinder the
interaction between the molecules, preventing the formation of mesophases.

Recently, a new strategy for combining the properties of mesomorphism and TADF
has been reported, although the combination has yet to be achieved efficiently.*"!*"~1% The
authors demonstrated that designing a molecule with a portion responsible for mesomorphism
and another for TADF emission is the key to successfully combining these properties. Based
on this, we suggest synthesizing asymmetric molecules based on the TTT core and triazine,
where we can combine two arms with mesogenic structures (e.g., acceptor core-phenylene-
esters) and one arm with a TADF emission structure (e.g., acceptor core-bridge-donor) may be

an effective way to combine mesomorphism with TADF efficiently.
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5 EXPERIMENTAL DETAILS
5.1 TECHNIQUES AND EQUIPMENT

All reagents were acquired in analytical grade from commercial sources (Fluorochem,
Sigma-Aldrich, BLD Pharm, abcr, TCI, WWR chemicals) and used without previous
purification. Dry toluene was obtained via a solvent purification system from Innovative
Technology. All synthesized compounds were generally purified by recrystallization in P.A.
grade solvents or column chromatography under compressed air on silica (pore size 60A,
particle size 35-75 pum). 'H and '3C NMR spectra were obtained on a JEOL ECS-40
spectrometer operating at 400 MHz and 101 MHz, respectively. Infrared spectroscopy analyses
were obtained on a Nicolet Is50 FTIR spectrometer. Mass spectra were performed on a QStar
Elite mass spectrometer (Applied Biosystems) in positive mode. Thermal stability of the
emitters was investigated by TGA using a TA discovery equipment with a TGA 5500 module
and a heating rate of 10 °C min! and N> flow of 25 mL min!. Cyclic voltammetry was
performed in a three-electrode cell, utilizing an Autolab PGStat101 potentiostat, driven by
NOVA 2.1.4 software, a platinum wire counter electrode, a 1.6mm platinum disc working
electrode, and a non-aqueous reference electrode comprised of a silver wire ina 0.01 M solution
of AgNO3 and 0.1 M tetrabutylammonium perchlorate in acetonitrile; the analytes were
dissolved in DMF supplemented with 0.1 M tetrabutylammonium hexafluorophosphate.
Ground state geometries of the molecules were optimized in a vacuum, using the Orca 5.0.3
software package within B3LYP/ Def2-SVP level of theory. Dispersion effects were included
using Grimme’s D3 correction with Becke-Johnson (BJ) damping. The evaluation of the four-
center integrals was accelerated with the RIJCOSX algorithm. RIJ requires the specification of
an auxiliary basis set for the Coulomb part (Def2/J) and a numerical integration grid for the
exchange part (DefGrid-2). Analytical harmonic vibrational frequency calculations were
conducted to verify if the ground state is a minimum on the potential energy surface. TD-
DFT/TDA was employed to obtain the first 30 singlets, using the same calculation protocol,
differing only at the functional, which in this case was CAM-B3LYP. The same calculation
protocol was used to optimize the S1 state geometry. The first triplet was optimized from the
ground state of a UKS calculation. To include solvent effects in the excited state energies, a
conductor-like polarizable continuum model (CPCM) was used, using toluene. Using quasi-
degenerate perturbation theory, SOC was included on top of the TD-DFT results. The SOC

integrals used here are calculated using a mean-field named RISOMF(1X), described
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elsewhere. Images of the complex geometries were obtained using the Chemcraft program

(www.chemcraftprog.com).

5.2 SYNTHESIS

5.2.1 Emitters

4-bromo-5-methylthiophene-2-carbaldehyde (4b):
OHC \q |

Br
4b

A mixture of bromine (5 mL, 97 mmol) and acetic acid (25 mL) was added slowly via an
addition funnel to a stirred mixture of 5-methylthiophene-2-carbaldehyde (9.97 g, 79 mmol)
and acetic acid (50 mL), and the system was left under stirring at room temperature overnight.
After this period, the solution was taken to an ice bath, and 200 mL of a saturated aqueous
sodium sulfite solution was added. The precipitate formed was washed with water yielding 9.75
g (48 mmol, 60%) of an orange solid. "H NMR (400 MHz, tetrachloroethane-d>)  9.75 (s, 1H),
7.63 (s, 1H), 2.50 (s, 3H). BC NMR (101 MHz, chloroform-d) & 181.7, 145.9, 140.2, 138.8,
111.3, 16.0. IR: vmax (cm™) = 3304, 3097, 3087, 2844, 2804, 2769, 1887, 1694, 1662, 1566,
1510, 1407, 1374, 1317, 1226, 1163, 1080, 875, 842, 822, 782, 703, 660, 576, 480, 461.

General procedure for the synthesis of bromo-thiophene-carbonitriles:

In a 500mL round bottom flask were added bromo-thiophene-carbaldehyde (52.3 mmol), 30%
aqueous NH4OH (130 mL), and THF (140 mL). After 10 min of vigorous stirring, iodine (14.6g,
57.5 mmol) was added. The mixture was left under stirring at room temperature for 3 hours.
After this period, more iodine (11.0g, 43.4 mmol) was added and the mixture was left to react
for another 2 hours. Saturated aqueous sodium bisulfite solution (200mL) was added, and the
organic phase was extracted with diethyl ether and washed with water and saturated NaCl
solution. The organic phase was dried with anhydrous magnesium sulfate and concentrated at

a rotary evaporator. The crude product was recrystallized in petroleum ether.
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4-bromothiophene-2carbonitrile (5a).

8.1 g (43 mmol, 82%) of a white solid. 'H NMR (400 MHz, chloroform-d) & 7.52 (d, J = 1.4
Hz, 1H), 7.49 (d, J = 1.4 Hz, 1H). 3C NMR (101 MHz, chloroform-d) & 139.4, 129.8, 112.8,
111.5, 110.9. IR: vmax (cm™) = 3117, 3096, 3088, 2217, 1706, 1533, 1501, 1400, 1332, 1218,
1187, 1159, 1138, 1108, 1076, 874, 862, 853, 824, 765, 752, 710, 575, 528, 507, 487, 409.
4-bromo-5-methylthiophene-2-carbonitrile (5b).

S
NI

Sb

14.2 g (70 mmol, 72%) of a white solid. "H NMR (400 MHz, tetrachloroethane-d>) & 7.48 (s,
1H), 2.46 (s, 3H). 13C NMR (101 MHz, chloroform-d) & 142.7, 139.6, 113.3, 110.3, 107.3,
15.2. IR: vmax (cm!) = 3086, 2915, 2215, 1730, 1519, 1442, 1325, 1179, 1164, 1128, 1081,
999, 863, 798, 715, 669, 590, 539, 508, 450, 434.

General procedure of triazines synthesis.

In a 25mL round bottom flask equipped with a gas collector and an ice bath, nitrile compound
(26.6 mmol) and trifluoromethanesulfonic acid (8 mL, 90.6 mmol) were added, leaving under
stirring at room temperature overnight. After this period, the solution was poured into water
and ice. The precipitate was filtered, washed with water, and subsequently purified by column
chromatography on silica.

2,4,6-tris(4-bromothiophen-2-yl)-1,3,5-triazine (6a).

Br
7S R
B
T _— lN\ S
NN
S N
Br
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Eluent: chloroform. Yield 10 g (67%) of a yellowish solid. '"H NMR (400 MHz,
tetrachloroethane-d>) & 8.14 (d, J= 1.5 Hz, 1H), 7.58 (d, /= 1.5 Hz, 1H). 3C NMR (101 MHz,
tetrachloroethane-d) § 166.9, 141.5, 133.9, 129.9, 111.3. IR: vmax (cm™) = 3097, 1526, 1501,
1404, 1366, 1318, 1178, 1120, 1067, 992, 976, 873, 860, 829, 814, 792, 772, 751, 682, 667,
651, 578, 497, 429.
2,4,6-tris(4-bromo-5-methylthiophen-2-yl)-1,3,5-triazine (6b).

Br

S
Br // N\#’S&

Eluent: chloroform. Yield 9.9g (55%) of an orange solid. 'H NMR (400 MHz,
tetrachloroethane-d>)  8.08 (s, 1H), 2.57 (s, 3H). 3C NMR (101 MHz, tetrachloroethane-d>) &
166.7, 142.5, 137.6, 134.1, 111.0, 15.1. IR: vmax (cm™) = 3098, 2914, 1506, 1451, 1394, 1369,
1286, 1143, 1101, 1023, 997, 857, 809, 793, 767, 711, 611, 589, 540, 509, 428, 419.
2,4,6-tris(4-fluorophenyl)-1,3,5-triazine (15).

s

15

Eluent: chloroform. Yield 8.5g (75%) of white solid. '"H NMR (400 MHz, tetrachloroethane-
d») & 8.83 — 8.73 (m, 6H), 7.33 — 7.25 (m, 6H). 3C NMR (101 MHz, tetrachloroethane-d>) &
170.7,167.0, 164.5,132.3, 131.1, 115.3. IR: vmax (cm™") = 3072, 1907, 1600, 1519, 1503, 1411,
1357, 1287, 1220, 1157, 1140, 1095, 1013, 948, 856, 804, 786, 635, 578, 507, 452.
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General procedure for the synthesis of the (3,6-di-tert-butyl-9H-carbazol-9-yl)-thiophene-
carbonitriles:
In a 100 mL two-neck round bottom flask, bromo-thiophene-carbonitrile (10.63 mmol), 3,6-di-
tert-butyl-9H-carbazole (2.46 g, 8.83 mmol), potassium carbonate (1.46 g, 10.63 mmol), copper
sulfate pentahydrate (0.11 g, 0.45 mmol), and 1-methylnaphthalene (10 mL) were added. After
flushing with argon three times, the mixture is held at 250°C for 24h. After cooling down, the
reaction is poured into a mixture of dichloromethane and water (1:1 v/v, 30 mL). The organic
phase is separated, dried with magnesium sulfate, and concentrated. The crude product is
purified by column chromatography on silica.
4-(3,6-di-tert-butyl-9H-carbazol-9-yl)thiophene-2-carbonitrile (7a).

S

NCU

7a N

‘Bu

Eluent: n-hexane:chloroform 1:1 (v/v). Yield 1.64g (4.24 mmol, 48%) of white solid. '"H NMR
(400 MHz, chloroform-d) 6 8.12 (d, J=1.9 Hz, 2H), 7.88 (d, /= 1.5 Hz, 1H), 7.69 (d, /= 1.5
Hz, 1H), 7.50 (dd, J = 8.7, 1.9 Hz, 2H), 7.32 (d, J = 8.7, 2H), 1.47 (s, 18H). 3C NMR (101
MHz, chloroform-d) & 144.0, 138.8, 137.0, 134.9, 124.9, 124.2, 123.6, 116.6, 113.8, 110.7,
109.0, 34.9, 32.0. IR: vmax (cm™') = 3093, 2960, 2902, 2866, 2213, 1706, 1543, 1473, 1437,
1388, 1359, 1310, 1295, 1188, 1176, 1149, 1113, 1074, 1057, 1036, 1001, 920, 904, 879, 867,
842, 821, 808, 772, 753, 739, 709, 697, 612, 577, 541, 523, 511, 486, 465, 424.
4-(3,6-di-tert-butyl-9H-carbazol-9-yl)-5-methylthiophene-2-carbonitrile (7b).

Eluent n-hexane:chloroform 1:2 (v/v). Yield 1.2g (2.99 mmol, 34%) of a light-orange solid. "H
NMR (400 MHz, chloroform-d) 6 8.15 (d, /= 1.9 Hz, 2H), 7.59 (s, 1H), 7.48 (dd, /= 8.6, 1.9
Hz, 2H), 7.01 (d, J = 8.6, 2H), 2.30 (s, 3H), 1.47 (s, 18H). 3C NMR (101 MHz, chloroform-d)
0 143.6, 143.4,139.2, 136.9, 133.2, 124.1, 123.4, 116.6, 114.0, 109.0, 106.5, 34.9, 32.1, 13.5.
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IR: vmax (cm™) = 2958, 2902, 2866, 2217, 1704, 1543, 1473, 1437, 1388, 1359, 1310, 1295,
1188, 1176, 1149, 1113, 1074, 1057, 1036, 1001, 920, 904, 879, 867, 842, 821, 808, 772, 753,
739,709, 697, 612, 577, 541, 523, 511, 486, 465, 424.

General procedure for the synthesis of the (9,9-dimethylacridin-10(9H)-yl)-thiophene-
carbonitriles:

In a 100mL two-neck round bottom flask, bromo-thiophene-carbonitrile (4.2 mmol)
and 9,9-dimethyl-9,10-dihydroacridine (1.05 g, 5.0 mmol) were added. After flushing with
argon three times, dry toluene (40 mL), palladium (II) acetate (0.05g, 0.2 mmol), Xphos (0.2 g,
0.4 mmol), and sodium tert-butoxide (0.60 g, 6.3 mmol) were added. The mixture was stirred
and refluxed overnight. After cooling down, dichloromethane (100 mL) is added and filtered
over silica. The organic phase is washed with water, separated, dried with magnesium sulfate,
and concentrated. The crude product is purified by column chromatography on silica.

4-(9,9-dimethylacridin-10(9H)-yl)thiophene-2-carbonitrile (7¢).

