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TITRE: CONCEPTION, SYNTHESE ET ETUDE DE NOUVEAUX CRISTAUX
LIQUIDES LUMINESCENTS A BASE DE TRIAZINE

RESUME: Dans ce travail, deux séries de molécules discoidales ont été congues,
synthétisées et caractérisées, l'une symétrique et l'autre non symétrique, toutes deux
dérivées de I'hétérocycle s-triazine. La méthodologie utilisée employait initialement la
trimérisation des benzonitriles en milieu acide et ensuite la triphényltriazine était
fonctionnalisée avec un, deux ou trois bras du type phénanthryle ou [4]hélicényle a partir
de réactions de Perkin-Mallory. Les molécules finales ont été planifiées avec des groupes
de type ester d'alkyle a chaine courte pour induire les transitions vitreuses et également
le mésomorphisme colonnaire. Tous les composés ont été largement caractérisés a partir
de techniques spectroscopiques et spectrométriques. Les propriétés thermiques des
molécules finales ont été étudiées par les techniques DSC, TGA, POM et XRD. Les esters
de triazine symétriques substitués par des phénanthryles ou [4]hélicényles ont montré des
transitions vitreuses convenablement au-dessus de la température ambiante et a l'intérieur
de la phase cristalline-liquide colonnaire hexagonale, résultant en un ordre
colonnaire solide a température ambiante. Des températures de clarification > 375°C ont
été enregistrées pour les dérivés phénanthryles. Pour un alignement optimal d'um cristal
liquide, il est important que les températures de fusion et de clarification soient
atteignables, ce qui n'a été réalis¢ que pour les dérivés [4]hélicényles symétriques
modérément non planaires (> 205°C). Pour contourner ce défi, une deuxiéme série de
molécules non symétriques a été préparée a partir de la fonctionnalisation de la
triphényltriazine avec un ou deux bras phénanthryle ou [4]hélicényle, mais en conservant
le groupe benzoate de méthyle dans la structure. Les triazines non symétriques ont
également montré un comportement de cristaux liquides colonnaires hexagonaux, mais
avec des températures de clarification plus basses (< 290°C). Des transitions vitreuses ont
également été observées a environ 70, 50, 40 et 0°C pour les composés non symétriques,
em fonction du motif de substitution. Les propriétés photophysiques ont été évaluées pour
les triazines symétriques en solution et en phase solide. Les matériaux ont montré une
absorbance entre 272-342 nm et une émission entre 409-458 nm. Le rendement quantique
moyen était de 22 % pour les dérivés phénanthryle et de 12% pour les dérivés
[4]hélicényle. Les données photophysiques ont permis de déduire les énergies du premier
état singulet excité S1 de 3,31 eV pour le phénanthryle et de 2,9¢V pour I'hélicényle. Les
calculs DFT ont montré une bonne corrélation entre les valeurs d'énergie
expérimentales et calculées pour S1 et ont permis une bonne estimation
pour T1. Les valeurs calculées pour l'orbitale T1 des triazines symétriques sont proches
de 2,5 eV. Par conséquent, ces matériaux peuvent étre considérés comme des matrices
pour les émetteurs TADF qui émettent de la lumicre dans la gamme vert-jaune du spectre
visible.

Mots clés: cristaux liquides, triazine, matrices anisotropes, transition vitreuse.



TITLE: DESIGN, SYNTHESIS AND STUDY OF NEW LUMINESCENT LIQUID
CRYSTALS TRIAZINE-BASED

ABSTRACT: In this work, two series of discoidal molecules were designed, synthesized
and characterized, one symmetric and the other non-symmetric, both derived from the
heterocycle s-triazine. The methodology used employed initially the trimerization of
benzonitriles in acidic medium and subsequently the triphenyltriazine was functionalized
with one, two or three arms of the phenanthryl or [4]helicenyl type from Perkin-Mallory
reactions. The final molecules were planned with short-chain alkyl ester-type groups to
induce the glassy transitions and also columnar mesomorphism. All compounds were
extensively characterised from spectroscopic and spectrometric techniques. The thermal
properties of the final molecules were investigated by DSC, TGA, MOLP and XRD
techniques. The symmetric triazine esters substituted with phenanthryl and helicenyl
showed glassy transitions conveniently above room temperature and within the hexagonal
columnar liquid crystal phase, resulting in a solid columnar order at room temperature.
Cleavage temperatures > 375°C were recorded for the phenanthryl derivatives. For
optimal alignment of a liquid crystal it is important that the melting and clearing
temperatures are achievable, which was achieved only for the moderately non-planar (>
205°C) symmetric helicenyl derivatives. To circumvent this challenge, a second series of
non-symmetric molecules was prepared from the functionalisation of triphenyltriazine
with one or two phenanthryl or helicenyl arms, but retaining the methyl benzoate group
in the structure. The non-symmetric triazines also showed hexagonal columnar liquid-
crystalline behaviour, but with lower clearing temperatures (< 290°C). Glass transitions
were also observed at approximately 70, 50, 40 and 0°C for the non-symmetric
compounds, depending on the substitution pattern. The photophysical properties were
evaluated for the symmetric triazines in solution and solid phase. The materials showed
absorbance between 272-342 nm and emission between 409-458 nm. The average
quantum yield was 22% for phenanthryl derivatives and 12% for helicenyl. From the
photophysical data it was possible to infer the energies of the first excited singlet state S1
of 3.31 eV for phenanthrene and 2.95 eV for helicenyl. DFT calculations showed good
correlation between the experimental and calculated energy values for S1 and allowed a
good estimate for T1. The calculated values for the T1 orbital of the symmetric triazines
are close to 2.5 eV, therefore, these materials can be considered as arrays for TADF
emitters that emit light in the green-yellow range of the visible spectrum.

KEYWORDS: Liquid crystals, Triazine, Anisotropic matrices, Glass transition.



TITULO: PLANEJAMENTO, SINTESE E ESTUDO DE NOVOS CRISTAIS
LIQUIDOS LUMINESCENTES DERIVADOS DA TRIAZINA

RESUMO: Nesse trabalho, foram projetadas, sintetizadas e caracterizadas duas séries de
moléculas discéticas, uma série simétrica € a outra ndo simétrica, ambas derivadas do
heterociclo s-triazina. A metodologia utilizada empregou inicialmente a trimerizagao de
benzonitrilas em meio acido e posteriormente a trifeniltriazina foi funcionalizada com
um, dois ou trés bragos do tipo fenantril ou [4]helicenil a partir de reagdes de Perkin-
Mallory. As moléculas finais foram planejadas com grupamentos do tipo éster de cadeia
alquilica curta para induzir as transi¢cdes vitreas e também o mesomorfismo colunar.
Todos os compostos foram amplamente caracterizados a partir de técnicas
espectroscopicas e espectrométricas. As propriedades térmicas das moléculas finais
foram investigadas por técnicas de DSC, TGA, MOLP e XRD. Os ésteres de triazina
simétricos substituidos por fenantrila e helicenila mostraram transigdes vitreas
convenientemente acima da temperatura ambiente e dentro da fase cristal liquido colunar
hexagonal, resultando em uma ordem colunar sélida a temperatura ambiente.
Temperaturas de clareamento > 375°C foram registradas para os derivados de fenantrila.
Para o alinhamento ideal de um cristal liquido é importante que as temperaturas de fusao
e clareamento sejam atingiveis, o que foi alcangado apenas para os derivados simétricos
de helicenila (> 205°C) moderadamente ndo planares. Para contornar esse desafio, uma
segunda série de moléculas ndo simétricas foi preparada a partir da funcionalizacdo da
trifeniltriazina com um ou dois bragos fenantrila ou helicenila, mas mantendo o grupo
benzoato de metila na estrutura. As triazinas ndo simétricas também apresentaram
comportamento liquido-cristalino colunar hexagonal, mas com temperaturas de
clareamento inferiores (< 290°C). Transi¢des vitreas também foram observadas em
aproximadamente 70, 50, 40 e 0°C para os compostos nao simétricos, dependendo do
padrao de substituicdo. As propriedades fotofisicas foram avaliadas para as triazinas
simétricas em solucdo e fase solida. Os materiais apresentaram absorbancia entre 272-
342 nm e emissdo entre 409-458 nm. O rendimento quantico médio foi de 22% para
derivados de fenantrila e 12% para helicenila. A partir dos dados fotofisicos foi possivel
inferir as energias do primeiro estado singleto excitado S1 de 3,31 eV para fenantrenos e
de 2,95 eV para helicenos. Célculos de DFT mostraram boa correlagdo entre os valores
de energia experimentais e calculados para S1 e permitiram uma boa estimativa para T1.
Os valores calculados para o orbital T1 das triazinas simétricas sdo proximos de 2,5 eV,
portanto, esses materiais podem ser considerados como matrizes para emissores TADF
que emitem luz na faixa verde-amarelo do espectro visivel.

PALAVRAS CHAVES: Cristais liquidos, Triazina, Matrizes anisotropicas, Transi¢ao
vitrea.
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1. INTRODUCTION

The research and development of novel organic light emitting diodes (OLEDs) have
attracted considerable interest and made significant progress over the past two decades
(Li et al., 2017). This effort has intensified further since the first report of thermally
activated delayed fluorescence (TADF) applied to OLEDs in 2006 (Wong et al., 2017;
Wang et al., 2020). However, only in 2011 were the first purely organic TADF emitters
applied to OLEDs reported (Endo et al., 2011). Since then, publications on this topic have

increased exponentially.

Recently, besides the structure and behavior of the TADF luminogen itself, other
factors are being taken into consideration for designing more efficient OLEDs. There are
efforts to find matrices that induce horizontal alignment in the emissive layer of the
device, as this type of emission minimizes efficiency losses by light trapping by the device
cavities. In this perspective, glassy matrices made of strongly anisotropic polyaromatic
molecules, already widespread in organic electronics, are of particular interest, because
the use of the glassy state circumvents electrical and optical problems related to grain

boundaries and similar inhomogeneities (Tenopala-Carmona et al., 2021).