Eluent n-hexane:ethyl acetate 9:1 (v/v). Yield 560 mg (1.76 mmol, 42%) of a light-yellow solid.
'TH NMR (400 MHz, chloroform-d) & 7.65 (d, J = 1.6 Hz, 1H), 7.64 (d, J = 1.6 Hz, 1H), 7.47
(dd, J=7.6, 1.7 Hz, 2H), 7.10 — 6.96 (m, 4H), 6.32 (dd, J = 8.0, 1.3 Hz, 2H), 1.67 (s, 6H). 13C
NMR (101 MHz, chloroform-d) & 140.2, 139.9, 139.1, 132.0, 130.9, 126.8, 125.5,121.8, 113.9,
113.6, 111.8, 36.1, 31.0. IR: vmax (cm’') = 3099, 3083, 2961, 2921, 2850, 2220, 1591, 1526,
1501, 1474, 1462, 1447, 1423, 1381, 1355, 1318, 1269, 1255, 1185, 1163, 1115, 1083, 1047,
998, 935, 923, 882, 875, 867, 850, 818, 766, 747, 691, 674, 657, 582, 542, 517, 506, 494, 481,
462, 435.

4-(9,9-dimethylacridin-10(9H)-yl)-5-methylthiophene-2-carbonitrile (7d).
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Eluent n-hexane:ethyl acetate 9:1 (v/v). Yield 750 mg (2.27 mmol, 46%) of a light orange solid.
'H NMR (400 MHz, tetrachloroethane-d>) & 7.57 (s, 1H), 7.49 (dd, J = 7.6, 1.6 Hz, 2H), 7.11
—6.96 (m, 4H), 6.23 (dd, J= 8.1, 1.4 Hz, 2H), 2.29 (s, 3H), 1.68 (s, 6H). '3C NMR (101 MHz,
chloroform-d) 6 142.9, 135.8, 132.5, 127.0, 123.5, 122.2, 118.1, 110.5, 109.6, 103.7, 32.5, 27.8,
9.3. IR: vmax (cm™) = 3091, 2955, 2914, 2855, 2219, 1589, 1526, 1501, 1474, 1462, 1447, 1423,
1381, 1355, 1318, 1269, 1255, 1185, 1163, 1115, 1083, 1047, 998, 935, 923, 882, 875, 867,
850, 818, 766, 747, 691, 674, 657, 582, 542, 517, 506, 494, 481, 462, 435.

General procedure for synthesis of S-substituted tetrazoles.
In a 250 mL round bottom flask, 4-substituted-thiophene-2-carbonitrile (2.6 mmol), sodium
azide (0.55 g, 8.5 mmol), ammonium chloride (0.45 g, 8.5 mmol), and dimethylformamide (50
mL) were added. The mixture was heated to 90°C overnight. After cooling, the reaction mixture
is poured into water and ice. Concentrated HCI is added until complete precipitation of the
product. The solid is filtered and washed with excess water. The solid obtained is purified by
chromatographic column.
9-(5-(1H-tetrazol-5-yl)thiophen-3-yl)-3,6-di-tert-butyl-9H-carbazole (8a).

N-N
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Eluent ethyl acetate. Yield 980 mg (2.28 mmol, 88%) of a white solid. '"H NMR (400 MHz,
DMSO-ds) 6 8.28 (d, J= 1.9 Hz, 2H), 7.82 (d, /= 1.6 Hz, 1H), 7.80 (d, J = 1.6 Hz, 1H), 7.49
(dd, J=8.6, 1.9 Hz, 2H), 7.43 (d, J = 8.6 Hz, 2H), 1.40 (s, 18H). '3C NMR (101 MHz, DMSO-
des) 5 154.9,142.8, 138.5,135.5, 132.9, 123.9,122.8, 122.1, 119.0, 116.7, 109.5, 34.6, 31.9. IR:
vmax (cm™) = 3331, 2958, 2865, 1607, 1514, 1488, 1470, 1419, 1391, 1362, 1326, 1298, 1263,
1234, 1203, 1185, 1106, 1074, 1035, 1002, 964, 910, 900, 877, 842, 809, 762, 740, 611, 576,
469.
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3,6-di-tert-butyl-9-(2-methyl-5-(1H-tetrazol-5-yl)thiophen-3-yl)-9H-carbazole (8b).
Y L

S N )mu

’ N

‘Bu
Eluent ethyl acetate. Yield 950 mg (2.14 mmol, 83%) of a yellowish solid. '"H NMR (400 MHz,
DMSO-ds) 6 8.31 (d, /= 1.9 Hz, 2H), 7.76 (s, 1H), 7.49 (dd, J = 8.6, 1.9 Hz, 2H), 7.13 (d, J =
8.6 Hz, 2H), 2.27 (s, 3H), 1.42 (s, 18H). 3C NMR (101 MHz, DMSO-ds) & 151.2, 142.7,
138.8, 138.6, 132.6, 127.7, 123.9, 122.8, 122.3, 116.9, 109.3, 34.6, 31.9, 12.9. IR: Vmax (cm™)
= 3403, 2960, 2465, 1630, 1605, 1540, 1498, 1427, 1392, 1363, 1324, 1294, 1261, 1235, 1203,
1153, 1143, 1104, 1066, 1035, 978, 952, 939, 895, 815, 743, 709, 665, 610, 572, 543, 526, 469.
10-(5-(1H-tetrazol-5-yl)thiophen-3-yl1)-9,9-dimethyl-9,10-dihydroacridine (8c).
PN s
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Eluent ethyl acetate. Yield 755 mg (2.10 mmol, 81%) of a white solid. '"H NMR (400 MHz,
DMSO-ds) 6 8.09 (d, J= 1.6 Hz, 1H), 7.76 (d, J= 1.6 Hz, 1H), 7.50 (dd, /= 7.8, 1.6 Hz, 2H),
7.12—6.90 (m, 4H), 6.43 (dd, J= 8.1, 1.4 Hz, 2H), 1.61 (s, 6H). 3C NMR (101 MHz, DMSO-
ds) 0 151.3, 140.0, 139.2, 130.3, 129.9, 129.7, 127.3, 126.8, 125.4, 121.3, 113.8, 54.9, 35.6,
30.9. IR: vmax (cm™!) = 3634, 3098, 2950, 1636, 1590, 1507, 1473, 1447, 1397, 1383, 1358,
1319, 1271, 1258, 1249, 1181, 1113, 1086, 1046, 998, 957, 921, 875, 861, 772, 743, 674, 649,
582, 513, 433, 406.
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9,9-dimethyl-10-(2-methyl-5-(1H-tetrazol-5-yl)thiophen-3-yl)-9,10-dihydroacridine (8d).
lf\I*N
Y L
8d N

Eluent ethyl acetate. Yield 767 mg (2.05 mmol, 79%) of a pale orange solid. "H NMR (400
MHz, tetrachloroethane-d>) 6 7.69 (s, 1H), 7.48 (dd, J=7.7, 1.7 Hz, 2H), 7.10 — 6.93 (m, 4H),
6.38 (dd, J = 8.1, 1.3 Hz, 2H), 2.30 (s, 3H), 1.68 (s, 6H). *C NMR (101 MHz, DMSO-ds) &
151.0, 141.6, 139.0, 135.6, 129.9, 129.7, 127.0, 125.7, 123.0, 121.2, 113.0, 35.5, 30.6, 12.2.
IR: vmax (cm™) = 3650, 3190, 2967, 1666, 1591, 1531, 1500, 1473, 1446, 1383, 1358, 1329,
1270, 1249, 1162, 1114, 1043, 1022, 948, 920, 851, 745, 685, 640, 582, 514, 457, 433.

General procedure for the synthesis of the final molecules 2,4,6-tris(3,6-di-tert-butyl-9H-
carbazol-9-yl)-1,3,5-triazine (TaCz).

In a 100 mL two-neck round bottom flask bromo-thiophene-triazine (1.77 mmol), 3,6-di-tert-
butyl-9H-carbazole (1.60 g, 5.84 mmol), potassium carbonate (0.96 g, 7.0 mmol), copper
sulfate pentahydrate (0.07g, 0.3 mmol), and 1-methylnaphthalene (10 mL) were added. After
flushing with argon three times, the mixture is held at 250°C for 24h. After cooling down, the
reaction is poured into a mixture of dichloromethane and water (1:1 v/v, 30 mL). The organic
phase is separated, dried with magnesium sulfate, and concentrated. The crude product is

purified by column chromatography on silica.
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2,4,6-tris(4-(3,6-di-tert-butyl-9H-carbazol-9-yl)thiophen-2-yl)-1,3,5-triazine (1a).
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Eluent n-hexane:chloroform 4:1 (v/v). Yield 1.06 g (0.91 mmol, 52%) of a light-yellow solid.
TH NMR (400 MHz, chloroform-d) & 8.50 (d, /= 1.6 Hz, 1H), 8.14 (d, J = 1.8 Hz, 2H), 7.74
(d, J=1.6 Hz, 1H), 7.51 (dd, J = 8.6, 1.8 Hz, 2H), 7.44 (d, J = 8.6 Hz, 2H), 1.47 (s, 18H). 13C
NMR (101 MHz, tetrachloroethane-d>) 6 167.3, 143.3, 140.9, 138.8, 137.2,129.3, 125.9, 124.0,
122.9, 116.2, 109.3, 34.6, 31.9. FTMS-ESI (+): m/z for C7sH7sNsS3Na [M+Na]" caled.
1181.53423, found 1181.53066.

2,4,6-tris(4-(3,6-di-tert-butyl-9H-carbazol-9-yl)-5-methylthiophen-2-yl)-1,3,5-triazine (1b).
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Eluent n-hexane:chloroform 2:1 (v/v). Yield 700 mg (0.6 mmol, 39%) of a light-yellow solid.
TH NMR (400 MHz, chloroform-d) & 8.17 (s, 1H), 8.13 (d, J=1.9, 2H), 7.47 (dd, J= 8.7, 1.9
Hz, 2H), 7.12 (d, J = 8.7, 2H), 2.31 (s, 3H), 1.46 (s, 18H). *C NMR (101 MHz,
tetrachloroethane-d») 6 166.9, 143.2, 142.8, 139.2, 136.6, 133.6, 131.1, 123.8, 122.7, 116.1,
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109.3, 34.5, 31.9, 13.7. FTMS-ESI (+): m/z for C7sHssNeS:Na [M+Na]* calcd. 1223.58118,
found 1223.57568.

General procedure for the synthesis of the final molecules 2,4,6-tris(9,9-dimethylacridin-
10(9H)-yl)-1,3,5-triazine (TaDMACc).

In a 100 mL two-neck round bottom flask bromo-thiophene-triazine (1.68 mmol), 9,9-dimethyl-
9,10-dihydroacridine (1.16 g, 5.57 mmol) were added. After flushing of argon three times dry
toluene (50 mL), palladium (II) acetate (0.02 g, 0.1 mmol), Xphos (0.08 g, 0.17 mmol), and
sodium tert-butoxide (0.55 g, 5.79 mmol) were added. The mixture was stirred and refluxed
overnight. After cooling down, dichloromethane (100 mL) is added and filtered over silica. The
organic phase is washed with water, separated, dried with magnesium sulfate, and concentrated.
The crude product is purified by column chromatography on silica.

2,4,6-tris(4-(9,9-dimethylacridin-10(9H)-yl)thiophen-2-yl)-1,3,5-triazine (1¢).
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Eluent n-hexane:ethyl acetate 9:1 (v/v). Yield 910 mg (57%) of a yellowish solid. "H NMR
(400 MHz, chloroform-d) ¢ 8.27 (d,J=1.6 Hz, 1H), 7.67 (d,J= 1.6 Hz, 1H), 7.46 (dd, /= 7.8,
1.6 Hz, 2H), 7.04 - 6.96 (m, 4H), 6.50 (dd, J = 8.1, 1.3 Hz, 2H), 1.68 (s, 6H). '3C NMR (101
MHz, chloroform-d) & 167.4, 142.2, 140.6, 140.5, 134.0, 132.6, 130.5, 126.7, 125.4, 121.3,
114.1, 36.1, 31.2. FTMS-ESI (+): m/z for CeoH4sNgS3Na [M+Na]" caled. 971.29948, found
971.29564.
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2,4,6-tris(4-(9,9-dimethylacridin-10(9H)-yl)-5-methylthiophen-2-yl1)-1,3,5-triazine (1d).
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Eluent n-hexane:ethyl acetate 9:1 (v/v). Yield 866 mg (0.87 mmol, 52%) of a light-yellow solid.
TH NMR (400 MHz, tetrachloroethane-d>) 6 8.19 (s, 1H), 7.50 (dd, J=7.7, 1.7 Hz, 2H), 7.11 -
6.95 (m, 4H), 6.47 (dd, J = 8.2, 1.5 Hz, 2H), 2.34 (s, 3H), 1.75 (s, 6H). 3C NMR (101 MHz,
chloroform-d) 6 167.1, 146.2, 139.8, 137.7, 136.9, 133.8, 130.3, 126.9, 125.6, 121.2, 113.6,
36.1, 32.4, 30.7, 13.3. FTMS-ESI (+): m/z for Cs3Hs4NsS3Na [M+Na]" calcd. 1013.34643,
found 1013.34350.

General procedure for the synthesis of TTT compounds

In a 100 mL two-neck round bottom flask, 5-substituted tetrazoles (2.1 mmol) and cyanuric
chloride (0.11 g, 0.6 mmol) were added. After flushing with argon three times, dry toluene (40
mL) and 2,6-lutidine (0.45 g, 4.2 mmol) were added. The mixture is held at 90 °C overnight.
After cooling down the reaction, 1M HCI (50 mL) is added. The organic phase is extracted with
chloroform, dried with magnesium sulfate, and concentrated. The crude product is purified by

column chromatography on silica.
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3,7,11-tris(4-(3,6-di-tert-butyl-9H-carbazol-9-yl)thiophen-2-yl)tris([ 1,2,4]triazolo)[4,3-a:4',3'-
c:4".3"-¢][1,3,5]triazine (2a).
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Eluent chloroform. Yield 310 mg (0.24 mmol, 38%) of a white solid. "H NMR (400 MHz,
tetrachloroethane-d>) 6 9.06 (d, J= 1.5 Hz, 1H), 8.17 (d, /= 1.8 Hz, 2H), 7.81 (d, J= 1.5 Hz,
1H), 7.62 (d, J = 8.6 Hz, 2H), 7.58 (dd, J = 8.6, 1.8 Hz, 2H), 1.50 (s, 18H). '3C NMR (101
MHz, tetrachloroethane-d2) 6 145.8, 143.5, 139.8, 138.5, 136.8, 130.9, 124.5, 124.2, 123.2,
123.0, 116.2, 109.4, 34.6, 31.8. FTMS-ESI (+): m/z for C7sH7sN12S3Na [M+Na]" calcd.
1301.55267, found 1301.54712.
3,7,11-tris(4-(3,6-di-tert-butyl-9H-carbazol-9-yl)-5-methylthiophen-2-
yDris([1,2,4]triazolo)[4,3-a:4',3"-c:4",3"-¢e][1,3,5]triazine (2b).

Eluent chloroform. Yield 260mg (0.19 mmol, 32%) of a white solid. "H NMR (400 MHz,
tetrachloroethane-d>) 6 8.78 (s, 1H), 8.22 (d, J=2.7 Hz, 2H), 7.57 (d, /= 8.5 Hz, 2H), 7.25 (dd,
J=28.5,2.7 Hz, 2H), 2.42 (s, 3H), 1.57 (s, 18H). '3C NMR (101 MHz, tetrachloroethane-d>) &
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145.8, 142.9, 141.4, 139.6, 139.0, 133.1, 132.8, 123.9, 122.8, 120.6, 116.2, 109.3, 34.5, 31.9,
13.4. FTMS-ESI (+): m/z for CgiHsaN12S3Na [M+Na]" caled. 1343.59962, found 1343.59542.
3,7,11-tris(4-(9,9-dimethylacridin-10(9H)-yl)thiophen-2-yl)#ris([ 1,2,4]triazolo)[4,3-a:4',3'-
c:4".3"-e][1,3,5]triazine (2¢).

SRRy
N NN
N7\ g
//
N
YO
2c \

Eluent chloroform. Yield 400 mg (0.37 mmol, 39%) of a light orange solid. '"H NMR (400
MHz, chloroform-d) 6 8.91 (d, J= 1.4 Hz, 1H), 7.65 (d, /= 1.4 Hz, 1H), 7.48 (dd, /=7.8, 1.6
Hz, 2H), 7.11 - 6.91 (m, 4H), 6.53 (dd, /= 8.2, 1.3 Hz, 2H), 1.72 (s, 6H). '3*C NMR (101 MHz,
tetrachloroethane-d>) & 145.7, 140.4, 139.7, 135.2, 130.6, 130.4, 126.5, 125.6, 125.2, 121.2,
113.8, 35.8, 30.7. FTMS-ESI (+): m/z for Cs3HasN12S3Na [M+Na]" caled. 1091.31792, found
1091.31391.

3,7,11-tris(4-(9,9-dimethylacridin-10(9H)-yl)-5-methylthiophen-2-yl)tris([ 1,2,4]triazolo)[4,3-
a:4',3'-c:4".3"-e][1,3,5]triazine (2d).

2d

Eluent ethyl acetate. Yield 150 mg (0.13 mmol, 35%) of a light-yellow solid. '"H NMR (400
MHz, tetrachloroethane-d>) 6 8.76 (s, 1H), 7.52 (dd, J=7.8, 1.6 Hz, 2H), 7.17 — 6.94 (m, 4H),
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6.50 (dd, J = 8.1, 1.3 Hz, 2H), 2.35 (s, 3H), 1.75 (s, 6H). 3C NMR (101 MHz,
tetrachloroethane-db) & 145.8, 144.4, 139.6, 139.5, 135.9, 135.3, 130.2, 126.7, 125.3, 121.2,
121.1, 113.2, 35.8, 32.9, 29.2, 12.7. FTMS-ESI (+): m/z for CesHssN12S3Na [M+Na]" calcd.
1133.36487, found 1133.36061.

5.2.2 Aliphatic chains decorated emitters.

1,1'-(9H-carbazole-3,6-diyl)bis(octan-1-one) (10).
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In a round bottom flask aluminum chloride (19.20 g, 144 mmol) and dichloromethane (200 mL)
were added. The mixture was cooled to 0°C using an ice bath them octanoyl chloride (23.10 g,
142 mmol) was added slowly. After 10 minutes of stirring, 9H-carbazole (10 g, 59.8 mmol)
was added to the mixture and left under stirring at room temperature overnight. The reaction is
poured into a mixture of ice and 15% aqueous HCI (100 mL). The precipitate formed is filtered
off and washed with acetone in excess. The crude product is purified by column
chromatography on silica using chloroform as eluent. Yield 19.5g (46.50 mmol, 77%) of a white
solid. "TH NMR (400 MHz, methylene chloride-d») 6 8.82 (d, J= 1.8 Hz, 2H), 8.70 (s, 1H), 8.13
(dd, J = 8.6, 1.8 Hz, 2H), 7.55 (d, J = 8.6, 2H), 3.11 (t, 4H), 1.78 (q, J = 7.0 Hz, 4H), 1.50 —
1.22 (m, 16H), 0.90 (t, 6H). 13C NMR (101 MHz, chloroform-d) & 200.4, 143.0, 130.2, 127.2,
123.5,121.8,111.0, 38.8,31.9, 29.6,29.4, 25.0, 22.8, 14.2. IR: Vmax (cm™) = 3278, 2952, 2917,
2852, 1665, 1618, 1597, 1585, 1468, 1457, 1407, 1357, 1305, 1285, 1273, 1241, 1224, 1193,
1164, 1146, 1132, 1108, 1000, 978, 896, 806, 768, 746, 719, 672, 637, 621, 521,494, 471, 421.
3,6-dioctyl-9H-carbazole (11).
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In a two-neck round bottom flask, aluminum chloride (10.30 g, 77.3 mmol) and THF (200 mL)
were added. After flushing with argon three times, the mixture was cooled to 0°C. Lithium
aluminum hydride (5.86 g, 154.5 mmol) was added slowly. After stirring for 5 min, a
suspension under argon 1,1'-(9H-carbazole-3,6-diyl)bis(octan-1-one) (16.20 g, 38.6 mmol) in
THF (150 mL) was added to the mixture and left under stirring at room temperature overnight.
After dilution with ethyl acetate (350 mL), 5% aqueous HCI1 (200 mL) is added, and the mixture
filtered over silica. The organic phase is dried with magnesium sulfate and concentrated. The
crude product is purified by column chromatography on silica using n-hexane:chloroform 3:1
(v/v). Yield 8.3g (21.19 mmol, 55%) of a white solid. '"H NMR (400 MHz, chloroform-d) &
7.85 (d, J = 1.7 Hz, 2H), 7.80 (s, 1H), 7.33 — 7.15 (m, 4H), 2.77 (t, 4H), 1.70 (q, J = 6.8 Hz,
4H), 1.47 — 1.15 (m, 20H), 0.88 (t, 6H). IR: vimax (cm™) = 3394, 3017, 2916, 2846, 1630, 1611,
1575, 1495, 1464, 1447, 1363, 1312, 1302, 1266, 1241, 1191, 1169, 1144, 1113, 1067, 1023,
932,915, 893, 881, 845, 812, 787, 778, 744, 728, 638, 596, 549, 532, 479, 460, 438.
3,6-bis(hexyloxy)-9H-carbazole (13).

CeH130 OCgH, 3

e ¥,
N
H
13

In a 100 mL two-bottom round bottom flask, sodium metallic (1.6 g, 69.5 mmol) and 1-hexanol
(60 mL, 478.00 mmol) were added under argon flow. The mixture is heated to 90°C until total
solubilization. In a 250 mL two-bottom round bottom flask, 3,6-dibromo-9H-carbazole (1 g,
3.1 mmol), copper iodide (2.35 g, 12.3 mmol), and DMF (60 mL) were added. After argon
flushing three times, the sodium hexanolate solution is added to the carbazole suspension via a
syringe. The mixture is refluxed for 24h. After cooling to room temperature, ethyl acetate (200
mL) is added and filtered over silica. The organic phase is washed with water, dried over
magnesium sulfate, and concentrated. The product is precipitated and recrystallized in heptane.
Yield 508 mg (1.38 mmol, 45%) of a white solid. "TH NMR (400 MHz, methylene chloride-d>)
0 7.88 (s, 1H), 7.49 (d, J = 1.6 Hz, 2H), 7.32 (dd, J = 8.8, 1.6 Hz, 2H), 7.02 (d, J = 8.8, 2H),
4.30 — 3.71 (m, 4H), 1.83 (m, 4H), 1.70 — 1.24 (m, 12H), 0.93 (t, 6H). '3C NMR (101 MHz,
methylene chloride-d>) § 153.7, 135.8, 124.2, 116.2, 112.0, 104.3, 69.5, 32.2, 30.1, 26.4, 23.2,
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14.4. IR: vmax (cm’') = 3388, 2922, 2853, 1722, 1632, 1577, 1495, 1459, 1396, 1333, 1302,
1260, 1226, 1204, 1165, 1113, 1057, 1032, 950, 897, 831, 824, 808, 725, 644, 593, 424.
4-(3,6-bis(hexyloxy)-9H-carbazol-9-yl)benzonitrile (18).

CeHy30

N QCN

CeH,30 18

In a 150 mL two-bottomed round-bottom flask, 4-fluorobenzonitrile (250 mg, 2.06 mmol), 3,6-
bis(hexyloxy)-9H-carbazole (900 mg, 2.47 mmol), cesium carbonate (3.35 g, 10.30 mmol), and
dimethylacetamide (40 mL) were added. After argon flushing three times, the mixture was
refluxed for 24h. The mixture was colling down to room temperature and poured into cold
water. The precipitate formed was filtered off and purified by column chromatography on silica.
Eluent n-hexane:chloroform 3:2 (v/v). Yield 530 mg (1.13 mmol, 55%). '"H NMR (400 MHz,
DMSO-dy) & 8.51 (d, J= 8.6 Hz, 2H), 8.33 (d, J = 8.6 Hz, 2H), 8.22 (d, J = 2.5 Hz, 2H), 7.92
(d,J=9.0 Hz, 2H), 7.52 (dd, /= 9.0, 2.5 Hz, 2H), 4.56 (t,J = 6.5 Hz, 4H), 2.33 — 2.23 (m, 4H),
1.98 (p, J = 7.4 Hz, 4H), 1.90 — 1.77 (m, 8H), 1.42 — 1.33 (m, 6H). '3C NMR (101 MHz,
methylene chloride-d>) & 154.8, 143.1, 135.6, 134.5, 126.8, 125.1, 119.1, 116.3, 111.1, 110.1,
104.5, 69.5, 32.2, 30.0, 26.4, 23.2, 14.4. IR: vmax (cm™") = 3076, 2917, 2869, 2851, 2227, 1683,
1629, 1603, 1509, 1490, 1460, 1403, 1374, 1325, 1256, 1200, 1179, 1162, 1128, 1106, 1060,
1026, 988,911, 897, 863, 845, 825, 800, 764, 725, 665, 650, 613, 589, 552. 544, 445, 426, 409.
9-(4-(1H-tetrazol-5-yl)phenyl)-3,6-bis(hexyloxy)-9H-carbazole (19).

CeH150
) .
N-N
H

CeH, 30 19
In a 250 mL round bottom flask, 4-(3,6-bis(hexyloxy)-9H-carbazol-9-yl)benzonitrile (496 mg,
1.06 mmol), sodium azide (552 mg, 8.5 mmol), ammonium chloride (454 mg, 8.5 mmol), and
dimethylformamide (50 mL) were added. The mixture was heated to 90°C overnight. After
cooling, the reaction mixture is poured into water and ice. Concentrated HCI is added until

complete precipitation of the product. The solid is filtered and washed with excess water. The
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solid obtained is purified by chromatographic column on silica ethyl acetate as eluent. Yield
444 mg (0.86 mmol, 82%) of white solid. 'TH NMR (400 MHz, DMSO-ds) 6 8.86 (d, J = 8.5
Hz, 2H), 8.33 (d, J = 8.5 Hz, 2H), 8.22 (d, J = 2.5 Hz, 2H), 7.91 (d, J = 8.9 Hz, 2H), 7.52 (dd,
J=18.9, 2.5 Hz, 2H), 4.57 (t, J= 6.5 Hz, 4H), 2.33 — 2.22 (m, 4H), 2.04 — 1.92 (m, 4H), 1.90 —
1.76 (m, 8H), 1.42 — 1.31 (m, 6H). 3C NMR (101 MHz, DMSO-ds) & 153.5, 138.9, 135.0,
128.5, 126.5, 123.8, 115.9, 110.7, 104.5, 68.3, 31.2, 29.0, 25.4, 22.2, 14.1. IR: Vmax (cm™) =
2928, 2857, 1614, 1583, 1509, 1489, 1456, 1391, 1326, 1286, 1257, 1196, 1161, 1107, 1019,
991, 956, 912, 848, 824, 802, 764, 750, 723, 705, 662, 634, 587, 529, 442, 424, 409.

General procedure for the synthesis of the final molecules 2,4,6-tris(phenyl)-1,3,5-triazine.
In a 150 mL two-bottomed round-bottom flask, 2,4,6-tris(4-fluorophenyl)-1,3,5-triazine (0.46
g, 1.26 mmol), 9H-carbazole derivative (5.10 mmol), cesium carbonate (6.65 g, 20.44 mmol),
and dimethylacetamide (40 mL) were added. After argon flushing three times, the mixture was
refluxed for 24h. The mixture was colling down to room temperature and poured into water.
The precipitate formed was filtered off and purified by column chromatography on silica.
L1 1m-(((1,3,5-triazine-2,4,6-triyl)tris(benzene-4, 1-diyl) )tris(9H-carbazole-9,3,6-
triyl))hexakis(octan-1-one) (16a).