Liquid crystals (LC) are organic materials that combine fluidity with molecular
alignment, are of interest in a vast number of research topics and have attracted the
interest of the scientific community for more than a century. In particular, liquid crystals
with light emitting properties are of great interest in the development of multifunctional
molecular materials. Hexagonal columnar liquid crystals have stood out as a new type of
organic semiconductors for organic electronics, and they tend to align homeotropically
with respect to surfaces, favoring an emitter orientation with preferential emission
perpendicular to the device plane (Wohrle et al., 2016). Glassy liquid crystals are rare and
provide the possibility to incorporate emitter materials in an oriented anisotropic solid,

improving the efficiency of light emitting devices.

To obtain such multifunctional materials, the design of new molecules with the
aid of theoretical chemistry and new synthetic methodologies is necessary. Thus, the
structural improvement of already known molecules as well as the search for new systems

that possess both semiconductor and liquid crystal properties in order to improve the
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performance and efficiency of optoelectronic devices is a productive area within materials

science.

1.2 Liquid Crystals

The liquid crystalline state is a condensed state that combines the anisotropic
properties of a crystalline solid with a certain degree of fluidity (Kotian et al., 2020;
Sagara et al., 2009; Wohrle et al., 2016). LCs are classified as complex fluids, a category
in which different types of fluids with self-organizing properties, such as organogels, are
found (Bechtold, 2005). Many liquid crystals show phase transitions under external
stimuli such as light, electric fields, and mechanical shear. These LC phase transitions are

characterized by a change of the self-assembled structure (Kelly &O'Neil, 2001).

The formation of liquid crystalline phases, also called mesophases, can be
explained by the anisotropic structure of the molecules, always having one or two of their
axes more elongated than the other(s) (An et al., 2016; Kotian et al., 2020; Wohrle et al.,
2016) (Figure 1).

Figure 1. a) Schematic representation of rod-type anisometry: the molecule is much more

elongated along the a axis than along the b and ¢ axes; b) Schematic representation of disc-type
anisometry: the molecule is much shorter along the b axis than along a and c.
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Liquid crystals exhibit some degree of molecular alignment that is between the
long-range three-dimensional order of a crystalline solid and the short-range diffuse
packing of the molecules in an isotropic liquid (Andrienko, 2018; Laschat, 2009; Pestov
& Vill, 2018). A representative scheme of the molecular arrangements in crystalline

solids, liquid crystals, and in the isotropic liquid is shown in Figure 2.
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Figure 2. Schematic representation of molecular organizations in crystal, liquid crystal and
isotropic liquid phases as a function of temperature.
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1.3 Classification of Liquid Crystals

Basically, there are two types of liquid crystals (LCs), the more common
temperature-dependent thermotropic ones and the solvent/concentration-dependent

lyotropic ones in certain colloidal solutions.
1.3.1. Lyotropic liquid crystals

Lyotropic liquid crystals have as their main characteristic the ability to induce
mesophases according to solvent, concentration and temperature. In other words, in
lyotropic liquid crystals, mesophases are formed by anisotropic molecules in an a priori
isotropic solvent, often water. This phase is formed when amphiphilic molecules, with
both hydrophilic and hydrophobic groups, are dissolved in a solvent forming aggregates
of molecules. The concentration of amphiphilic molecules and the nature of the solvent

directly interfere with the structure of the mesophase (Andrienko, 2018; Dierking, 2015;
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Mueller-Goymann, 2002; Pestov & Vill, 2018). In Figure 3 are shown representations of
molecular arrangements in lyotropic liquid crystals.
Figure 3. Representation of the possible structural arrangements of amphiphilic compounds,

forming more complex structures. a) Examples of amphiphilic molecules forming lyotropic
mesophases; b) lamellar arrangement; ¢) micellar arrangement.

Source: Author
Lyotropic liquid crystals are vastly studied for biological applications, being
employed for controlled drug release, cosmetics and soaps (Binot et al., 2018; Mueller-

Goymann, 2002).
1.3.2. Thermotropic liquid crystals

Thermotropic liquid crystals have temperature as the dominant parameter for
obtaining mesophases. They are made up of molecules that have strong anisotropy, and
which are classified according to their anisometric shape, such as calamitic, discotic,

banana, among others (Bhagavath et al., 2019; Wohrle et al., 2016). The different
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classifications depending both on the shape of the molecules and on the type of their

arrangement are shown in Figure 4 below.

Figure 4. Classification of thermotropic liquid crystals.
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1.3.2.1. Calamitic thermotropic liquid crystals

Calamitic thermotropic liquid crystals are formed by elongated rod-like molecules
(Figure 5a) (Ely et al.,, 2007). Many of these calamitic LC compounds contain
heterocycles as central units, which may be of eg. of biomedical benefit (Silva et al.,

2019). Calamitic LCs can be symmetric or non-symmetric, depending on the peripheral
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groups connected to the core. In Figure 5b, there are examples of compound: symmetric

(5) and non-symmetric (6) calamitic mesogens.

Figure 5. a) Schematic representation of the anisometry of a calamitic liquid-crystalline molecule:
the molecular axis x is much more elongated than the y and z axes; b) Examples of liquid-
crystalline calamitic compounds.
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For calamitic mesogens the main types of mesophase observed are: nematic (N),

cholesteric or chiral nematic (N*) and smectic (Sm).

In the nematic phase, the molecules are free to slide along each other, because
there is no positional order of the centers of mass, but there is orientational order in the
absence of positional order. The molecules orient themselves, on average, parallel to each
other in a given preferential direction, which is associated with a unit vector n, called the
director (figure 6). In systems with the presence of chirality, the nematic phase is called

chiral nematic phase (N*) (Ely et al., 2007).
Figure 6. Schematic representation: a) nematic mesophase; b) isotropic liquid phase.
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In the various smectic mesophases, the calamitic mesogens are more organized
than in the nematic mesophase; there is a degree of positional as well as orientational
order; a characteristic of these mesophases is the formation of layers. This layered

organization leads to a lower fluidity, when compared to the nematic phase, and is closer
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to the organization of the crystalline solid. Since the Van der Waals intermolecular forces
between the layers are smaller than the lateral intermolecular forces between the
molecules, the layers can slide over each other (Bechtold, 2005; Collings & Patel, 1997;
Ely et al., 2007).

The most common smectic phases are smectic A (SmA) and smectic C (SmC). In
the SmA mesophase the molecules are oriented parallel to the normal (i.e. the z axis),
while in SmC the molecules are tilted. The molecules have freedom to move within the
layers, but less freedom to move between the layers (Collings & Patel, 1997). Figure 7

shows these two possible molecular organizations for calamitics.

Figure 7. Representations of the organization of the two main smectic mesophases.
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1.3.2.2. Thermotropic discotic liquid crystals

In 1977, Chandrasekhar identified some benzene hexa-alkanoates (Figure 8a) as
the first discotic liquid crystals (Chandrasekhar et al., 1977). Following this discovery,
several systems similar to this structure with a homo- or heteroaromatic central core
linked to six aromatic or aliphatic substituents by different spacers were prepared and

characterized. Thus, discotic liquid crystals typically consist of a rigid aromatic central
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core and flexible side arms with two molecular axes longer than the third (x, z >>y) (S.

Kumar, 2011; Wohrle et al., 2016b; Yuvaraj et al., 2018), resembling a disc (Figure 8b).

Figure 8. a) Chemical structure of benzene hexa-alkanoates, the first discotic (columnar) LCs; b)
Representation of the generic architecture of a discotic molecule.
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The way in which discotic liquid crystals self-organize as a function of their
structures is key to distinguishing their mesophases. The stacking of these disk-like
mesogens in 1D columns is common to most of these mesophases. The rigid, relatively
flat nuclei organize themselves into columns. This is caused by steric packing and n-nt
interactions between the nuclei (Yasuda et al., 2011). The molecules within the columns
exhibit only short-range positional order. The formation of a 3D crystal is hindered due
to the high entropy and disorder of the flexible aliphatic chains at the periphery. Columnar
stacking also leads to nanosegregation between the polarizable cores and the aliphatic
tails (Wohrle et al., 2016) (Figure 9).

Figure 9. Representation of the stacking of discotic mesogens made of several aromatic units and
a multitude of aliphatic chains.

Source: Yasuda, 2011.
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Different types of stacking can be found for (Figure 10): There are "disordered
columns" with irregular stacking of the disks, "ordered columns" in which the cores are
more equidistant but discs in adjacent columns still do not register with each other, as
well as "tilted columns" with the cores tilted with respect to the column axis. These
columns do not exhibit a true 3D order and therefore can be considered as 1D fluids

(Wohrle et al., 2016; Yasuda et al., 2011).

Figure 10. The different types of columnar stacking. a. ordered; b. disordered.

Source: Wohrle, 2016.

Discotic mesophases are classified into two types: nematic discotic and columnar
discotic. In the columnar phase, positional order is present as the molecules themselves
lie approximately on top of each other. Discotic mesogens tend to form columns, which
are the building blocks of columnar phases, and discotic molecules forming nematic
mesophase are rarer. In columnar mesophases, the columns are arranged in a 2D network
with the axes of the columns parallel to each other. Columnar mesophases can have
specific organizations, such as hexagonal (Coln), oblique (Coloy), and rectangular (Coly)

(Figure 11) (Bhagavath et al., 2019).

Figure 11. Representation of mesophases for discotic liquid crystals.
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Columnar n-conjugated liquid crystals generated from discotic molecules feature
an extensive intermolecular overlap of the & orbitals, resulting in uniaxial mobility of
charge carriers and excitons along the columns (Bhagavath et al., 2019; Kumar, 2011;
Wohrle et al., 2016). They provide efficient hole and electron transport in
electroluminescent and organic electronic devices (Yasuda et al., 2011) (Figure 12).

Figure 12. Schematic representation of a m-conjugated molecule and its self-assembled 1D
conducting structure.
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The molecular design of discotic liquid crystals involves a flat rigid aromatic core
and flexible peripheral arms that assist in creating columnar arrangements due to the
microsegregation of these regions. Benzene and s-triazine are groups that can act as a
central core, among which the s-triazine system is fascinating not only for its distinctive
structural aspects, but also for its straightforward synthetic approaches. Moreover, the
molecular architecture of these three-armed star-shaped mesogens arouses interest in the
influence of incomplete space filling around the center. These tri-substituted systems can
integrate multiple functional groups to sculpt the desired physical and chemical

characteristics (Bhagavath et al., 2019; Pradhan et al., 2016; Taing et al., 2018).

1.4 Columnar liquid crystals and glass transitions

Glass dynamics relate to the glass transition temperature (Tg), which is an important
phenomenon in soft materials science (Tenopala-Carmona et al., 2021). In general, the
glass transition temperature T, in a non-crystalline solid is defined by a distinct inflection
point in the change in specific volume as the temperature is varied. Due to the complexity

in defining molecular packing in an amorphous network, the physics of glass transitions
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remains imprecise. It is known that the glass transition is not a typical phase transition, as
it does not involve abrupt changes in any observable physical properties (Debenedetti &
Stillinger, 2001; H.-N. Yang & Lu, 2021). The formation of glassy states rather than
crystals is favored by conformational multiplicity and the presence of viscosity-enhancing
dipoles. This phenomenon in discotic liquid crystals is rarely observed (Yildirim et al.,
2019). Detailed investigation of glass dynamics in anisotropic systems can help to

understand the nature of the glass transition in general.

In Liquid crystalline glasses, the organization of liquid crystals is frozen without
crystallization of the material, which consequently decreases its molecular mobility and
modifies its conductivity (Wunderlich, 2007). This glassy mesophase can be considered
as a solid, and thus robust, matrix capable of improving the optoelectronics of emitters,
by intermolecular electronic influence and by orientation effects (Tenopala-Carmona et

al., 2021).

Currently, the application of anisotropic glassy materials in the production of
OLEDs is one of the basic strategies to control the orientation of organic emitters in
vacuum processed films. These strategic procedures involve the optimization of
molecular structures, the selection of host molecules with useful T, in co-evaporated
systems, and the adjustment of substrate temperature during film deposition to modify
the entropy and orientation of the glass (C. Liu et al., 2015; Tenopala-Carmona et al.,

2021; Yokoyama, 2011a).

The higher the Ty, the less diffuse is the deposition of molecules onto the films.
Therefore, materials that have higher Ty may have better horizontal orientation of

molecules in films (Tenopala-Carmona et al., 2021).

1.5 Luminescence

The phenomenon of photoluminescence has attracted human attention and
curiosity since ancient times, however it was first described scientifically in 1852 by

Stokes (Valeur & Berberan-Santos, 2013).

Luminescence according to [IUPAC is the spontaneous emission of radiation from
an electronically or vibrationally excited species in thermal disequilibrium with the
environment. According to the method of excitation used, a different nomenclature is

employed for the luminescent behavior, i.e. the type of luminescence can be classified
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according to the excitation mode. Table 1 shows the known excitation modes (Valeur &

Berberan-Santos, 2013).

Table 1. Luminescence types and excitation modes.

Type of Luminescence

Mode of excitation

Photoluminescence (fluorescence and

Absorption of photons (light)

phosphorescence)
Radioluminescence Radiation (X-rays, a, B, y particles)
Cathodoluminescence Electron beam
Electroluminescence Electric field
Thermoluminescence Heating
Chemiluminescence Chemical reaction
Bioluminescence Biochemical process
(living organisms)
Triboluminescence Friction and electrostatic forces
Sonoluminescence Ultrasound

Source: Valeur, 2013.

Photoluminescence is always preceded by the absorption of photons that causes
an electron from a bonding orbital in the fundamental state to be excited generating an
excited state. The return of the electron to the fundamental state can be accompanied by
light emission which is called photoluminescence. Fluorescence, phosphorescence or
delayed fluorescence are different types of this same phenomenon (Valeur & Berberan-
Santos, 2013). Photoluminescence is only one of the possible pathways for relaxation of

an excited species, as shown in Figure 13.

Figure 13. Possible pathways for relaxation of a molecule excited with photons.
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Other relaxation pathways are possible, for example, a species can relax through

the vibration of its bonds, thus returning to the fundamental state, but without light
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emission. Relaxation can occur via a process called intersystem crossing between singlet
and triplet excited states, which can result in phosphorescence and delayed fluorescence.
Other relaxation pathways such as energy or charge transfer, and excimer or exciplex

formation are associated with intermolecular interactions in the excited state.

Photoluminescence phenomena can be exemplified using the Perrin-Jablonski
diagram (Figure 14), where So symbolizes the fundamental state, S; the first excited

singlet state, and T the first excited triplet state (Z. Yang et al., 2017).

Figure 14. Jablonski's diagram.
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The photoluminescence phenomenon occurs by fluorescence when by absorbing
a photon of appropriate energy, a molecule can move from the fundamental state Sy to
one of the vibrational levels of the excited state of same multiplicity. Through a
vibrational relaxation process, lasting 10'% to 10-!! s, which does not involve the emission
of radiation, the molecule is normally driven to the first vibrational level of the S singlet
state. Non-radiative transitions between states of the same multiplicity (S2—S; and
S1—So) are called internal conversion (IC) and can occur as a result of vibrational energy
transfer to other molecules, such as those in the solvent, through collisions. Since the

transition is spin allowed, the lifetimes of the excited states in fluorescence processes are
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small, on the order of 10 to 10 s (ns to us) (Valeur & Berberan-Santos, 2013; Z. Yang
etal., 2017).

A non-radiative electronic transition between excited states of different
multiplicity (S1—T1), occurs when there is a possibility of spin-orbit coupling (SOC),
allowing intersystem crossing (ISC). Thus, an electronic transition with changing spin
multiplicity (T1—So), of long duration (10 to 107 s), can occur, followed by photon
emission, which characterizes phosphorescence. The emission band of phosphorescence
is generally shifted to longer wavelengths (lower energy) relative to fluorescence because
the T state is of lower energy than S; (Valeur & Berberan-Santos, 2013; Z. Yang et al.,
2017).

One of the characteristics of fluorescence is its short lifetime. However, in some
molecules where the energies of S and T; are close (small AEsr), another process occurs,
this one with a longer lifetime, the delayed fluorescence. This phenomenon is essentially
the process in which an absorbed photon is promoted to the S; state, then moves to the T
state, (S1—T1), through the process of intersystem crossing (ISC). Through some external
excitation, the Reverse Intersystem Crossing (RISC) process is activated causing the S
state to be occupied again (T1—S1); and thus, a delayed photon decay occurs between
(S1—So) resulting in an increased fluorescence lifetime. For there to be a high probability
of RISC (Reverse InterSystem Crossing), the energies of T1 and S; must be very similar

(Valeur & Berberan-Santos, 2013; Z. Yang et al., 2017).

IUPAC states that there are three types of delayed fluorescence: delayed

fluorescence type (E), type (P), and recombination fluorescence.

The first type is E-type delayed fluorescence, in this phenomenon the RISC
process is favored through a thermal activation (compounds with Thermally Activated
Delayed Fluorescence (TADF)). In other words, the temperature allows the energy barrier
of AEst to be compensated. The RISC internal quantum efficiency is theoretically 100%
restricting the probability of the delayed E-type fluorescence being contaminated with
phosphorescence. The second type of delayed fluorescence, P-type, on the other hand,
unlike TADF, where the process occurs in individual molecules, implies an
intermolecular collision in the triplet state (triplet-triplet annihilation (TTA)) giving rise
to a molecule in the S1 state. This process has an internal quantum efficiency between

20% and 50%, and there is a higher probability of phosphorescence contamination. The
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third delayed fluorescence mechanism is the population of the S; state through Ti by
recombination of ions and electrons and/or by recombination of oppositely charged ions

(Hofbeck et al., 2015; Z. Yang et al., 2017).

1.6 Organic light-emitting diodes (OLEDs)

Organic light-emitting diodes (OLEDs) are solid-state electroluminescent device
elements in which the light-emitting materials consist of organic, organometallic,
dendrimer, or polymer molecules containing conjugated n-electron systems. OLEDs have
been the subject of intense research since their discovery in 1987 by Tang and Van Slyke,
as they signify an unprecedented advance in display and lighting technologies. Compared
to existing liquid crystal displays (LCDs), OLEDs offer better image quality and contrast,
faster response times, are visible at wider angles, and are thinner and lighter. In addition
to the ability to fabricate these devices on flexible substrates, one of the most important
features of OLEDs is energy efficiency (S. Wang et al., 2020b; Wong & Zysman-Colman,
2017a; Z. Yang et al., 2017; Yokoyama, 2011Db).

To make OLEDs commercially viable for lighting applications, there are still
some challenges to overcome, in addition to production cost reduction. OLEDs need to
exhibit high photoluminescence quantum yields (PLQYs). The energy levels of the
molecular frontier orbitals (HOMO-LUMO) of each of the layers in the device must be
adjusted to: 1) minimize the charge injection barrier, and ii) confine the recombination
region within the device, which greatly affects both the efficiency and lifetime of the
device. Thermal stability is another important point, these matrices must demonstrate
sufficient thermal stability to be compatible with their deposition conditions to form the

thin films (Tenopala-Carmona et al., 2021; Wong & Zysman-Colman, 2017b).