CH, 5
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O 16a {
Eluent n-hexane:ethyl acetate 4:1 (v/v). Yield 826 mg (0.52 mmol, 42%) of yellow solid. 'H
NMR (400 MHz, methylene chloride-d>) 6 9.17 - 9.11 (d, /= 8.6 Hz, 2H), 8.89 (d, /= 1.7 Hz,
2H), 8.15 (dd, J = 8.7, 1.7 Hz, 2H), 7.91 — 7.85 (d, J = 8.6 Hz, 2H), 7.60 (d, J = 8.7 Hz, 2H),
3.13 (t, J = 7.4 Hz, 4H), 1.80 (p, J = 7.4 Hz, 4H), 1.51 — 1.29 (m, 16H), 0.96 — 0.87 (m, 6H).
13C NMR (101 MHz, methylene chloride-d>) 8 199.7, 171.5, 143.9, 141.0, 135.9, 131.4, 131.3,
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127.5,127.1,124.2, 121.9, 110.5, 39.2, 32.4, 30.0, 29.9, 25.1, 23.3, 14.5. FTMS-ESI (+): m/z
for C1osH120N6OsNa [M+Na]" calcd., found.
1,1'-(9-(4-(4,6-bis(4-(3,6-dioctyl-9H-carbazol-9-yl)phenyl)-1,3,5-triazin-2-yl)phenyl)-9H-
carbazole-3,6-diyl)bis(octan-1-one) (16b).
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CsHy7 166 CsHi7

Eluent n-hexane:ethyl acetate 9:1 (v/v). Yield 651 mg (0.44 mmol, 35%) of yellow solid. 'H
NMR (400 MHz, methylene chloride-d2) 6 9.13 — 9.04 (d, J= 8.5 Hz, 2H), 7.95 (d, /= 1.7 Hz,
2H), 7.88 (d, J = 8.5 Hz, 2H), 7.53 (d, J = 8.4 Hz, 2H), 7.29 (dd, J = 8.4, 1.7 Hz, 2H), 2.81 (t,
J=7.7Hz, 4H), 1.73 (p, J= 7.3 Hz, 4H), 1.45 — 1.22 (m, 20H), 0.94 — 0.83 (m, 6H). 3C NMR
(101 MHz, methylene chloride-d2) & 171.6, 142.8, 139.5, 135.8, 134.7, 131.1, 127.3, 126.7,
124.4, 120.1, 110.2, 36.5, 32.9, 32.5, 30.2, 30.0, 29.9, 23.3, 14.5. FTMS-ESI (+): m/z for
CiosHi32N6 [M]" caled. 1477.05134, found 1477.05204.
2,4,6-tris(4-(3,6-bis(hexyloxy)-9H-carbazol-9-yl)phenyl)-1,3,5-triazine (16¢).

CeH 130 Q\TN OC4H 5
‘ ~
N /EN
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CHi0 1. OCeH;s

Eluent n-hexane:ethyl acetate 4:1 (v/v). Yield 690 mg (0.49 mmol, 39%) of pale orange solid.
'TH NMR (400 MHz, chloroform-d) & 7.86 (d, J = 8.5 Hz, 2H), 7.70 (d, J = 8.5 Hz, 2H), 7.53
(d, J= 2.4 Hz, 2H), 7.38 (d, J = 8.9 Hz, 2H), 7.04 (dd, J = 8.9, 2.4 Hz, 2H), 4.09 (t, 6.7 Hz,
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4H), 1.92 — 1.77 (m, 4H), 1.57 — 1.47 (m, 4H), 1.43 — 1.32 (m, H), 0.92 (m, 6H). 3C NMR
(101 MHz, methylene chloride-d2) & 154.8, 143.1, 135.6, 134.5, 126.9, 125.1, 116.3, 111.1,
104.5, 69.5, 32.2, 30.0, 26.4, 23.2, 14.4. FTMS-ESI (+): m/z for Co3Hi0sNsOsNa [M+Na]"
calcd. 1427.82108, found 1427.82226.
2,4,6-tris(4-(3,6-bis(hexyloxy)-9H-carbazol-9-yl)thiophen-2-yl)-1,3,5-triazine (17c¢).

Cel1}50

Cell 130 OC6H13
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(3 AR
CeH 130 35

CgH 30
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In a 100 mL two-neck round bottom flask, 2.,4,6-tris(4-bromothiophen-2-yl)-1,3,5-triazine (1g,
1.77 mmol), 3,6-bis(hexyloxy)-9H-carbazole (2.14g, 5.84 mmol), potassium carbonate (0.97g,
7.0 mmol), copper sulfate pentahydrate (0.07g, 0.3 mmol), and 1-methylnaphthalene (10 mL)
were added. After argon flushing three times, the mixture is held at 250°C for 24h. After cooling
down, the reaction is poured into a mixture of dichloromethane and water (1:1, 30 mL). The
organic phase is separated, dried with magnesium sulfate, and concentrated. The crude product
is purified by column chromatography on silica. Eluent n-hexane:chloroform 2:3 (v/v). Yield
806 mg (0.56 mmol, 32%) of a yellow solid. "H NMR (400 MHz, chloroform-d) & 8.47 (d, J =
1.6 Hz, 1H), 7.72 (d, /= 1.6 Hz, 1H), 7.53 (d, J = 2.4 Hz, 2H), 7.39 (d, J = 8.8 Hz, 2H), 7.07
(dd, J = 8.8, 2.4 Hz, 2H), 4.09 (t, J = 6.6 Hz, 4H), 1.85 (p, J = 6.8 Hz, 4H), 1.52 — 1.31 (m,
12H), 0.93 (m, 6H). '3C NMR (101 MHz, methylene chloride-d>) 6 167.9, 154.4, 141.6, 138.1,
136.6, 130.1, 126.4, 124.2, 116.3, 111.2, 104.5, 69.5, 32.2, 30.0, 26.4, 23.2, 14.4. FTMS-ESI
(+): m/z for Cs7H102N6O6S3Na [M+Na]" caled., found.



179

3,7,11-tris(4-(3,6-bis(hexyloxy)-9H-carbazol-9-yl)phenyl)tris([ 1,2,4]triazolo)[4,3-a:4",3'-
c:4",3"-e][1,3,5]triazine (20).

OCHiy

In a 100 mL two-neck round bottom flask, 9-(4-(1H-tetrazol-5-yl)phenyl)-3,6-bis(hexyloxy)-
9H-carbazole (0.40 g, 0.80 mmol), cyanuric chloride (0.04 g, 0.23 mmol) were added. After
flushing with argon three times, dry toluene (40 mL), and 2,6-lutidine (0.17 g, 1.61 mmol) were
added. The mixture is held at 90 °C overnight. After cooling down the reaction, 1M aqueous
HCI (50 mL) is added. The organic phase is extracted with chloroform, dried with magnesium
sulfate, and concentrated. The crude product is purified by column chromatography on silica
using chloroform as eluent. Yield 151 mg (42%) of white solid. "H NMR (400 MHz,
tetrachloroethane-d>) ¢ 8.53 (d, J = 8.2 Hz, 2H), 7.90 (d, J = 8.2 Hz, 2H), 7.60 (d, /= 2.3 Hz,
2H), 7.55 (d, J = 8.9 Hz, 2H), 7.14 (dd, J = 8.9, 2.3 Hz, 2H), 4.16 (t, J = 6.5 Hz, 4H), 1.94 —
1.87 (m, 4H), 1.61 — 1.44 (m, 12H), 1.03 — 0.99 (m, 6H). ¥C NMR (101 MHz,
tetrachloroethane-d>) & 153.9, 150.0, 141.4, 140.2, 135.2, 131.6, 125.4, 124.0, 121.3, 115.7,
110.7, 104.3, 69.1, 31.5, 29.3, 25.6, 22.4, 13.9. FTMS-ESI (+): m/z for CosHi0sN 1206 [M]"
calcd. 1525.85321, found 1524.49537.



180

2,6,10-tris(4-(3,6-bis(hexyloxy)-9H-carbazol-9-yl)phenyl)tris([ 1,2,4]triazolo)[1,5-a:1',5'-
c:1",5"-e][1,3,5]triazine (21).
Cgl,50

%O%Hw

CeHy30. @
=

CeH 130

In a 100 mL two-neck round bottom flask, TTT-precursor (0.1 g, 0.06 mmol) was added. After
flushing with argon, potassium carbonate (0.03 g, 0.26 mmol), and anhydrous 1,2-
dichlorobenzene (10 mL) were added. The mixture is held at 200°C for 4 days. Upon cooling,
chloroform (50 mL) was added, and the organic phase washed with water, dried with
magnesium sulfate, and concentrated. The crude product is purified by column chromatography
on silica using chloroform as eluent. Yield 100 mg (67%) of white solid. "H NMR (400 MHz,
tetrachloroethane-d>) ¢ 8.69 (d, J = 8.6 Hz, 2H), 7.86 (d, J = 8.6 Hz, 2H), 7.62 (d, /= 2.4 Hz,
2H), 7.48 (d, J=9.0 Hz, 2H), 7.14 (dd, J=9.0, 2.4 Hz, 2H), 4.17 (m, 4H), 1.92 (m, 4H), 1.61
— 1.46 (m, 12H), 1.01 (m, 6H). ¥*C NMR (101 MHz, Tetrachloroethane-d») & 163.9, 153.6,
143.7,140.7,134.8,129.2, 126.0, 125.6, 123.6, 115.7, 110.6, 103.4, 68.7,31.5, 29.2,25.7, 22.5,
14.0. FTMS-ESI (+): m/z for Co¢H10sN120¢Na [M+Na]" calcd., found.
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Abstract: Most organic room-temperature phosphorescence
(RTP) emitters do not show their RTP in solution. Here, we
incorporated sulfur-containing thiophene bridges between
the donor and acceptor moieties in D;A-type tristriazolotria-
zines (TTTs). The thiophene inclusion increased the spin-orbit

coupling associated with the radiative T,—S, pathway,
allowing RTP to be observed in solution for all compounds,
likely assisted by protection of the emissive TTT-thiophene
core from the environment by the bulky peripheral donors.

Introduction

Room-temperature phosphorescence (RTP) from non-metalated
organic chromophores offer a fascinating alternative to organo-
metallic complexes, and has been widely used in electro-
luminescence and bio-imaging technologies."” Organometallic
RTP complexes often include heavy transition metals like Ir or
Pt that induce strong spin-orbit coupling (SOC) and alleviate
two ‘spin-forbidden’ processes, that is, intersystem crossing
(ISC) between the S, and T, states and the following radiative
T,—S, transition.” Metal-free organic chromophores require
specific functional groups, most notably aromatic carbonyls, in
order to generate triplet excitons through El-Sayed-allowed n—
a* and n-m* transitions between the singlet and triplets.”!
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These materials have long been used as photosensitizers.
However, phosphorescence in fluid solution is often quenched
by rapid non-radiative deexcitation of the chromophores by
solvent collisions and rotational motions. Therefore, they
require a dense, highly ordered crystalline network, or a rigid
glassy polymer matrix to suppress molecular motions.”
Although a few molecular systems have been shown to
generate solution state RTP when encapsulated in
supramolecular hosts, matrix-free systems are extremely rare.”
Therefore, new design principles for enhanced ISC and subse-
quent RTP are essential to provide organic phosphors that
function in a matrix-free liquid environment. Such materials are
potentially more useful for bioimaging with lesser interference
from the solvent medium. Herein, we designed a series of
donor-acceptor molecules with a rigid acceptor core (to
minimise vibrational dissipation) and we anticipated that a
multiple donor substitution would contribute to protect the
triplet-emitting core from de-excitating solvent interactions.
Deonor-acceptor molecules have long been studied for thermally
activated delayed fluorescence (TADF) owing to their small
'CT-*CT energy gaps (CT=charge transfer state). Ethertington
et al. have shown that a secondary °LE state mediates the ISC
process between these CT manifolds for stronger spin-orbit
coupling.” These °LE states can have significant SOC with the
'CT according to El-Sayed’s rule.

D;A structures where the electron acceptor TTT is sur-
rounded by three donor substituents have recently been shown
to be interesting candidates for efficient blue emission either
via the TADF mechanism, or via similar triplet-to-singlet
intersystem crossing (ISC) from Kasha-forbidden higher triplet
states.””

ISC relies on efficient SOC, and SOC increases dramatically
with increasing weight of the atoms on which the relevant
orbitals are located. The incorporation of sulfur atoms has
accordingly been shown to improve significantly the efficiency
of TADF-based organic light emitting diodes (OLEDs)."

© 2023 Wiley-VCH GmbH
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We have now incorporated sulfur-containing thiophene
bridges in the place of the usual phenylene spacers between
the donor and acceptor moieties in D;A-type TTTs to probe the
effect of the sulfur heavy atom on the emission behavior. To
limit the conjugation between the donor and acceptor moieties
and thus minimize both LUMO-HOMO overlap and the energy
gap AEs between the S, and T, states, we chose a 2,4
substitution pattern on the thiophene bridges instead of the
more common 2,5 pattern. Such 24-disubstitution on
thiophene is analogous to 1,3-disubstitution on benzene,
whereas 2,5-disubstitution is analogous to 1,4-disubstitution on
benzene, and it has been shown that meta-disubstitution on
benzene linkers leads to smaller AE;; and increases delayed
emission by several orders of magnitude in tricarbazolyl-
triphenyltriazine.® Thus we prepared four 2,4-thiophene-
bridged target compounds 1a-d where the thiophene bridge is
linked in position 2 to the TTT core and in position 4 either to
di-3,6-tert-butyl-carbazole (in 1a & 1b) as weaker donor or 9,9-
dimethyl-9,10-dihydroacridine (DMAc, in 1c & 1d) as stronger
donor, using either plain thiophene (in 1a & 1¢) as bridge or 5-
methyl-substituted thiophene (in 1b & 1d) to increase the
torsion angle with the donor.