In addition to these problems, another issue to be addressed is the management of
hole-electron recombination within the device. Unlike photoexcitation, in which mainly
singlet excited states are produced in organic emitters, exciton formation through charge
(hole and electron) recombination in OLED devices results in 25% singlets and 75%

triplets (Z. Yang et al., 2017).

In the first generation OLEDs, the singlet state excitation leads to prompt

fluorescence (Figure 15a) with short emission times (in the nanosecond range). Whereas
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in the second generation of OLEDs, the phenomenon involved is phosphorescence
(Figure 15b) with emission times extending to milliseconds due to the spin-forbidden
nature of the emission. The very long emission lifetime makes the triplet excitons
vulnerable to non-radiative deactivation. Devices based on organometallic complexes

with nearly 100% IQE have been reported, since 2001 (Wong & Zysman-Colman, 2017).

Figure 15. Comparison of emission mechanisms in a) first-generation (prompt-fluorescent); b)
second-generation (phosphorescent) OLEDs.
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Source: Wang, 2020.

The point in using organometallic complexes as emitters is their ability to access
triplet states via intersystem crossing (ISC) from the singlet excited state via a strong spin-
orbit coupling (SOC) mediated by a heavy metal atom (iridium, platinum and other

metals) in the complexes (Naveen et al., 2022; Wong & Zysman-Colman, 2017a).

Currently, commercialized displays rely on green and red emitting iridium
complexes. The iridium metal is a low abundance element which ends up making the
production of devices more expensive. Another relevant point is the inefficiency of blue-
emitting complexes: so far, blue emitters continue to be the bottleneck of the OLED
industry. Possible causes of this inefficiency in the blue include triplet polaron
annihilation (TPA), resulting in highly energetic polarons that cause device degradation,
and unstable radical cations in the complex, which cause complex dissociation or
isomerization. Thus, achieving deep blue with stable emitters in OLEDs remains a

challenge (Naveen et al., 2022; Wong & Zysman-Colman, 2017).

34



1.7 OLEDs and TADF

Emerging as an option for building efficient blue OLEDs, thermally activated
delayed fluorescence (TADF) is the most promising mechanism for obtaining excitons in
these devices. Since the first reported OLED based on an organic TADF emitter in 2011,
tremendous attention has been devoted in recent years to improving its performance
(Figure 16). Similar to phosphorescent organometallic emitters, purely organic TADF
emitters can use emission from triplet excitons for light emission and thus can achieve
100% IQE. An important advantage of TADF emitters is that they can be purely organic,
thus avoiding the problems associated with using metal-based organometallic complexes
(Naveen et al., 2022; Wong & Zysman-Colman, 2017; Z. Yang et al., 2017). Figure 16
below presents a brief summary of developments of TADF-based OLEDs.

Figure 16. Timeline of developments of TADF-based OLEDs.
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TADF relies on a small singlet-triplet energy gap, AEst, defined as the gap between
the lowest energy triplet state (T1) and the lowest energy singlet state (S1). When AEsr is
small enough, thermal conversion to from the triplet state to the singlet state by reverse
intersystem crossing (RISC) becomes possible. TADF emitters typically show two types
of photoluminescence: immediate fluorescence in which the singlet exciton pathway

involves no communication with the triplet state, and delayed fluorescence, which is the
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result of an initial ISC to the triplet state followed by repopulation of the singlet state via

RISC (Figure 17).

Figure 17. Emission mechanism in third generation OLEDs.
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OLEDs have their emitter layer composed of a luminogen and a matrix to reduce
self-quenching effects. When this emitting layer presents a randomly oriented state, the
emission is isotropic, leading to a significant retention of emitted light in the device
cavity. However, if the emissive transition dipolar moment (TDM) 1is oriented
horizontally, this can improve the light coupling efficiency by up to 50% over random
orientation, i.e. the emission is mainly perpendicular and light trapping is minimized, thus

improving the energy performance of the device, as is detailed in Figure 18.
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Figure 18. Examples of two structural schemes of OLEDs: with isotropic emitter layers and with
anisotropic emitter layers.
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Given the importance of these materials, there are currently great efforts to find
arrays that perform this function of horizontal alignment in the emissive layer of the
device. Some aspects have been studied such as the geometry of the emitting molecule

and the glass transition temperature (Tg) of the films are currently considered important.

From this perspective, columnar liquid crystals that exhibit glass transitions

emerge as promising materials as matrices for TADF OLEDs.

1.8 Triazines

The incorporation of nitrogen atoms into a m-conjugated nucleus allows the gap
values between the HOMO and LUMO orbitals to change, and thus modulate optical,
electrical properties, and intermolecular interactions (Bhagavath et al., 2019; Pradhan et
al., 2016). The 1,3,5-triazine nucleus has a considerably higher electron affinity than other
aromatic rings, thus being a unit of electron acceptor nature. Triazines are six-membered
rings containing three nitrogen atoms and three carbon atoms (Glang et al., 2014; Kumar
et al., 2014; Yasuda et al., 2011). The triazine isomers differ by the positions of their
nitrogen atoms, and are described as 1,2,3-triazine (1a), 1,2,4-triazine (1b), and 1,3,5-

triazine (1c¢), respectively (Bhagavath et al., 2019; R. Kumar et al., 2014) (Figure 19).
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Figure 19. Structures of the triazine isomers.
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Among the triazine isomers, the 1,2,3-triazines are the least investigated because
the system is considered the least stable and because their synthetic accessibility is limited
and consequently, reports are scarce (Kumar et al., 2014). The chemistry of 1,2,4-triazine
or a-triazine, on the other hand, has mainly focused on synthetic approaches for scaffold
construction, i.e. molecules that serve as a support for the construction of others, as well
as on their reactivity in hetero-Diels-Alder cycloaddition reactions. Regarding
applications, 1,2,4-triazines have been studied mainly in the context of medicinal
chemistry without a focus on the preparation of molecular materials such as polymers,

dendrimers or liquid crystals (Zhang et al., 2018).

The use of 1,3,5-triazine in the field of functional molecular materials chemistry
is mainly driven by three characteristics of s-triazine: its C3 symmetry, its electron-poor
character, and its high thermal stability. The s-triazine core has the appropriate
architecture to be employed in the synthesis of discotic liquid crystals: Due to the C3
symmetry, a star shape geometry is commonly obtained with s-triazine derivatives (Taing

etal., 2018; Yasuda et al., 2011).

1.9 s-Triazines as the center of discotic liquid crystals

1,3,5-triazine has been intensively used in the field of materials, especially in the
construction of organic devices such as OLEDs (Tan et al. 2020; Zassowski et al. 2018;
Li et al. 2017). It has played this prominent role for structural reasons. It represents the
electron deficient portion in the electron acceptor-type fluorescent emitters, with a
relevant charge transport ability. Moreover, due to its threefold symmetry it has mainly

stood out in reporting compounds capable of exhibiting hexagonal columnar liquid crystal
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behavior when suitably extended with alkyl chain-bearing aryl substituents (Matulaitis et

al., 2016; Mooibroek & Gamez, 2007).

The threefold symmetry present in this nucleus, a characteristic that favors the
obtention of disk-shaped compounds, an ideal structure for columnar discotic liquid
crystals, favors the self-organization into one-dimensional stacks of these derivatives,
capable of electron and hole transport (Taing et al., 2018; Umar & Shamsuddin, 2018;
Mooibroek & Gamez, 2007).

Recently new classes of nanostructured columnar liquid crystals based on 1,3,5-
triazine with three symmetrically linked electron donor segments have been synthesized

and studied (Yasuda, et al., 2011; Pradhan, et al., 2016) (Figure 20).

Figure 20. Compounds derived from s-triazine with liquid crystalline behavior.
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As for the application in OLEDs, triazines were also reported for TADF (Endo et
al., 2011; Wada et al., 2015; Sharma et al. 2019; Kumar et al. 2020; Tanaka et al. 2012)
(Figure 21).

Figure 21. 1,3,5-triazine derivatives with TADF properties.
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In several tris(triazolyl)triazine derivatives (Beltran, et al. 2010; Beltréan, et al.,

2012; Tober et al., 2019, glass transitions above room temperature could be detected after
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melting and subsequent cooling, confirming the presence of an anisotropic columnar glass

under standard conditions (Figure 22).

Figure 22. Examples of columnar s-triazine mesogens. The glass transition temperatures Tg in
the columnar mesophase are given if observed by calorimetry.
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In recent work of my two thesis supervisors, ester-substituted triphenyltriazines,
1.e. tris(3-alkoxycarbonylphenyl)-s-triazines (2 and 3) (Vieira, et al., 2021), have been
obtained (Figure 23) readily from methyl 3-cyanobenzoate, and showed predominantly
nematic liquid crystal behavior. Chain or core fluorination leads to columnar mesophases
with a weak tendency to crystallize at room temperature, due to the flexibility of rotation
at the single triazine-benzene bond that allows two in-plane configurations of each meta-
conjugated ester group with respect to this bond. The limited conjugation between the
three outer benzene units via meta-bonds across the central triazine cycle ensures that a
large band gap is preserved, allowing the incorporation of blue emitters, as is desired for

TADF (organic light-emitting diode) OLEDs. A robust glassy state was not achieved in
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convenient temperature ranges above room temperature with these smallest

representatives of the triarylazine esters.

Figure 23. Liquid crystalline triaryltriazine triesters.
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1.9.1 Preparation of triazines
In recent years several synthetic methodologies have been developed to obtain

(0]

1,3,5-triazines, among which are nucleophilic substitution of cyanuric chloride (Dudley
& Thurston, 1949) and nitrile cyclization catalyzed by strong acids (a widely employed
synthetic method) (Hayami & Inoue, 1999). Other methods involve weak bases or
lanthanide (III) ions (Forsberg et al., 1988), however, these methods are associated with
some limitations, such as requirement of halogenated substrates, production of
undesirable residues, requirement of excess amine as a co-catalyst, oxidation of aldehyde
in normal environment, and decarboxylation under adverse reaction conditions (Pardeshi

et al., 2018; Sugimura et al., 2018).