Results and Discussion

The most suitable method for synthesizing the TTT heterocycle
is Huisgen's method, that is, the acylation of tetrazole with
cyanuric chloride followed by triple thermal nitrogen elimina-
tion and ring closure. This method allows the obtention of
various substituted TTTs, such as 1a-d investigated here, from
tetrazole derivatives. Thus, the design of different 5-substituted
tetrazoles (6a-d) is the approach used here (Scheme 1). All
required tetrazoles are synthesized from the corresponding
aldehyde. 3a was acquired commercially, but aldehyde 3b was
prepared by bromination of commercial reagent 2. The
aldehyde group of intermediates 3a/b is converted to a cyano
group (4a: 82% and 4b: 72%) by oxidation with iodine and
ammonium hydroxide. Two different C—N coupling strategies
were used depending on the donor species. 3,6-di-tert-butyl-
9H-carbazole reacts with the intermediate 4a/b via a variant of
the Ullmann condensation to yield the intermediates 5 (5a:
489%, 5b: 34%). Compounds 5¢c and 5d (5c: 42% and 5d: 46 %)
are obtained by palladium-catalyzed C—N coupling between
intermediate 4a/b and 9,9-dimethyl-9,10-dihydroacridine. In the
next step, the cyano group of 5a-d is converted to the
tetrazole heterocycle (6a-d, ca. 80%) via a 1,3-dipolar cyclo-
addition with sodium azide. The target TTTs 1a-d (~35 %) were
obtained by threefold reaction of cyanuric chloride with the 5-
substituted tetrazoles (6a-d).

TGA analyses were carried out to study the emitters’ thermal
stability in N, with heating rate of 10°Cmin ' (Figure S1 in
Supporting Information). All four donor-functionalized tristriazo-
lotriazine compounds showed a decomposition temperature
(defined as 3% of mass loss) in the range of 400-450°C. 1c
(Tgec=401°C) and 1d (T4, =402°C) showed to be less thermally
stable than the analogues containing the 3,6-di-tert-butyl-9H-
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Scheme 1. 1) Br, AcOH, 3b: 60% ; Il) NH,OH(aq), |, THF, 4a: 82%, 4b: 72%;
1) 3,6-di-tert-butyl-9H-carbazole, K,CO;, CuS0,.5H,0, 1-methylnaphthalene,
5a: 48%, 5b: 34%; IV) 9,9-dimethyl-2,10-dihydroacridine, [Pd(OAc),], Xphos,
NaOt-—Bu, toluene, 5c¢: 42%, 5d: 46 %; V) NaN,, NH,Cl, DMF, 6a: 88%, 6 b:
83%, 6¢: 81%, 6d: 79%; VI) C;N,Cl;, 2,6-lutidine, toluene, 1a:38%, 1b: 32%,
1c¢: 39%, 1d: 35%.

carbazole unit, 1a (T, =442°C) and 1b (T, =449°C). The
thermal stability of all four compounds under inert conditions is
thus largely satisfactory for practical applications.

The redox properties of the TTT emitters were investigated
by cyclic voltammetry (CV) measurements in DMF solution. As
shown in Figure 1, for the emitters 1a and 1b, irreversible
oxidation (E,,) signals were detected in the range of ~1.5-1.6 V.
Emitters 1c and 1d show quasi-reversible oxidation in the
range of ~1.2-1.3 V. According to the oxidation onset, the E,,

Current (a. u.)

Potential | V

Figure 1. CV curves of the TTT emitters in DMF solution. 0.1 molL ' of
Bu4NPF6 (tetrabutylammonium hexafluorophosphate) as a supporting
electrolyte; scan rate: 100 mVs'; blue=1a, green=1b, brown=1¢,
orange=1d.
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are 0.88 V for 1a, 0.94 V for 1b, 0.58V for 1c and 0.60 V for 1d
relative to ferrocenium/ferrocene (Fc/Fc”, Eqr, =0.46 V). The
smaller oxidation potential values observed in compounds with
the 9,9-dimethyl-9,10-dihydroacridine moiety underline their
stronger donor character relative to the 3,6-di-tert-butyl-
carbazole moiety. Due to the common acceptor unit, similar
reduction potential values were found: —2.30, —2.40, —2.29 and
—234V for 1a, 1b, 1c and 1d respectively. According to the
formulas Eyomo = —(Eax-Ererc - +4.8) €V and Eyyyo = ~(EresErere +
4.8) eV, the HOMO/LUMO energy levels of the emitters were
calculated as —5.68/—2.50¢eV (1a), —5.74/—2.40 eV (1b), —5.38/
—2.51eV (1¢) and —540/—2.46 eV (1d). Correspondingly, the
energy gaps are evaluated as 3.18, 3.34, 2.87, and 2.94 eV for
1a, 1b, 1¢, and 1d, respectively.

These band gaps, larger for the carbazole derivatives
1a&1b than for the acridine derivatives 1c&1d, and larger for
methyl-bearing 1b&1d than for methyl-free 1a&1c, are coher-
ent with the weaker donor strength in 1a&1b and the reduced
spatial HOMO-LUMO overlap in 1b&1d.

With all compounds 1a-d, a high energy absorption band
(at ca. 280 nm) is observed in toluene solution (Figure 2) and
assigned to the a-7* transition of the TTT core.”” For 1a and
1b, an absorption band close to 340 nm can be ascribed to the
carbazole m-z* transition. For 1c and 1d, the corresponding
band, at 320 nm, is assigned to the m-m* transition of the
acridine moiety. Besides these bands characteristic for the
individual subunits, broad and weak (<1000 mol'Lcm™)
absorption bands are observed at longer wavelengths which
are associated to an intramolecular charge transfer (CT) state. In
the acridine derivatives 1¢ and 1d, this band is weaker than in
the carbazole derivatives 1a and 1b. This suggests that the
acridine donor and TTT acceptor units are nearly orthogonal,
forming a CT state with small oscillator strength (f).

The steady-state photoluminescence spectra (Figure 2) of
the carbazole derivatives 1a and 1b show a slightly structured
emission peak in dilute toluene solution, with maxima at
440 nm and 430 nm, respectively. As discussed below, this
emission comes from a mixed 'LE/'CT state ('LE=locally excited
singlet, 'CT=charge transfer singlet). Surprisingly, with the
acridine derivatives 1c and 1d, when excited at around 320 nm,

120 4 +1.0
100 1 Los &
- 2
£ 80 i
b +0.6 g
2 60 ©
E &

40 1

: :
204 } r023

0.0 , — et - ; 1o desanel 0.0

300 350 400 450 500 550 600
Alnm

Figure 2. Absorption and emission spectra of 1a-d in dilute toluene solution
(10~ molL™"); blue=1a, green = 1b, brown=1¢, orange =1d.
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we can observe a dual emission. While the higher energy peak
(ca. 350 nm) matches with the acridine moiety emission as
previously reported by Rama etal,'® the second broad
emission peak at around 460 nm is assigned to a 'CT emission.
The observed emission from the acridine moiety demonstrates
the strongly decoupled nature of the donor and acceptor
moieties in these molecules.

By increasing solvent polarity, a slight red-shift of the
emission is observed for the carbazole derivatives, and the peak
becomes less structured, confirming the mixed 'LE/'CT state
(Figure S2a,b). In the higher-polarity solvent 2-MeTHF, 1c
(Figure S2¢) shows a broader emission band, which could be
related to the CT state stabilization and increased phosphor-
escence contribution to the overall emission. The emission is
red-shifted for 1d (Figure S2d), and the broadening in 2-MeTHF
is much stronger. The higher phosphorescence contribution
was confirmed by time-resolved photoluminescence (TRPL)
described below.

To investigate the dynamics of the excited states, we
performed TRPL measurements in toluene, and the decay
curves are shown in Figure 3. The TRPL spectra show similar
features in both carbazole derivatives (Figure S3a,b). In the first
few nanoseconds, Ta and 1b show an emission peak centered
at 440 nm and 415 nm, respectively. This peak is related to the

Normalized Emission

Alnm

10®

Normalized Intensity
=)

10®

T T

10 10
Time Delay | s

1u|“"

Figure 3. Top: Normalized spectra of 1b in toluene solution taken at room
temperature after different delay times; black =1.5 ns, gray =23 ns, light
gray 0.11 ms, dark green =0.50 ms, green=2.5 ms, light green=7.0 ms.
Bottom: Time-resolved decay curves of 1a-d in toluene; blue=1a,
green=1b, brown =1, orange = 1d. The excitation wavelength was

355 nm. All measurements were performed in the absence of oxygen.
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'LE/'CT state decaying with a lifetime of 7.3 ns for 1a and 4.3 ns
for 1b. By increasing the delay times, we observed a regime of
dual emission in the two carbazole derivatives. The short-
wavelength band in the microsecond time regime has identical
spectra as the prompt decay and is ascribed to delayed
fluorescence (DF). The DF mechanism is likely related to triplet-
triplet annihilation (TTA) because of the large AEs; gap (Table 1)
found for all four molecules. On the other hand, the second
band, with onset at 575 nm for both compounds, displays
characteristics typical of room-temperature phosphorescence
(RTP), which, according to our theoretical investigations, arises
from the TTT-thiophene core (LE). From the TRPL spectra, we
observed that the DF emission decays faster, with lifetimes of
0.5 ms and 0.7 ms for 1a and 1b. The phosphorescence lifetime
is around 3 ms for both compounds.

Moving from the carbazole derivatives to the acridine
homologs, the TRPL spectra of 1c in toluene solution show a
similar trend (Figures S3¢,d). Initially, 1¢ undergoes a very rapid
stabilization of the 'CT state within a 2.3 ns lifetime, which then,
with a broad emission band at around 460 nm decays within a
30.2 ns lifetime. At longer time delay, the dual emission related
to TTA and RTP is observed with lifetimes of 0.8 ms and 3.5 ms.
For 1d, we only observed distinct differences at later times. This
molecule, contrary to the other homologs, showed no detect-
able TTA and only a weak RTP with a short lifetime of 0.1 ms.
The RTP in toluene solution displayed by all four compounds is
somewhat unexpected. Evident RTP in solution is not usual, as
triplet states have a long lifetime and usually undergo non-
radiative decays. In our case, the bulky donor groups surround-
ing the rigid core most probably protect the °LE centered at the
TTT-thiophene core from non-radiative losses (collisional deacti-
vation with the environment). An exception is 1d, where the
larger SOC between the low-lying states and a higher triplet
energy enhances the phosphorescence rate, as further dis-
cussed in the theoretical section.

To understand the role of the non-radiative rates in these
molecules, we measured the absolute photoluminescence
quantum vyield (PLQY) in toluene solution (Table1). We
performed the PLQY measurements under air and calculated
the PLQY in degassed solution (®gegased) from the PL ratio
between degassed and air-equilibrated solution (Figure S4). The
slight decrease of PL by introducing oxygen into the solution is
mainly attributed to the quenching of the TTA mechanism.
Oxygen quenches slow emissive processes, such as TTA and
RTP, which involve triplet excited states. In toluene solution, the
acridine derivatives presented significantly lower PLQY values

Table 1. Lifetimes T and quantum yields < in toluene solution.

1a 1b 1c 1d
T [ns] e - 2.3 (84%) 1.5 (89%)
1, [ns) 7.3 4.3 30.2 (16%) 327 (11%)
Tpr [Ms] 0.5 (75%) 0.7 (83%) 0.8 (67 %) -
Tehasph [MS] 2.8(25%) 3.2 (17%) 3.5(33%) 0.1
@, 0.258 0.196 0.017 0.023
Digeds 0.304 0.232 0.023 0.029

[a] The error of @ was +0.01.

than the carbazole derivatives. This corroborates with the
acridine unit being more orthogonally positioned (close to 90°)
to the core than the carbazole unit. Thus, even though it forms
a CT state, this state has a small oscillator strength and,
consequently, a lower radiative rate. The PLQY results indicate
that all molecules present relatively strong spin-orbit coupling
between the low-lying states due to the thiophene moiety,
yielding a large population of triplet states (@ =1-Pgegasced)
and triplet non-radiative deactivation, especially on the acridine
derivatives.

Solid-state photophysical properties of the emitters were
measured in zeonex matrix, a non-polar saturated hydrocarbon
polymer. Figure S5 shows the absorption and emission spectra
for all four compounds. The two carbazole derivatives showed a
similar absorption profile in zeonex as in toluene. In contrast,
the acridine derivatives show better-resolved vibronic peaks in
zeonex, consistent with the more rigid structure in the matrix.
The photoluminescence of all compounds has a Gaussian-
shaped emission band with similar onset as observed in toluene
solutions, except for 1d, probably due to a significantly broader
distribution of donor-acceptor dihedral angles locked in the
solid matrix. Figure S6 shows TRPL decay curves for all
compounds. The decay curves show two regimes, a prompt
regime followed by phosphorescence emission. For all com-
pounds, a lifetime of around 3 ns is observed in the prompt
regime at room temperature (Table 2). In zeonex, the TRPL
decays from the two acridine homologs are more structured.
The bulky matrix probably flattens the acridine compounds
leading to mixed 'LE/'CT states as already observed with the
carbazole derivatives in toluene, and thus, for all compounds,
similar lifetimes are obtained in zeonex. In the slow regime, *LE
emission from the TTT-thiophene core is observed with a
lifetime of a few ms for all compounds. The slight increase in
the lifetime is attributed to the decrease of the non-radiative

Table 2. Lifetimes T, quantum yields ® and 5,&T, energies in zeonex
matrix.

1a 1b 1c 1d
Room temperature:
Tor [NS] 3.9 26 38 34
T phosph 1 4.7 83 1.2 (82%) 0.8 (68%)
[ms]
A = - 12.7 (18%) 7.3 (32%)
[ms]
Trhosph av == = 9.3 6.1
[ms]®
@, 0.144 0.124 0.031 0.055
80 K:
Tpr [Ns] 7.7 6.0 5.1 4.7
T phosph 204 207 0.9 (59%) 0.6 (51%)
[ms]
Tohosph 2 = - 16 (48%) 21 (49%)
[ms]
Tehosph av - - 14.6 20.5
[ms][b]
S, [eV] 312140020 3229+0.017 2.983+0015 3.103+0016
T, [eV] 247540015 252040010 2.480+0010 2.524+40.008
AEg; [eV] 0.646 0.709 0.503 0.579
[a] The error of & was =+ 0.01. [b] Obtained from 1 =3 1A, /21,A, due to
multi-exponential profile.
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decay at the solid state. Furthermore, the similar lifetimes of
solution and solid-state corroborate with the bulky donor
moiety protecting the emissive core from the environment and
allowing the RTP.

On decreasing the temperature, the spectra become better
resolved in the prompt and the phosphorescence regime,
indicating less motion and a more rigid structure in the film.
Moreover, all compounds present similar lifetimes at low
temperatures, whereas the non-radiative decays are less
pronounced. From the onset values of the 'LE/'CT emission
peak at room temperature and of the °LE emission peak at low
temperature, we obtain a large AEs; gap of more than 0.5 eV
for all molecules. Such large AE;; gaps rule out the TADF
mechanism at room temperature. The *LE energy values are
similar for all compounds, implying a minimal influence of the
modifications on the TTT core.

DFT calculations were performed to obtain the ground state
geometries, and for all compounds, the bonds and angles are in
good agreement with similar compounds where X-ray struc-
tures were obtained."" The orthogonality of the donor-acceptor
moieties was evaluated by measuring the dihedral angles
between the TTT core and the thiophene moiety, and between
the thiophene moiety and the donor unit (carbazole or
acridine). For 1a and 1b, the average TTT-thiophene angles of
15.76° and 13.20° illustrate that these units are not coplanar.
The thiophene-carbazole angle increases from 41.43° in 1a to
61.08° in 1b. As the TTT-thiophene dihedral angles are similar
for both compounds, the thiophene-carbazole angle deter-
mines that the carbazole moiety is more orthogonal to the TTT
core in 1h. For 1¢ and 1d, similar TTT-thiophene dihedral
angles of 13.59° and 21.44° were found. On the other hand,
thiophene methylation decreases the thiophene-acridine angle
from 85.67° in 1¢ to 77.42° in 1d. The measured dihedral angles
and the optimized geometries are shown in Figure 4. Figure 4
also illustrates that the orthogonality of the peripheral donor
groups over two torsion angles to the TTT core is not uniform
between the three symmetrically equivalent donor positions
(with some rather coplanar, others quite orthogonal) indicating
that the configuration at any given instant differs significantly
from a time-averaged configuration, in which the peripheral
donors occupy a more globular space.

The characteristics of the excited states were investigated
using TD-DFT and SOC-TD-DFT. For 1a and 1b the first
absorption band (Figure S7) observed experimentally is related
to the three low-lying states. Interestingly, the S,, S,, and S,
states of these two carbazole derivatives have CT orbital
configurations that stretch both over the carbazole and part of
the TTT-thiophene core. Still, the oscillator strengths f for these
transitions are relatively high, characteristic of a LE state.
Therefore, for both compounds, the excited state is attributed
as a mixed 'LE/'CT state, with 1b having the larger LE character
due to the larger value of f. S, is associated with the one of the
three thiophene-carbazole arms where the largest thiophene-
carbazole dihedral angle is observed. S, and S; are similar states
but involve the other arms of the molecule with lower dihedral
angles due to configurational asymmetry. For 1c and 1d the
first absorption band is related to the three low-lying CT states
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Figure 4. Optimized ground state geometries within B3LYP/def2-SVP level of
theory.

from acridine to the TTT-thiophene core as indicated by the low
values of f and the orbital configuration. The second band in
the theoretical spectra for all compounds, which corresponds to
the high energy band observed experimentally, is related to the
LE states from the TTT-thiophene core. Detailed information
about these excited states is given in Tables S1-54.

The optimized S, and T, geometries were obtained to gain
information on the S, and triplet states. In the optimized S,
state geometry, only minor differences between the dihedral
angles are observed (Figure S8), leading to only slight changes
of f for the S,—S5, transition in all compounds (Table $1-54). On
the other hand, from the ground state to T,, the geometry of
the molecules flattens significantly, decreasing the dihedral
angles between the donor and acceptor moieties (Figure S9).
The configuration of the excited triplet states was calculated
using SOC-TD-DFT starting from the T, state geometry. The
flattening of the structure increases the overall conjugation of
the m-system leading to low-lying states with a LE orbital
configuration (Table S1-54). Therefore, the T,, T,, and T, states
are assigned as ’LE from the TTT-thiophene core, the lowest
energy state being the one with the smallest dihedral angle
between these two moieties. The T, state is energetically close
to S, and has a CT orbital configuration from donor to acceptor
moieties.

The SOC effects on the ISC and phosphorescence pathways
were evaluated using the SOC matrix elements (SOCME)
obtained from SOC-TD-DFT calculations (Table 3). The ISC rate is
proportional to the sum of the SOCME between S, and all
triplet states of lower or similar energy (in this case, T,-T, for all
compounds). For 1a and 1b the SOCME sum between S, and
the triplet states is 4.36 and 5.19 cm ', while for 1c and 1d we
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Table 3. SOCME and adiabatic energy differences.
1a 1b 1c 1d

’ o 2 P 4.36 5.19 3.75 1.75
Zp ((Tﬂ-mx.szHsoc‘Sw)) [em™]

; o 2 n 10.36 9.37 11.65 14.54
> ((/:‘rhiy‘lj‘HiOClsaﬂ—w)) fem™']
S, [e 3.231 3.346 2972 3.112
T, [eV] 2207 2256 2061 2245
AEg; [eV] 1.024 1.090 0.911 0.867

found 3.75 and 1.75cm . These values agree with the
measured quantum vyields ¢. 1a and 1d have larger ® than
their homologs, which is mainly due to the fluorescence
emission indicating less deactivation through the ISC pathway.
Such values of SOCME for the ISC pathway are similar to those
of regular donor-acceptor molecules and sulfur containing
compounds."?

The SOCME between all the low-lying states allows the a
priori forbidden T,—S, radiative pathway. We calculated the
SOCME between T, and the first ten excited singlet states. For
1a and 1b, this sum of SOCME is 10.36 and 9.37 cm™". As the T,
energies of these two compounds are very similar, the SOCME
sums found agree with the experimental observation of a lower
Kphoson @nd thus a higher Tpo., with 1b. For 1c and 1d the sum
of SOCME is 11.65 and 14.54 cm . Here, 1d has a larger SOCME
between the low-lying states and a higher T, energy than 1c.
As Kpnospn 1s proportional both to the SOCME and to the T,
energy, 1d accordingly shows a significantly lower Tppogpn
compared to the other three compounds and only very weak
RTP. The phosphorescence pathway shows relatively larger
values of SOCME and is comparable to other molecules with
RTP." As the low-lying triplet states are °LE states centered
both at the TTT core and the thiophene bridge, the thiophene
inclusion increases the SOC associated with the radiative T,—S,
pathway, thus allowing RTP.

Conclusion

In summary, including thiophene bridges between the donor
and acceptor moieties in D;A-type tristriazolotriazines resulted
in an RTP emission in solution with a lifetime of 0.1-3.5 ms.
Furthermore, all compounds exhibited PF emission with a PLQY
between 0.023 and 0.258, with carbazole derivatives showing
higher efficiency. The PF originates from a mixed 'LE/'CT state
in the carbazole homologs, while the acridine variants showed
pure 'CT emission due to the good orthogonality between the
donor and acceptor moieties. For compounds 1a, 1b, and 1c¢
with longer phosphorescence lifetime, a concurrent TTA
mechanism is observed. The comparison between solution and
solid-state emission and their lifetimes suggests that the bulky
donor moieties protect the emissive °LE state which spreads
through the TTT-thiophene core. The partially protected local-
ization of the emissive triplet state at the molecular core, which
is surrounded by three bulky donor units, likely assists the
strong SOC between the low-lying states of about 10cm™ in
allowing RTP to manifest itself even in solution. We conclude

Chem. Eur. J. 2023, 202203800 (6 of 7)

that the incorporation of thiophene bridges in D,A-type
emitters should be considered in molecular design aiming at
solution RTP.
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Columnar Liquid Crystalline Glasses by Combining
Configurational Flexibility with Moderate Deviation from
Planarity: Extended Triaryltriazines

Fabricia Nunes da Silva,”” Hugo Marchi Luciano,”™ 9 Carlos H. Stadtlober,” Giliandro Farias,

d

Fabien Durola,® Juliana Eccher,"” lvan H. Bechtold,*® Harald Bock,*® Hugo Gallardo, and

André A. Vieira*®

Abstract: Triply phenanthryl- and tetrahelicenyl-substituted
triazine-hexaalkyl esters with short alkyl chains show glass
transitions conveniently above room temperature within the
hexagonal columnar liquid crystalline state, resulting in a
solid columnar order at room temperature. As the hexagonal
columnar mesophase is easily aligned with the director
perpendicular to a solid substrate, such glassy columnar
liquid matrices are aimed at for the orientation of guest

emitters, to obtain anisotropic emission. A condition for face-
on alignment on substrates are attainable melting and
clearing temperatures, which is achieved with the moderately
nonplanar tetrahelicenyl derivatives in spite of their short
alkyl periphery. An unusual phase transition between two
columnar mesophases of same hexagonal symmetry, but very
different long-distance regularity of the column lattice, is
found in one phenanthryl homolog. )

Introduction

Glassy polyaromatic matrices are widespread in organic elec-
tronics, because use of the glass state circumvents the electric
(such as inhomogeneous charge transport, trap pinning) and
optical (such as scattering) problems arising from grain
boundaries in microcrystalline materials, whilst still providing
the mechanical robustness of a solid. The formation of glasses
instead of crystals is favared by conformational multiplicity and
the presence of dipoles. Whilst isotropic glasses are common
amongst charge-transporting polycyclic aromatics, liquid crys-

[al F. Nunes da Silva, Prof. A. A. Vieira

Departamento de Quimica

Universidade Federal da Bahia

Ondina, 40170-115 Salvador, BA (Brazil)

E-mail: vieira.andre@ufba.br

F. Nunes da Silva, H. Marchi Luciano

Centre de Recherche Paul Pascal

Université Bordeaux

115 av. Schweitzer, 33600 Pessac (France)

[c] H. Marchi Luciano, Dr. G. Farias, Prof. H. Gallardo

Departamento de Quimica

Universidade Federal de Santa Catarina

Trindade, 88040-900 Floriandpolis, SC (Brazil)

C. H. Stadtlober, Prof. J. Eccher, Prof. I. H. Bechtold

Departamento de Fisica

Universidade Federal de Santa Catarina

Trindade, 88040-900 Floriandpolis, SC (Brazil)

E-mail: ivan.bechtold@ufsc.br

Dr. F. Durola, Dr. H. Bock

Centre de Recherche Paul Pascal, CNRS

115 av. Schweitzer, 33600 Pessac (France)

E-mail: harald.bock@crpp.cnrs.fr

= Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202203604

A

E

[e

Chem. Eur. J. 2023, 202203604 (1 of 7)

talline polyaromatic glasses are much rarer. They allow embed-
ding of emitter materials in an oriented anisotropic alignment,
favoring anisotropic emission, which can lead to a 50% increase
of light outcoupling and thus of external device efficiency.”
Hexagonal columnar liquid crystals are especially interesting, as
they tend to align homeotropically (i.e. with the disk-shaped
molecules parallel to the substrate)” favoring an emitter
orientation with preferred emission perpendicular to the device
plane.

Columnar liquid crystals generally consist of molecules that
have a more or less rigid polycyclic aromatic core with a flexible
alkyl chain periphery.”! Besides rarer cases of nematic meso-
phases that lack periodic order,” such disk-like mesogens form
columnar stacks of disks, and the columns form a two-dimen-
sional ordered lattice, whilst no long-range order persists in the
direction of the column axes. Different columnar mesophases
with different symmetries of the column lattice exist, the most
common being hexagonal symmetry, which generally results if
the disk planes are on average perpendicular to the column
axis. Mesophases of rectangular or oblique symmetry result
mainly from slipped stacking, which makes the disks filt out of
the plane normal to the column axis, and leads to a non-circular
column cross-section. The close disk-to-disk stacking leads to
generally good charge and exciton transport along the
columns.® The formation of a glassy columnar liquid crystalline
state close to room temperature by non-polymeric discotic
mesogens has been observed previously mainly in dimeric
systems like bridged hexaalkoxy-triphenylene dimers;"® another
design approach relies on monomeric mesogens with heavy
anchor-like side-chains, where crystallization may additionally
be impeded by low symmetry or regio-isomer mixing
(Scheme 1).1"
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Scheme 1. Examples of known glass forming columnar mesogens with
conventional triphenylene or phthalocyanine cores: spacer-bridged dimer
(top) and monomeric disc with bulky substituents (bottom); Hex =n-hexyl.

It has recently been shown that both the alignment
direction and the entropy content (disorder) of a small molecule
room termnperature columnar liquid crystalline glass can be
controlled during physical vapor deposition by the adjustment
of deposition speed and substrate temperature.™ Such proce-
dures rely on sublimable mesogens of small molecular weight.