A widely employed methodology for the preparation of 1,3,5-triazines is the
cyclization of nitriles catalyzed by very strong acids. The work of Hayami and Inoue is
an example of this type of synthesis. Here the authors use trifluormethanesulfonic acid
(triflic acid) and chloroform as solvent. The acid was added at 0°C, and one hour after the
addition the system was brought up to room temperature, and remained under stirring for
approximately 24 hours. Although the reaction time was relatively long, the obtained

yield of 85% is an advantage of this method (Hayami & Inoue, 1999) (Scheme 1a).

There are more recent reports in the literature of the use of strong acids without the
use of solvents. The synthesis of tris(bromophenyl)triazine (5) by trimerization of 4-
bromobenzonitrile (4), using only triflic acid, shows better yields than with the use of

solvent and also needs less reaction time (Vieira et al., 2021) (Scheme 1b).
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Scheme 1. Synthesis of 1,3,5-triazine trought nitrile ciclization.

a. With solvent: CHCI3 (Hayami e Inoue, 1999)
b. With out solvent (Vieira, 2021)
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1.10 Polyaromatic compounds

Polycyclic aromatic hydrocarbons (PAHs) have played an important role in the
recent development of organic electronic devices (Jabtonski et al., 2019; Ravat, 2021;
Storch et al., 2022) such as in: photovoltaics, field effect transistors and solar cells,
conductors, semiconductors (Doyranl et al., 2017; Hopf, 2014; Ryan & Fuchter, 2022).
They took this prominent role due to their electronic characteristics of resonance, stability
and inter- and intramolecular interactions (Hasan & Borovkov, 2018). These compounds
are synthesized in an atomically precise and structurally well-defined manner using well-

established synthetic organic chemistry tools (Storch et al., 2022).

Polycyclic aromatic hydrocarbons are basically fused aromatic rings, which have
no heteroatoms (Barnes et al., 2013). Among the types of polycyclic aromatic
hydrocarbons their classes are distinguished by the amount and manner in which the rings
are bonded. Benzene (6), naphthalene (7), anthracene (8) are examples of linear and
planar aromatic structures (Figure 24), in these compounds the benzene rings are fused
linearly; when the rings are ortho-fused we have the class of angular acenes; the simplest
of them and still planar, is the angular homologue of anthracene, phenanthrene (9). When
the number of ortho-fused aromatic rings is increased beyond three units (10-12) (Figure
24), the spatial crowding in the molecule is also increased, forcing it to adopt a non-planar
helical arrangement: these compounds are known as helicenes (Hasan & Borovkov,

2018).

Figure 24. Examples of polycyclic aromatic hydrocarbons (PAHs), linear compounds (6-8), and
angular compounds (9-12).
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The development of polycyclic aromatic hydrocarbon syntheses has made
enormous progress during the past decades. However, the photochemical approach still
prevails as an important, efficient, and quite generally applicable method for obtaining
these compounds (Storch et al., 2022). From a variation of the Perkin reaction (Sarkar et
al., 2013) a useful and versatile tool for the synthesis of polycyclic arenes was devised,

and the functionalization of these substrates became facilitated.

1.10.1 Polyaromatic compounds: phenanthrenes and helicenes

Phenanthrene is the simplest member of the phenacene family, a class of
compounds formed by benzene rings fused together in an alternating pattern (extended
zig-zag structure) (Mallory et al., 1997). Phenacenes are a class of hydrocarbons with
attractive physical properties such as high charge mobility (Doyranl et al., 2017; X. F.
Wang et al., 2011).

Phenanthrene derivatives were first synthesized via the oxidative photocyclization
reaction of stilbenes (Smakula, 1934), but their structure was not elucidated until 1950 by
Parker and Spoerri (Parker & Spoerri, 1950). Today, its synthesis has been improved and
its molecular skeleton is used in the construction of more complex polyaromatic

compounds.

Helicenes are a class of non-planar molecules formed of at least four angularly
condensed benzene rings, which have been known to chemists since 1956, when Lednicer
reported the first helicene (Hopf, 2014). Due to their structural chirality, their n-extended
system, and their intriguing optical and electronic properties, helicenes have found
application in various fields of chemistry, from non-symmetric catalysis (Verbiest et al.,
2002), biomolecular recognition, materials for optoelectronic devices and sensors (Storch
et al., 2015), to starting materials for the construction of chiral conducting polymers

(Hrbac et al., 2014).

Despite the unquestionable potential of these compounds, helicenes have
disadvantages regarding their obtainability. For a long time, these materials were difficult
to obtain in large quantities and their functionalizations were limited (Jakubec & Storch,
2020). Functionalization of helicenes is discussed with emphasis on different types of
transformations, their versatility and regioselectivities. These limitations were

circumvented by the advancement of new synthetic methodologies (Jakubec et al., 2018).
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With respect to liquid crystals, some phenanthrene and helicene derivatives
exhibit mesomorphism, especially columnar mesophases. They constitute the main
structures (aromatic center) (Scherowsky & Chen, 1995; Verbiest et al., n.d.; Vyklicky et
al., 2003) and/or make up the arms of these structures. Some examples of this type of

structure are shown below (Figure 25).

Figure 25. Examples of phenanthrenes and helicenes with liquid crystal properties.
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1.11 The Perkin reaction

British chemist Sir Willian Henry Perkin (1838-1907) became known, in 1868,
for discovering a chemical process that allowed unsaturated carboxylic acids to be
obtained, a process now known as the Perkin reaction (Sturm et al., 2022). Perkin's
reaction or condensation involves the condensation of an aromatic aldehyde (13) and an
aliphatic anhydride (14), in the presence of a weak base, into an o-f-unsaturated

carboxylic acid (15), such as cinnamic acid (Scheme 2) (Perkin, 1877).

Scheme 2. General scheme of the Perkin reaction.
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Over the years, Perkin's reaction has undergone several modifications and
extensions, broadening the scope and utility of the original synthesis, since, the resulting
o-B-unsaturated acids can undergo a variety of chemical transformations, allowing access
to several other compound types (Crawford & Shaw, 1953; Tarbell et al., 1954). One of
the earliest known modifications to the original synthesis was described in 1941 by
Koelsch and Wawzonek, who reacted a salt of phenylglyoxylic acid with a phenylacetic
acid in acetic anhydride, in this case involving not an aldehyde but a phenylglyoxylic acid

as an electrophile.
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1.12 The “glyoxylic” Perkin reaction

From this variation of the Perkin reaction (Fields et al., 1990), an anhydride
intermediate is obtained, but the lack of solubility and the reactivity towards water and
nucleophilic functions make its isolation unadvisable. To obtain compounds with better
solubility and less reactivity, the maleic anhydride is transformed into a diester (Scheme

3) (Sturm et al., 2022).

Scheme 3. General scheme of the glyoxylic Perkin reaction followed by esterification.
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The mechanism of the traditional Perkin reaction and the glyoxylic Perkin reaction
are not yet fully elucidated. In Scheme 4 a mechanistic proposal for the glyoxylic Perkin

reaction - obtaining the maleic anhydride in 10 steps - is presented.

The mechanism begins with the deprotonation of arylacetic acid (I) by the base
(triethylamine), forming the carboxylate ion (II), which then reacts with acetic anhydride
(IT") in a nucleophilic substitution reaction to the carbonyl that has as leaving group the
acetate ion (IV'), generating the anhydride (IV). Next, the intermediate (IV) is
deprotonated from the more acidic o hydrogen and forms the anhydride enolate (V). It is
possible that the slow step of the reaction involves the anhydride enolate (V) attacking
the carbon of the "softer" carbonyl of the glyoxylic portion, by Pearson's theory, of (VI')
in an aldol-type reaction, generating the carboxy-alcohol anhydride (VII). The reaction
continues via intramolecular acylation providing a six-membered ring derived from 1,3-
dioxane (VIII) which, with the repositioning of the double bond to the carbonyl, generates
the acetoxycarboxylate ion (IX). This is followed by B-elimination of the acetate ion (X')
and formation of the maleic carboxylate with the aryl groups in cis position. The last step
occurs by the addition of the inorganic acid providing the diacid (XI) and, with
dehydration (if subjected to elevated temperatures), formation of the maleic anhydride

derivative (XII).
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Scheme 4. Proposed mechanism for the glyoxylic Perkin reaction. Part 1: obtaining the maleic
anhydride
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The second part of the mechanism of the glyoxylic Perkin reaction is shown below
(Scheme 5). In situ esterification occurs from an alkyl alcohol and a halogenalkane in the
presence of a base (DBU (1,8- diazabicyclo[5.4.0]Jundec-7-ene) or triethylamine).
Initially the base removes the proton from the alcohol giving rise to the alkoxy species,
which in turn attacks the anhydride (XII), inducing its opening (XIV). After this step, the
substitution by the halogenoalkane occurs, and the alkyl maleate is obtained (XV).
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Scheme 5. Proposed mechanism for the glyoxylic Perkin reaction. Part 2: obtaining the final
maleate.
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1.13 The Mallory reaction: oxidative photocyclization

Mallory's photocyclization reaction is the coupling of two aromatic carbons
transforming stilbene derivatives into phenanthrene derivatives with ultraviolet
irradiation in the presence of an oxidant (Mallory & Mallory, 1984). The reaction can be

used to form homo- and heteroaromatic polycycles.