A simple heterocyclic structural motif with threefold
symmetry that has been reported to yield predominantly
hexagonal columnar mesophases when appropriately extended
with alkoxy-decorated aryl substituents is 1,3,5-triazine.”’ Most
of these columnar triaryltriazines have rather large molecular
weights because the alkoxy chains needed to induce meso-
morphism are long and come in large number. In several
tris(triazolyl)triazine derivatives, calorimetric glass transitions
above room temperature could be detected after melting and
subsequent cooling, confirming the presence of an anisotropic
columnar glass at standard conditions (Scheme 2).

We recently reported that ester-substituted triphenyltria-
zines, i.e. tris(3-alkoxycarbonylphenyl)-s-triazines 1, (Scheme 3)
can be obtained swiftly from methyl 3-cyanobenzoate in
analogy to the acid-induced trimerization of benzonitrile,"” and
predominantly show nematic liquid crystal behavior."" Core- or
chain-fluorination leads to columnar mesophases with only
weak tendency to crystallize at room temperature, due to the
rotational flexibility at the triazine-benzene single bond that
allows for two in-plane configurations of each meta-attached
ester group with respect to this bond. The limited conjugation
between the three outer benzene units via meta-linkages
through the central triazine cycle ensures that a large band gap
is preserved, allowing for the embedding of blue emitters, as is
desired eg. for TADF (thermally activated delayed fluorescence)
OLEDs (organic light emitting diodes)"* Unfortunately, we
could not obtain a robust glassy state in a convenient temper-
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ature in the columnar mesophase has been observed by calorimetry (T,
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Table 1. Calorimetric phase transition onset temperatures (°C) and enthalpies (J/g [in brackets]), and glass transition onset temperatures, on heating with
10°C/min; Cr=crystalline phase, Col,.,=hexagonal columnar mesophase, Iso =isotropic liquid, T, =glass transition temperature in the hexagonal columnar
mesophase (Col) or in the isotropic liquid (Iso); monotropic transitions (observed on second heating only, after cooling from the isotropic liquid) in italics.
The two right-hand columns give the column-tocolumn distance d,; and the intracolumnar disk stacking distance dyg in A at 25°C in the hexagonal

mesophase, as observed by powder XRD.

Cr-Cr Cr—Coly, Colpey—Colpe Colg,lso Cr-lso T ool [
5g, 224 =375
Sp 150 >375 81« 20.8 -
S 108 =375 19% 235 33
751 1531 3258261
o 17904 22334 23287 222 37
T 149" 20554 39~ 22.5 3.7
Tos 1237 i

The glyoxylic Perkin reaction,”” combined with subsequent
Mallory photocyclization, is a versatile tool for the synthesis of
polycyclic arenes with multiple viscosity-enhancing alkyl ester
substituents, and such ester substituents often lead to liquid
crystalline materials even when only very short alkyl peripheries
are used."

Whilst the trimerization of 3-cyanobenzoic acid, in contrast
to the successful trimerization of its methyl ester, to the
corresponding tricarboxy-triphenyltriazine 2 (Scheme 3) is ac-
companied by substantial degradation, we now found that (4-
cyanophenyl)acetic acid trimerizes cleanly, yielding a conven-
ient substrate for threefold Perkin-Mallory sequences that allow
the synthesis of extended ftriaryltriazine hexaesters. When the
so-obtained trimer, tris((4-carboxymethyl)phenyljtriazine 3, is
Perkin-condensed with phenylglyoxylic acid, and the resulting
tris(maleic acid) 4y is subjected to insitu esterification and
subsequent Mallory photocyclization, triphenanthryl-triazines 5
bearing three pairs of vicinal ester substituents are obtained.

The alkyl groups introduced by in situ esterification should
be short enough to allow a glassy state at room temperature
(avoiding undue fluidification), but sufficiently long to allow
mesophase formation. Methyl ester groups rarely allow the
latter, whereas in many systems, already ethyl ester groups do.
Whilst a high glass transition temperature T, is desirable to
ensure solid-like robustness well above room temperature, an
attainable clearing temperature well below the temperatures of
thermal degradation of organic materials (that are typically
around 300°C) is also desirable to allow cooling trough the
liquid-to-mesophase transition (a.k.a. clearing temperature T,)
as a means of homogeneously aligning the mesophase’s optical
axis with respect to the substrate.

We thus prepared the hexaethyl, hexapropyl and hexabutyl
ester derivatives 5g, 5 and 5g, of sym-tris(phenanthr-3-
yl)triazine.

Results and Discussion

Albeit the hexaethyl ester 5 shows, as confirmed by powder
Xray diffraction (XRD), a phase transition between two different
crystalline states upon heating above its melting onset at
224°C, no transition to the isotropic liquid is observable by
polarized light optical microscopy (POM) up to our experimen-

Chem. Eur. J. 2023, 202203604 (3 of 7)

tal limit of 375°C. The propyl homolog 55, after melting at
150°C, (Table 1) likewise shows no clearing to the isotropic
liquid below 375°C, but the high temperature state is identified
as a hexagonal columnar mesophase (by the characteristic (11)
and (21) secondary XRD peaks of the column lattice correspond-
ing to distances related by factors of /3 and /7 to the main
lattice peak)"™ (Figure 1), which upon cooling to room temper-
ature rigidifies to a non-shearable mesomorphic glass. The XRD
spectra of 55, at 250 and 25 °C testify of a contraction of 10% of
the column-to-column distances (from 230 A to 20.7 &) over
this temperature span, accompanied by roughening of the

5gi at 25°C

Sec at 250°C

Spr at 250°C

Ser at 25°C, cooled from 250°C

Serat 125°C, crystallized on reheating

Sgu at 150°C
WW
5eu at 25°C, cooled from 150°C

0 5 10 15 20
q/nm-

Figure 1, Powder XRD spectra of 5g, 5 and 5, at room and elevated
temperature (logarithmic intensity scaling). The root values indicate the q
ratio with the main lattice peak to the left and correspond to a column
lattice of hexagonal symmetry; the corresponding Miller indices are /3: (11),
V4 (20), /72 (21).
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diffraction pattern in the small angle region, but without loss of
the (11) and (21) peaks.

A steplike feature is apparent in the calorimetric cooling
curve of 5p, between 85 and 63°C (at —10°C/min), (Figure 2)
whereas a similar feature above 81°C on the corresponding
heating curve (at +10°C/min, calorimetric glass fransition
temperatures are most commonly recorded upon heating at
that speed) is convoluted with heating-induced crystallization
between 100 and 130°C. A calorimetric glass transition on
heating thus cannot dearly be distinguished, but shearing of
the mesophase between glass slides at temperatures below
81°C is impossible, corroborating the formation of a mesomor-
phic glass. The inferred glass transition at ca. 81°C restricts
crystallization to the temperature domain between this temper-
ature and the melting onset at 150°C. In the butyl homolog 5g,,
which likewise shows a hexagonal columnar mesophase after
melting at 108°C, the calorimetric glass transition is significantly
lowered to 19°C, whereas, in contrast to 5, immediate
crystallization upon heating above this glass transition is not
observed. Like its two smaller homologs, 5, does not clear
below 375°C. The hexagonal lattice parameter of 5, is
preserved by cooling from 150°C to room temperature, with a
column-to-column distance of 23.5 A that shows no significant
temperature dependence. The m-stacking order inside the
columns, corresponding to an interdisk distance of about 3.3 A,
was enhanced upon cooling to room temperature, which
facilitates charge carrier transport. In contrast, the m-stacking
order was not clearly observed for 5p, neither at high nor at
room temperature.

Even though we were able to obtain with 55 a mesomor-
phic anisotropic glass with a conveniently high glass transition
temperature of 81°C, the absence of clearing to the isotropic
liguid at practical temperatures and the drop of the glass

Sy . Brr (cooling)
e FeAT Col »Cr
. 81.12°C -
- Cr—Caol
8 er°c 90.54°C ‘ B
\:IL,\)I\": ———5pr
@
I ss;a\?:"\\x__‘
S I
3 .
c 39.34°C =
3 Iso-»Cr___ - T 5gu
£ / \
1 5970 TR \Cr—lso
27.23°C v
. Co1l>lso '= [ Tou
[
- a8.07° c““‘w o Thiex ]5 |
l 0 50 100 150 200 250
Exo Up Ti°C

Figure 2. Differential calorimetry heating scans (red) of 54, 7, 75, and Ty,
at + 10°C/min (after initial heating above the melting point and subsequent
cooling at —10°C/min), and cooling scan (blue) of 5, at —10°C/min; glass
transition onset temperatures on heating are indicated above vertical
arrows; phase transitions are marked between Col =hexagonal columnar
mesophase, Cr = crystalline state, and lso=isotropic liquid.
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transition temperature to only 19°C with 54, led us to redesign
the molecular structure.

Extension of the three aryl arms with 2-naphthylglyoxylic
acid via the Perkin adduct 6 to target esters 7 with off-planar
tetrahelicenyl units"® offered the perspective of both lowering
the clearing temperature due to a less planar and relatively
compact molecular shape and hindering the tendency to
crystallize due to increased conformational variations, both in-
plane and out-of-plane.

We thus prepared analogously the hexaethyl, hexapropyl
and hexabutyl ester derivatives 7g, 75, and 7, of sym-
tris(tetrahelicen-3-yljtriazine. All three homologs show direct
melting of the crystalline state to the isotropic liquid at
attainable temperatures of 325, 232 and 205°C, respectively. No
mesophase Is detected with 7 on cooling from the isotropic
liquid, and a crystal-to-crystal transition is observed by DSC (at
153°C on heating). Both crystalline phases are of hexagonal
symmetry, showing the characteristic (10), (11), (20), (21), (30),
(22) and (31) peaks corresponding to hexagonal lattice
distances in the ratios of 1:\/3:,/4:,/7:,/9:,/12:,/13, besides a
multitude of other peaks (Figure 3). In contrast to 7g, the
crystalline phases of 7p, and 7, do not show prominent XRD
peaks associable with a hexagonal lattice. 75, and 75, show
monotropic mesophases upon cooling below their clearing
points at 223 and 149°C, respectively, with the typical growth
textures of the hexagonal columnar mesophase (Figure 4) and

Terat 175°C

Terat 25°C

3 Ter at 25°C, not heated

0 5 10 15 20
q/nm-1

Figure 3. Powder XRD spectra of 7g, 7, and 7, at room and elevated
temperature (logarithmic intensity scaling). The root values indicate the q
ratio with the main lattice peak to the left and correspond to a column
lattice of hexagonal symmetry; the corresponding Miller indices are /3:(11),
VA (200, /70 (21), /9: (30), 12: (22), /13: (31).
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Figure 4. Growth between glass plates of the hexagonal columnar meso-
phase of 7, (top left) and 7, (top right) in homeotropic alignment upon
cooling through the isotropic-columnar phase transition, and homeotropic
texture of the high temperature mesophase of 7;, at 200°C (bottom left) and
of the low temperature mesophase at 100°C (bottom right) after cooling
from the isoptropic liquid followed by reheating; polarizing light optical
microcopy with slightly uncrossed polarizers.

associated /3 and /4 XRD peaks. Thus, the slight deplanariza-
tion of the aromatic core destabilizes the hexagonal mesophase
sufficiently to deliver attainable clearing temperatures in 7,
and 7g,, whilst the mesophase is entirely suppressed in 7g in
favor of a hexagonal crystal. Upon cooling, 7p, shows a further
low-enthalpy transition that is unigue to this compound and
that is significantly hysteretic with onset temperatures on
cooling and reheating with 10°C/min of 143 and 179°C,
respectively (Figure 5). Astonishingly, this transition reveals itself
by XRD to be associated with no change of the hexagonal
symmetry of the mesophase and no appearance of peaks not
associable with a 2D hexagonal lattice, but the higher order
peaks of the column lattice increase significantly in relative
intensity with respect to the primary lattice peak (and the /7,
V9, /12 and /13 peaks are now clearly expressed). Thus, XRD
testifies of an improved correlation length of the column lattice
and an enhancement of the interdisk peak. Similar to 5, a
slight contraction of the column-to-column distance (from
226 A at 200°C to 22.2A at 25°C) and of the m-stacking
distance (from 3.8 A to 3.7 A) was also observed for 7,. No

w

Col—1s0|

Col>Col
200

o Heat Flow | Wig o

o

0 50
Exo Up

100
Ti°C

180 280

Figure 5. Differential calorimetry cooling (blue) and subsequent heating
(red) scans of 7p, at —/+ 10°C/min (after initial heating above the melting
point); with phase transitions between two hexagonal columnar (Col)
mesophases and between the higher temperature mesophase and the
isotropic liquid (Iso).
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calorimetric glass transition could be observed with 7, within
the temperature range of this highly ordered mesophase.

When 7;, Is sandwiched between glass slides in homeo-
tropic alignment, the transition between the two hexagonal
phases manifests itself in the microscope by a reversible
increase of granularity, without change of domain boundaries
(Figure 4).

No such less-to-more-regular-mesophase transition is ob-
served with 7g, but it forms a mesomorphic glass at room
temperature and shows a calorimetric glass transition at 39°C
on reheating (+10°C/min). Thus, 75, shows both a persistent
mesomorphic hexagonal columnar glass at room temperature
(with column-to-column distance of 22.5 A and intercolumnar
distance of 3.7 A) and conveniently accessible melting and
clearing temperatures of 205 and 149°C.

To evaluate whether slightly longer alkyl chains on 7 would
still allow a mesomorphic glass at room temperature, we also
prepared the homolog 7y, with n-hexyl ester substituents, and
we were surprised to find that it is not mesogenic but forms an
isotropic glass (T,=27°C on heating at + 10 C/min) after
melting at 123°C and cooling back to room temperature.

Thus, a hexagonal columnar mesophase was observed with
the four materials 5p,, 5g, 7p, and 7g, of which 75 shows a
peculiar thermal phase transition between two distinct hexago-
nal states with different degrees of order of the column lattice.
No mesophase was observed with either shorter ethyl chains in
5¢ and 7, or longer hexyl chains in 7.