The oxidative photocyclization reaction of stilbenes had already been described
in the 1930s (Jorgensen, 2010; Li & Twieg, 2015; Smakula, 1934; Weber & Clennan,
2019), but it was only after Mallory described in 1964 the use of iodine as a catalyst for
this photochemical cyclization (Scheme 6), that this reaction proved its efficiency in the
synthesis of phenanthrenes and other polycyclic aromatic hydrocarbons, providing a good
collection of phenacenes with a variety of substituents (Mallory et al. , 1964; Mallory &
Mallory, 1984; Q. Yang et al., 2018).

Scheme 6. Oxidative photocyclization reaction of stilbene, described by Mallory.
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Two decades after Mallory's publication, the oxidative stilbene photocyclization
reaction had much progressed, and Mallory himself proposed a detailed review in which
he discusses various aspects and applications of the reaction (Mallory & Mallory, 1984).
In more concentrated solutions, stilbenes can form dimers in a cyclic [2+2] condition.
However, Mallory's reaction conditions circumvent this limitation, because when we use

iodine in catalytic amounts along with O», it is proposed that the iodine is photochemically

cleaved into chain-reacting radicals (Mallory & Mallory, 1984).
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Increasing the iodine concentration, on the other hand, leads to the formation of
more hydrogen iodide that can saturate the initial stilbene and can also contribute to other
side reactions (L. Liu et al., 1991). Other oxidants besides iodine have also been used, but

have not shown more prominent results for this synthesis (Jorgensen, 2010).

The proposed mechanism of the reaction known as Malorry photocyclization is
presented below (Scheme 7). From a synthetic point of view, photochemical
isomerization of the double bond (cis/trans-isomerization) occurs rapidly under the
reaction conditions, such that different compositions of cis- and trans- stilbenes (I<>1I')
can provide the same products. Thus, stilbenes can be used as isomeric mixtures in
photocyclization, although only the cis-isomer is capable of further cyclization

(Jergensen, 2010; Mallory & Mallory, 1984; Weber & Clennan, 2019).

Scheme 7. Proposed mechanism of the Mallory reaction.
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The key point of Mallory's mechanism is the formation of the trans-
dihydrophenanthrene (DHP) (II) intermediate by an orbital-symmetry-allowed
conrotatory electrocyclic closure. This skeletal rearrangement in many diaryl-ethylenes
has been used in the construction of a large number of photocyclized units.
Dihydrophenanthrene, DHP, however, is an intermediate, not a final product, which is
subsequently converted to another intermediate (III), and thereupon into the final product

phenanthrene (IV) by hydrogen abstraction and HI formation (Weber & Clennan, 2019).
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2. OBJECTIVES

2.1 General Objective

The proposal of this work is the synthesis and study of new 2,4,6-triphenyl-1,3,5-
triazine derivatives, which are candidates to present columnar mesomorphism and high
charge mobility, as well as glass transitions in the mesophase, in view of later

application as matrices for OLEDs.

2.2 Specific Objectives

1. Optimize the synthesis of extended triaryltriazine esters via glyoxylic Perkin reactions.

2. From these intermediate Perkin products, synthesize symmetric triply aryl-substiuted
compounds based on the triazine core with phenanthrene or [4]helicene arms and six

short alkyl ester chains (Figure 26).

Figure 26. Symmetric compounds proposed in this work.
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3. Prepare non-symmetric compounds based on the triazine core and one or two
phenanthrene or [4]helicene diethylester arms associated with two or one phenyl arms
bearing one methyl ester in meta position, in analogy to the previously obtained triply

meta-ester-substituted triphenyltriazines (Figure 27);
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Figure 27. Non-symmetric compounds proposed in this work.
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4. Characterize the compounds obtained by analytical techniques that can confirm them,

such as: 'H NMR, '*C NMR and high resolution mass spectrometry (HRMS);

5. To study the thermal properties of the target molecules in order to verify their stability

by thermogravimetric analysis (TGA) and the existence of mesophases by polarized

optical microscopy (POM), differential scanning calorimetry (DSC) and X-ray

diffraction (XRD), thus establishing their liquid crystalline self-assembly and the

formation of a mesomorphic glass;

6. To analyze the photophysical properties of these materials in order to evaluate their

luminescence properties.
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3. RESULTS AND DISCUSSION - PART 1

Series 1: Symmetric molecules derived from 2,4,6-triphenyl-1,3,5-triazine with

phenanthrene or [4] helicene arms.
3.2 Structural design and synthetic strategy

In the elaboration of this thesis subject, several aspects were considered, among
them, the recent reports of the group about obtaining anisotropic and columnar glassy
compounds (Vieira et al, 2021). In addition to the selection by means of DFT of electron
acceptors and donors already used in the literature, in order to obtain properties such as
delayed thermally activated fluorescence associated with anisotropic properties, an

association not reported in the literature until recently.

One of the valid strategies, and currently widespread in organic synthesis, is
modeling using density functional theory (DFT), which is a type of structural calculation
that has gained a lot of notoriety in recent years. This study is used in the design of new
molecules, becoming an advantage when it comes to theoretically evaluating, among
several aspects, the photophysical properties. For the materials area, pre-establishing a
relationship between the structure to be synthesized and the desired properties is an
approach already used. For molecules with TADF, this theoretical DFT approach is
indispensable, since, through these calculations, we have access to the theoretical values
of the gaps between the S1 and T1 states, besides the SOC values, thus it is possible to

select the best electron acceptor and donor groups for the final design of the molecules.

The DFT calculations were performed for the simplest analogs with methyl chains
(not synthesized in this work, used for comparison to facilitate obtaining the calculations)
and the theoretical results were promising. The energies of the theoretical singlet states
for FsMe was 3.347 eV and for HzMe was 2.963 eV, and of the triplet states was 2.637
eV for FzMe and 2.464 eV for HsMe, therefore, the phenanthrene-type derivatives will
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possibly emit in the sky-blue region, while the helicene-type derivatives in the green

region (Yang, et al., 2017; Wong, et al., 2017).

Figure 28. Representation of the minimized symmetric molecules for this work.

In Scheme 8 a brief retrosynthetic analysis is presented for the series of
triphenanthryltriazine hexaesters. In it, two possible routes are presented. The first step
of this retrosynthetic analysis involves a disconnection between the Csp?-Csp? carbons of
F3R(I), resulting in the synthetic equivalent (II). The second step involves a disconnection
between the Ca-Cyp carbons, involving two different synthetic routes, which results in the
possibility of four synthetic equivalents, in the first route (III+ IV) and in the second (IITI'
+ IV"). Following route 1, the next disconnection occurs between oxygen and the acid
hydrogen, resulting in the equivalent (V). The next step in the retrosynthetic analysis of
route 1, is the disconnection between the C.-Cq4 carbons, resulting in the synthetic
equivalent (VI). In the retrosynthetic sequence there is a disconnection between the
heterocycle carbon and nitrogen, resulting in the synthetic equivalent (VII). For route 2,
after the disconnections that result in the synthetic equivalents (III' + IV'), the next
disconnection occurs between the carbon and nitrogen of the heterocycle of (III'),

resulting in the synthetic equivalent (IV")
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Scheme 8. General retrosynthetic analysis for symmetric compounds.
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From this retrosynthetic analysis, two possible routes are evaluated, the first of
them (Scheme 9) somewhat longer, which involves three more synthesis steps than its
analogue. However, the availability and cost of the starting nitrile of route 1 drives us to

optimize each synthetic step and thus overcome the possible problems with overall yields.

Scheme 9. Proposed synthetic route 1, for the synthesis of the compounds planned for this work.
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Reagents and conditions: a. Triflic acid, 0°C, overnight; b. n-BuLi, THF dry, -78°C, diethyl oxalate; c. NaHCO3,
H20/EtOH, HCI 1M; d. Acetic anhydride, TEA, THF; e. alkyl alcohol, alkyl bromide, TEA; f. iodine, ethyl acetate.

On the other hand, route 2 (Scheme 10), with a smaller number of steps, is notably
better from the synthetic point of view (better yield). However, the starting nitrile is more

expensive.

Scheme 10. Proposed synthetic route 2, for the synthesis of the compounds planned for this work.
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Reagents and conditions: a. Triflic acid, 0°C, overnight; b. Acetic anhydride, TEA, THF; c. alkyl alcohol, alkyl bromide, TEA;
d. iodine, ethyl acetate.

However, regarding the synthetic planning and subsequent execution, both routes
will be experimentally evaluated in this work the reaction of Perkin glyoxyl is a reaction

between an arylacetic acid and an arylglyoxylic acid, allowing us to evaluate how the
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reactivity of the reaction is affected by the presence of different acid groups attached to a

strong electron acceptor group, here triazine.

3.3 Synthesis and characterization of phenanthrene and helicene derivatives

and their intermediates

All the syntheses employed in this work will be detailed below, as well as the
characterization of the compounds by characterized by '"H NMR. The final compounds

were also characterized by '*C NMR and mass spectrometry (see appendix).

3.3.1 Synthesis of the building block: s-triazine

The first route evaluated was route 1. The formation reaction of 2,4,6-tris(4-
bromophenyl)-1,3,5-triazine (5) was the initial step for the synthesis of the molecules.
This reaction has a satisfactory yield (around 72%) and simple treatment and purification.
The s-triazine block is constructed via a trimerization reaction of 4-bromobenzonitrile (4)

in triflic acid and without solvent (Scheme 11) (Vieira, ef al., 2021).

Scheme 11. Synthesis of 2,4,6-tris(4-bromophenyl)-1,3,5-triazine (5).
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In the first attempt to obtain the triazine nucleus the methodology employed
had dichloromethane as the reaction solvent and the reaction time of 72 h. But using triflic
acid as the solvent for this reaction was the best method, decreasing the average reaction
time to 14 h (overnight) and also improving the yield, which in the solvent version was

approximately 39% and in the solventless methodology increased to 72%.

In Figure 29, we compare the hydrogen nuclear magnetic resonance spectra
of the starting material 4-bromobenzonitrile (4) and 2,4,6-tris(4-bromophenyl) -1,3,5-
triazine (5). It is possible to observe a shift of the signals of the hydrogens that in the
starting material are at a chemical shift of 7.64 (H1) and 7.53 (H2) ppm, two doublets
with coupling constants J = 8.0 and 8.8 Hz, respectively and for (5) there is a smaller field
shift in the product formed at 8.57 (H1) and 7.72 (H2) ppm, doublets with coupling
constants J = 8.7 and 8.6 Hz.
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Figure 29. Comparison of the '"H NMR spectra of the starting nitrile (4) and the trimerization

product (5) in 1,1,2,2-tetrachloroethane-d>, 400 MHz .
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After the preparation of 2,4,6-tris(4-bromophenyl)-1,3,5-triazine (5), the next

synthetic steps were aimed at the construction of the glyoxylic acid group attached to

triazine. To construct glyoxylic acid, the first reaction was the lithiation of compound (4)

with n-butyl lithium, at -78°C, in 1 litre of THF (dry), after 2 hours of reaction under

strong stirring, the temperature was increased until it reached room temperature and after

1 hour, the temperature was lowered again to -78°C and then diethyl oxalate was added,

after the addition of ethyl oxalate the temperature was raised again and then the reaction

was treated with 1M hydrochloric acid solution, compound (5) was formed with an

average yield of 32%.

Scheme 12. Synthesis of triethyl 2,2',2"-((1,3,5-triazine-2,4,6-triyl)tris(benzene-4,1-diyl))tris(2-

oxoacetate) derivative (16).
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In the '"H NMR spectrum of compound (16) (Figure 30), it is possible to observe
two doublets (d) referring to hydrogens of the aromatic region at 8.2 ppm (H2) and 8.8
ppm (H1), the integral of the signals confirms the ratio 6 hydrogens. The coupling
constants (J) for the (d) were determined as J = 8.4 Hz and J = 8.5 Hz, respectively. In
the aliphatic region, we have a signal referring to the methyl hydrogens of the ethyl ester
portion (-O-CHz-) at 4.48 ppm and at 1.45 ppm referring to the signals of the methyl
hydrogens (-O-CH>-CH3).

Figure 30. "H NMR spectrum of compound (16) in 1,1,2,2-tetrachloroethane-d>, 400 MHz.
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This compound (16) undergoes hydrolysis in basic medium to generate the glyoxlic

acid (17) (Robert et al., 2017), obtained in 92% yield.

Scheme 13. Hydrolysis of ester (16), formation of 2,2',2"-((1,3,5-triazine-2,4,6-triyl)tris(benzene-
4,1-diyl))tris(2-oxoacetic acid) (17).
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As observed in the 'TH NMR spectrum (Figure 31) after the hydrolysis reaction, the
ethyl group is eliminated and only the signals referring to the aromatic region are
observed. The relative integral between the signals remained proportional. Due to the
presence of the carboxylic acid function, the two doublets (d) at 9.0 (H1) and 8.3 (H2)
ppm, with coupling constants of J= 8.8 Hz and J = 8.8 Hz, showed a slight shift to smaller
field when compared to the starting ester. It was, as usual, not possible to observe the

signals referring to the hydrogen of the acid.

Figure 31. "H NMR spectrum of compound (17) in acetone-ds, 400 MHz.
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The synthesis of compound (17) finalizes the first step of route 1. Next, the synthetic

steps to obtain the acid unit of the second route, compound (18), will be discussed.

To obtain the second acid building block (20), an attempt was made to selectively
reduce the carbonyl of the oxalic acid of the triazine (17) in order to obtain the arylacetic
acid derivative (Scheme 14). This attempt to selectively reduce the glyoxylic carbonyl is
an alternative to the high cost of the nitrile, 2-(4-cyanophenyl)acetic acid, (19), used in

the trimerization reaction.

The selective reduction reaction, was already part of the expertise of the group

(Robert et al., 2017). However, for the triazine system, the conditions used for polycyclic

59



aromatic hydrocarbon compounds did not work, so we tried to vary the reaction time,
reducing it from four days to two days, as well as varying the proportions of the acids

used, without success: the starting triazine was degraded, on all occasions.

Scheme 14. Selective reduction to form 2,2',2"-((1,3,5-triazine-2,4,6-triyl)tris(benzene-4,1-
diyl))triacetic acid (20).
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Given this impasse, we returned to the original synthetic route to obtain 2,2',2"-
((1,3,5-triazine-2,4,6-triyl)tris(benzene-4,1-diyl))triacetic acid, (20): The trimerization
reaction of 4-cyano-phenylacetic acid (19) (Scheme 15) under the same conditions as the
trimerization of 4-bromobenzonitrile (4), which was obtained with a yield of

approximately 98%.

Scheme 15.Trimerization of 4-cyanophenylacetic acid (19), to result 2,2',2"-((1,3,5-triazine-2,4,6-
triyl)tris(benzene-4,1-diyl))triacetic acid, (20).
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Below is a comparison of the 'H NMR spectra of the starting material 4-
cyanophenylacetic acid (19) with 2,2',2"-((1,3,5-triazine-2,4,6-triyl)tris(benzene-4,1-
diyl))triacetic acid (20). The signal referring to the methylenic hydrogens of acetic acid
in both appears at a chemical shift of 3.79 ppm (H3). The doublets (d) in the aromatic
region suffer a slight shift to smaller field in the spectrum of the product formed when
compared to the starting material. For the starting material the signals of aromatic region
appear at 7.74 (H1) and 7.55 (H2) ppm (J = 8.5 and J = 8.6 Hz, respectively) and in the
product they appear around 8.7 and 7.6 ppm with coupling constants of J = 8.5 Hz and J

= 8.5 Hz, the integral corresponding to six hydrogens.
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Figure 32. Comparison of the 'H NMR spectra of the starting nitrile (19) with product (20) (both
in acetone-ds, 400 MHz).
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3.3.2 Perkin products: construction of the phenanthrene and [4]helicene arms

Since the acid building block of route 1 was obtained by hydrolyzing the ester
(16) to the glyoxylic acid derivative (17), a triple Perkin reaction to form the first
derivatives with three phenanthrene-like arms was performed between compound (17)
and 2-phenylacetic acid (22). This reaction is followed by an in sifu esterification to
generate the hexa-ester (18) (Scheme 16). The latter compound obtained was isolated,

purified and properly characterized.

Scheme 16. Glyoxylic Perkin reaction, followed by esterification to form the intermediate (18).
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The Perkin reaction between triazine-triglyoxylate (17), commercial 2-phenylacetic
acid (22), acetic anhydride, triethylamine and dry THF was carried out under reflux for
an average period of 24 hours and led to the anhydride (18). The anhydride obtained in

the first step was not isolated but in situ esterified. In the second step, alcohol (ethanol),
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alkyl bromide (bromoethane) and triethylamine were added and the reaction was brought
to reflux for another 24 hours to form (18). Purification of the hexa-ester (18) was done
on a silica gel chromatographic column followed by precipitation in methanol. The yield
of the reaction for both steps was 30%. The intermediate (18) was characterized by 'H

NMR (Figure 33).

In the following spectrum one can observe signals referring to the hydrogens of
the 2,4,6-triphenyl-triazine center (highlighted in black) as the two most short-field
shifted (Ar-H) doublets (H1) and (H2) at 8.48 and 7.28 ppm, with coupling constants of
J=8.7 Hz and J = 8.6 Hz. The doublets have integrals corresponding to six hydrogens
each one. The signals from the five hydrogens of the phenyl that was added via the Perkin
reaction are observed in the form of two larg undefined signals at 7.20 ppm, with an
integral corresponding to fifteen hydrogens. In the aliphatic region of the spectrum the
signal is observed, an undefined signal, probably the result of the superposition of several
quartets, methylenic hydrogens (-CO2CH>-) with chemical shift at 4.30 ppm and integral
for twelve hydrogens. A multiplet is also observed at 1.31 ppm, referring to the signal of
the methyl hydrogens of the ester alkyl chain (-CO2CH2CH3), corresponding to eighteen
hydrogens.

Figure 33. '"H NMR spectrum of compound (18) in CD,Cl,, 400 MHz.
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To synthesize the precursor hexa-esters of the [4]helicene derivatives, such as
compound (24), the same methodology was followed as for the phenanthrene analogs
starting from triphenyltriazine-4',4"',4""'-triglyoxylic acid (17) and commercial 2-
naphthylcetic acid (23). The reaction conditions for the Perkin reaction and esterification
were the same as for the phenanthrene-type derivatives. The yield obtained in these two

transformations was 31%, similar to the phenanthrene analog.

Scheme 17. Perkin reaction, followed by esterification, to form intermediate (24).
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This derivative was characterized by '"H NMR in deuterated chloroform (CDCls).

A discussion of the signals confirming its obtention is presented below.

The signals that are observed in the aromatic region of the spectrum correspond to
the signals of the 2,4,6-triphenyl-s-triazine system (H2) and (H1) and the naphthalene
system added by the Perkin reaction (highlighted in blue). The most shifted duplet with
coupling constant of J = 8.1 Hz at 8.41 ppm (H2) stems from six hydrogens of the 2,4,6-
triphenyl-s-triazine system closest to s-triazine (Ar-H). The signals that are observed at
7.69 ppm correspond to the signals of the naphthalene system, (H5) and (HS), an
undefined signal. And at 7.66 ppm, the (dd) of smaller intensity with coupling constants
J=7.6 and J = 2.1 Hz corresponds to (H9). The doublet (d) at 7.57 ppm corresponds to
(H3), with coupling constant J= 8.6 Hz, integrating for three hydrogens. The multiplet at
7.42 ppm is a signal referring to the hydrogens (H6) and (H7), with integral proportional
to six hydrogens. At 7.27 ppm we have an (H1) duplet with a coupling constant of J = 8.6
Hz, the integral does not correspond to the expected six hydrogens, possibly due to the
signals from the solvent residue that appears at the same shift. And a signal at 7.11 ppm
corresponds to (H4), a double doublet with J = 10.8 and J = 6.8 Hz, integrating for three
hydrogens.