The modification of the molecular structure from 5 to 7 led
to a dramatic reduction of the tendency to from a mesophase
over unduly large thermal ranges, while the increase of T, from
19°C in 5, to 39°C in its core-extended analog 7, allowed us
to obtain a material that combines a mesomorphic glassy
hexagonal columnar state at room temperature with the
formation of an isotropic liquid at conveniently attainable
temperatures.

We investigated the photophysical properties of 5 and 7 in
dilute chloroform solution and in condensed films. In solution
the absorption spectra of all homologs of 5 show two main
absorption bands (=83 & 113 mM~'cm™') centered at around
342 nm and 272 nm, while the homologs of 7 show a weak
absorption (7 mM~'em™") close to 405 nm, and a combination
of intense transitions at high energy, leading to a structured
absorption with maxima (62, 65, 95 & 123 mM~'cm™) at 361,
345, 316 and 278 nm (Figure 6). We performed DFT and TD-DFT
calculations on optimized geometries of the hexamethyl
homologs 5y, and 7y, to gain insights in the configurations of
the excited states. For 5y, the low energy band is related to mt-
mt* transitions mostly centered at the triazine core, while the
high energy band is also due to m-m* transitions, but mainly
spread through the phenanthrene moiety. In 7. the adopted
geometry with less planarity in the tetrahelicenyl moieties leads
to a different absorption profile: The low intensity band close to
400 nm arises from a charge-transfer-like state from tetraheli-
cenyl to triazine. The other transitions are similar to those in 5,
with intermediary energy m-m* states centered at the triazine
and those at high energy spread through the tetrahelicenyl
moiety.

® 2023 Wiley-VCH GmbH
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Figure 6. Left: Normalized absorption (top) and emission (bottom) in dilute
chloroform solution [107* mg/mL]. Right: Normalized emission in drop-cast
film at room temperature before (top) and after (bottom) heating above the
melting point. Emission spectra were obtained upon excitation at 360 nm.
See dark blue, 5,: light blue, 75 brown, 7,: red, 75, pink. The dashed lines
in the three emission graphs, centered on the emission maxima of 5p, & 75,
in unheated films (as shown in the top right graph), are guides to the eye.

The emission in solution shows a single emission peak close
to 409nm for 5 and 458 nm for 7, with no discernible
differences between homologs in either series. From the onset
of emission in solution, at ca. 375 nm for 5 and at ca. 420 nm
for 7, energies of the first excited singlet state S, of 3.31 eV for
5 and of 2.95 eV for 7 can be inferred. From TD-DFT calculations
on optimized geometries of 5y and 7,. S, energies were
obtained that are wvery close to the values inferred from
emission in solution: 3.347 eV for 5y, and 2.963 for 7y, We also
calculated the energy of the excited triplet states T, on the
same geometries using SOC-TD-DFT, obtaining 2.637 eV for 5y,
and 2.464 eV for 7y,.. The good correspondence of experimental
and DFT-calculated energy values for S, indicates that the T,
energies obtained on the same geometries may be good
estimations as well. Materials such as 5 or 7 with T, energles of
ca. 2.5 eV may accordingly be considered as matrices for TADF
emitters that emit light of slightly lower energy, i.e. in the
green-to-yellow range of the visible spectrum.

Whereas the absorption spectra and as well as the emission
spectra from solution are near-identical between the homologs
of 5 and between the homologs of 7, significant differences
between the column-forming homologs of 7 appear in the

emission spectra upon annealing of drop-cast films (Figure 6
and Table 2). The emission 5p, 5g, and of 7g, i.e. the three
materials that exhibit a conventional hexagonal columnar
mesophase in the glassy state at room temperature, is not
notably altered upon annealing by melting and subsequent
cooling back to room temperature, which suggests that upon
solvent evaporation from drop-cast films at room temperature,
the same mesogenic state is obtained as upon cocling of the
melt. In contrast, the emission spectra of 7 and 7, which
adopt respectively a hexagonal crystalline state and a higher-
order columnar mesophase at room temperature, shift to the
red upon annealing, by 28 nm (7g) and 11 nm (7). Here the
higher order of the polycrystalline film of 7, and of the highly
ordered mesomorphic film of 7, is apparently obtained only
upon annealing. The bathochromic shift from emission in
solution to emission from the columnar mesophase is more
pronounced for planar 5 than for distorted 7, meaning that the
flatter core of 5 allows more pronounced chromophore
aggregation in the mesophase than the less easily stacking off-
planar arene system of 7.

The photoluminescence guantum vyield (PLQY) data show
that columnar aggregation tends to increase emission yield
(Table 2), as the condensed films show higher PLQYs than the
solutions. No significant change of PLQY is observed upon
annealing. The increase of yield from solution to columnar film

constitutes a peculiar form of aggregation-enhanced
emission.""”
Conclusion

The triphenanthryl-triazine-hexaesters 5 with alkyl ester sub-
stituents longer than ethyl, i.e. 55, and 5;, are found to show
enantiotropic hexagonal columnar mesophases that can be
cooled without crystallization to form a mesomorphic glass. The
glass transition temperature is strongly chain-length depend-
ent, with T, of the shorter propyl homolog 5p, being about
60°C higher than the one of 5g,. Thus, a glassy state at and
above room temperature can be obtained only with very short
alkyl chains, which implies clearing temperatures =375°C
which cannot be reached conveniently. To address this, larger
but less planar tris(tetrahelicenyl)-triazine-hexaesters 7 have
been designed, which with the same short alkyl chains yield
monotropic hexagonal columnar mesophases with conveniently
attainable melting and clearing temperatures, and, in the case
of 7, an improved, i.e. 20°C higher, glass transition temper-
ature compared to its phenanthryl analog 5g,. The shorter-chain

Table 2. Photoluminescence quantum yields and emission maxima in chloroform solution and in drop-cast film, upon excitation at 360 nm.

St Ser Sau Ta e T Thex

Solution (CHCl3) 22% 21% 22% 12% 12% 12% 12%
409 nm 407 nm 409 nm 459 nm 458 nm 459 nm 459 nm

Cast film 27% 45% 49% 20% 23% 14% 17%
462 nm 462 nm 465 nm 495 nm 498 nm 489 nm 500 nm

Annealed film n/a (does not melt) 44 % 46 % 24% 23% 13% 16%
461 nm 466 nm 523 nm 509 nm 493 nm 505 nm

Chem. Eur. J. 2023, 202203604 (6 of 7)
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homolog 7, shows on cooling, instead of a glass transition, an
unusual and intriguing first-order transition to a second
hexagonal columnar mesophase with an extremely well-
ordered hexagonal column lattice.

The stabilization of a solid-like hexagonal columnar meso-
phase at room temperature, combined with an accessible
transition to the isotropic liquid in order to allow for the
formation of surface-aligned samples by cooling from the liquid,
is thus shown to be achievable by a molecular design based on
configurational flexibility together with a well-dosed intrinsic
deviation from planarity and short alkyl ester substituents.

Emission in condensed columnar films at ambient temper-
ature is found to be higher than in solution. The peculiar
increase of order of the room temperature mesophase from 7,
to 75 leads to a bathochromic shift of emission in annealed
films due to enhanced aggregation.
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Figure SI 89 Mass spectrum 2a.
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Figure SI 91 Mass spectrum 2c.
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Figure SI 92 Mass spectrum 2d.
8.3.3 Emitters decorated with aliphatic chains
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Figure SI 93 Mass spectrum 16b.
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Figure SI 94 Mass spectrum 16c¢.
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Figure SI 95 Mass spectrum 20.
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8.4 TIME-RESOLVED PHOTOLUMINESCENCE AT 80K

8.4.1 Triazine-based emitters
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Figure SI 96 Time-resolved photoluminescence in solid-state at 80K of the emitters 1a-d.



8.5 THEORETICAL INVESTIGATION

8.5.1 TTT-based emitters
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Table SI 1 TD-DFT/SOC-TD-DFT excitations using CAM-B3LYP/def2-SVP for 2a in toluene.

Energy TD-DFT
Geometry State eV nm f Configuration® Difference Densities
Si 3786 328 0.04753 H2—L(43) e
K
S, 3.803 326 0.04227 H— L+l (46) 5
GS S;  3.849 323 0.00362 H-1— L+1 (40) _,ﬁ. &
S¢ 4339 286 0.16976 H-2 — L+2 (40) RN
S 4523 274 046240 H-6— L (32) 2P
S S 2972 417 0.05356  H—L(91) N
..‘l [}
Ti 2207 561 1.33x10%  H— L (49)
T, 2835 437 280x10% H-7— L+l (27) gt

T
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T 2906 427 620x10° H-8— L+1(24) g

T4 3.097 400 852x107 H-7—L(37)

o S
e S

* Transitions with high percentage (>20%) contributions are shown in parenthesis.

Table SI 2 TD-DFT/SOC-TD-DFT excitations using CAM-B3LYP/def2-SVP for 2b in toluene.

Energy TD-DFT
Geometry State . . f Configuration® Difference densities
H — L (46) .. P
Si 3.923 316 0.37873 H-6 — L (38) E‘.E: &
S> 3950 314 036954 H-7— L+1 (45) R
}:j:
GS H-8 — L+1 (26) e, g 8
S; 4.000 310 0.01196 H-8 — L+2 (33) :_.;:“._..';.
S4 4316 287 1.02853  H-6— L (39) R
Ss 4348 285 0.78085  H — L+5(29) T
Si Si 3.345 371 0.09656 H—L 9] _,-\ SE

P S I
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T 2.256 549

T> 2.835 432
Ty

T 2.906 413

T4 3.097 393

5.33x10”

1.67x107

4.86x107

1.30x107°

H — L (49)
H-7 — L+1 (27) T o
H-8 — L+1 (24) oo

H-L@25)

H-6 — L (34)

2 Transitions with high percentage (>20%) contributions are shown in parenthesis.

Table SI 3 TD-DFT/SOC-TD-DFT excitations using CAM-B3LYP/def2-SVP for 2¢ in toluene.

Energy TD-DFT
Geometry State eV nm f Configuration®* Difference Densities
Si 3.565 348  0.00018 HH:’LI;I(S(?I) ;‘  d
S 3573 347 000034 1_>_)L1l1(5(?2) =,\ r
GS S 3853 32 004019 ;) SS; &?"‘ e
Ss 4300 288 123002 H-3—L(65)
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H-4 — L (35) M
ST 4433 280 080684 i L REa
A
£,
) S 3565 399 000017  H-—L(58) Foi 4
e e
__:'*.',i,
Ti 2061 601 133x10°  H— L (66)
i)
T, T, 2970 417 0 H-5 — L+1 (46) ;‘?
A
Ty 2989 415 333x100 H-l1— L+l (41) '*'9
10 5
o
Ts  3.049 407 1.08x107 H-3— L (54) >

2 Transitions with high percentage (>20%) contributions are shown in parenthesis.

Table SI 4 TD-DFT/SOC-TD-DFT excitations using CAM-B3LYP/def2-SVP for 2d in toluene.

Energy TD-DFT
Geometry State eV nm f Configuration®  Difference Densities
Si 3.684 337 0.00502  H-—L(8l) Jul

S;  3.886 319 0.12954 H-1—L+1(51) .?-m“"
oXfs
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S,
GS Ss  3.905 318 0.08220 H-2—L+2(52) o
S; 4230 293 118316  H-3—L(65) Ehe
B &
Ss  4.402 282 1.06477  H-4 — L (75) _gt_r_..-.f;
S S, 3112 398 000032  H-—L(92) o d
Ti 2245 552 136x10° H-—L(52) e
o HA— L+ (32) ¢
T 353141 600<10% [T T 0T &
Tl _..._:‘._
L HS — L+ (33) %" o
T 3532 403 1253107 T Y 328
. H-L(Q2) o .a'i"‘
T 3918 3% 676x107 T HUA SR

2 Transitions with high percentage (>20%) contributions are shown in parenthesis.



8.6  GLASSY DISCOTIC LIQUID CRYSTAL
8.6.1 DSC
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Figure SI 97 Differential calorimetry heating scans (red) of TaPhenPr, TaPhenBu and Ta[4]HelBu, at +10°C/min
(after initial heating above the melting point and subsequent cooling at —10°C/min), and cooling scan (blue) of
TaPhenEt at —10°C/min; glass transition onset temperatures on heating are indicated above vertical arrows; phase
transitions are marked between Col = hexagonal columnar mesophase, Cr = crystalline state, and Iso = isotropic

liquid.
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Figure SI 98 Differential calorimetry cooling (blue) and subsequent heating (red) scans of Ta[4]HelPr at

+10°C/min (after initial heating above the melting point); with phase transitions between two hexagonal columnar
(Col) mesophases and between the higher temperature mesophase and the isotropic liquid (Iso).

8.6.2 POM

-

Figure SI 99 Growth between glass plates of the hexagonal columnar mesophase of Ta[4]HelPr (top left) and
Ta[4]HelBu (top right) in homeotropic alignment upon cooling through the isotropic-columnar phase transition,
and homeotropic texture of the high temperature mesophase of Ta[4]HelPr at 200°C (bottom left) and of
the low temperature mesophase at 100°C (bottom right) after cooling from the isoptropic liquid followed by
reheating; polarizing light optical microcopy with slightly uncrossed polarizers.



8.6.3 DRX
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Figure SI 100 Powder XRD spectra at room and elevated temperature (logarithmic intensity scaling). The root
values indicate the q ratio with the main lattice peak to the left and correspond to a column lattice of hexagonal
symmetry; (left) spectra of TaPhenEt, TaPhenPr and TaPhenBu; (right) spectra of Ta[4]HelEt, Ta[4]HelPr and

Ta[4]HelBu.
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