One signal that is observed at 4.27 ppm is referring to the hydrogens neighboring
the oxygen of the ester group (CO2-CHz-), the other three signals at 1.65, 134 and 0.90
ppm are the hydrogens further away from the ester group.
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Figure 34. "H NMR spectrum of compound (24) in CDCls, 400 MHz.
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Alternatively, in order to try to improve the yields obtained for the Perkin reactions,
hence the overall yield of the products, the Perkin reaction was tested with acetic acid

bound to s-triazine and glyoxylic acid bound to phenylene or naphthalene (Scheme 18).

Scheme 18. Perkin reaction starting from the percursor (20), followed by esterification to form
the hexa-ester intermediate.
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Reagents and conditions: a. Acetic anhydride, TEA, THF; b. alkyl alcohol, alkyl bromide, TEA.
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When comparing the values of efficiency of Perkin's reaction for the same hexa-
ester, e.g. the butyl derivative, it was observed that the yield more than doubled, going
from 30% to 68%. From this result it was decided to follow this second method to obtain

the symmetric products of this work, both the phenanthrene and [4]helicene derivatives.

Thus, for the other phenanthrene derivatives, Perkin's reaction occurs between the
tri(acetic acid) (20) and phenylglyoxylic acid (22) under the same conditions described
previously, but in the in situ esterification, the alcohol (ethanol, propanol, or butanol) and
the alkyl bromide (bromoethane, bromopropane, or bromobutane) were varied according
to the length of the alkyl chain desired in the esters. Purification was performed under the
same conditions, obtaining the three derivatives with yields of 68%, 76%, and 32%,

respectively.

Following the same methodology for the hexa-ester derivatives derived from
[4]helicene, using 2-naphthylglyoxylic acid (23), esterification was additionnally
performed with a long-chain alcohol and the corresponding alkyl halide

(hexanol/bromohexane).

A total of four [4]helicene derivatives with ester groups and alkyl chains with two,
three, four, and six carbon atoms were obtained. The yields of these steps were 80%, 36%,
76%, and 94%, respectively. All intermediates were properly characterized by 'H NMR
(see Appendix).

3.3.3 Photo-oxidative intramolecular cyclization: formation of polyaromatic arms

After the identification of all Perkin products we proceeded to the last step, the
intramolecular photo-oxidative cyclization to obtain the targeted phenanthrene and

[4]helicene arms.

The final compounds were obtained from the respective hexa-esters, in ethyl
acetate solution, in the presence of oxygen and with a catalytic amount of iodine (0.3 g),
by irradiation with a 150 W mercury lamp, inside a borosilicate immersion tube, in which
cooling water circulated. After 48 hours, some of these materials precipitated in the
solution and were then filtered, in some cases the solution was concentrated in the rotary
evaporator, in both cases the products were purified by silica gel chromatographic
column, using as eluent cyclohexane/acetone with increasing polarity, and finally

recrystallized in butanol.
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Figure 35. System used for preparation of the final compounds, at end of reaction with precipitated

product stirred in iodine-colored ethyl acetate.

Characterization of the inedit compounds was performed by 'H and '*C NMR and

high resolution mass spectrometry (HRMS). Two proton NMR spectra for

each series,

phenanthryl and [4]helicenyl, are discussed below by way of example. All spectra are

presented in Appendix.

Scheme 19. Intramolecular photo-oxidative cyclization to form compounds F3R.
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The phenanthryl derivatives have alkyl ester groups with two (Et), three (Pr) and

four (Bu) carbon atoms on each aliphatic chain. For the homologue with six

(F3Et) the characterization is shown below.

ethyl chains

In the aliphatic region of the 'H NMR spectrum (Figure 36) there are the signals

referring to the methylene protons (-OCHb»-), this signal does not appear as a defined

quartet due to the presence of two different ethyl chains in the molecule whose methylene

signals overlap. Another signal in the aliphatic region is a triplet at 1.5 ppm referring to

the methyl (-CH3) signals, where no difference between the two ethyl groups is discerned.

In the aromatic region one can clearly see the seven signals referring to the phenanthrene
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system, all signals in the aromatic region integrating for three hydrogens each. The singlet
is the signal most displaced to smaller field, at 9.29 ppm, referring to the hydrogen signal
(H1) closest to the triazine ring, which possibly can make a hydrogen bond with the
nitrogen of the triazine, which would justify its strong displacement. The double-doublet
at 8.37 ppm, (H4) hydrogens, has coupling constants of J1 = 8.4 and J2 = 1.5 Hz. At 8.06
ppm, the doublet can be assigned to (H2) (J = 8.1 Hz), in proximity to the triazine ring.
And at 7.80 there is a doublet referring to (H3), with a coupling constant of 8.3 Hz. The
double-doublet at 7.71 ppm can be attributed to (H7), with coupling constants J1 = 8.1
and J2 = 1.3 Hz. The triplets are the most shielded signals, at 7.38 and 7.28 ppm, with
coupling constants J = 8.0 and J = 8.0 Hz and are referring to the farthest hydrogens from
the triazine, (HS5) and (H6), the outermost portion of the phenanthrene.

Figure 36. "H NMR spectrum of F3Et in CD>Cl,, 400 MHz.
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In the analysis of carbon nuclear magnetic resonance (:*C NMR) (Figure 37) it is
confirmed that the compound F3Et was obtained; because it is a theefold symmetric
molecule it is observed only one set of signals corresponding to any of the three arms.
Thus, seventeen signals are observed in the smaller field region of the spectrum, one
signal corresponding to the three carbons of s-triazine (CN); at 170.5 ppm, two signals
referring to the six carbonyl carbons (C=0) at 167.8 and 167.7 ppm, and fourteen signals
corresponding to the forty-two carbons of the three phenanthrene systems between 134.4
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and 121.9 ppm. In the aliphatic region three signals are observed, two of them at 62.3
62.2 ppm referring to the methylenic carbons and the signal at 14.4 ppm corresponds to

the methyl carbons.

Figure 37. *C NMR spectrum of compound F;Et in CD,Cl,, 100 MHz.
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The helicene analogues vary in their ester chain length from two (H3zEt), via three
(H3Pr) and four (H3Bu) to six carbons (H3Hex) in each aliphatic chain. For the butyl

homolog (H3Bu), the formation and characterization are presented in the following.

Scheme 20. Intramolecular photo-oxidative cyclization to form compounds HzR.

R=Et

'H;Et 37% |
R=Pr PHyPr 12% ¢
R=Bu r HzBu 42% !
R=Hex

 HyHex 42% |
In the "H NMR spectrum (Figure 38) in the aliphatic region the signals referring to
the six alkyl chains linked to the six esters consist of those of the oxygen-neighboring

methylene hydrogens (-O-CHb-), this signal does not appear as a well-defined triplet due
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to the two kinds of ethyl esters present in the molecule, and at 1.88 ppm, there is a
multiplet with integral for 12 hydrogens, which can be assigned to the hydrogens of the
second methylene. At 1.57 ppm, there is a further multiplet, referring to the signals of the
third methylene next to the methyl; its integral is larger than what was expected, which
may be due to overlap with the signal referring to the deuterated solvent's residual water.
And at 1.06 ppm, the methyl signal can be observed as two overlapping triplets,

integrating for eighteen hydrogens.

In the aromatic region, seven signals are present referring to the [4]helicene system.
The singlet is the signal most shifted to smaller field, above 10 ppm, referring to the signal
of the hydrogen closest to the triazine ring, (H1), which possibly can make a hydrogen
bond with the nitrogen of the s-triazine; this would justify its shift, the integral of this
signal corresponds to three hydrogens. The doublet coupling constant (J = 8.5 Hz),
referring to the (H2) hydrogens is at a chemical shift of 9.02 ppm and integrates for three
hydrogens. The most unshielded doublet, coupling constant (J1 = 8.67 Hz and J2 = 1.5
Hz), which can be assigned to (H9), with a 3H integral. At 8.45, there is a doublet that
can be assigned to (H3), with coupling constant J = 8.7 Hz, integrating for three
hydrogens. The signal at 7.99 ppm, a doublet that is fused to the double-doublet at 7.95
ppm; the coupling constant identified for the duplet at 7.99 ppm is J = 3.0 Hz and the
constants assigned to (dd) are J1 = 8.1 Hz and J2 = 1.5 Hz, these signals together have
integration for nine hydrogens, they can be assigned to the hydrogens H4, HS and H6.
The triplets are the most shielded signals, at 7.41 and 7.23 ppm, and are referring to the
hydrogens farthest from the triazine, (H7) and (HS8), with coupling constants J = 7.5 Hz
and J = 7.7 Hz, both with integral for three hydrogens.
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Figure 38. '"H NMR spectrum of compound H3;Bu in CD>Cl,, 400 MHz.
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The obtainment of compound H3Bu was confirmed by *C NMR (Figure 39).
Twenty signals are observed in the aromatic region of the spectrum, one signal
corresponding to the three carbons of s-triazine (CN); at 171.8 ppm, two signals referring
to the six carbonyl carbons (C=0) at 168.4 and 167.9 ppm, and seventeen signals
corresponding to the carbons of the three [4]helicene systems between 134.8 and 123.3
ppm. In the aliphatic region eight signals are observed, two of them at 66.6 and 66.5 ppm
referring to the oxygen-bound methylenic carbons (-O-CHz-), at 31.1 and 31.0 ppm to the
following carbons of the alkyl chain, the signals at 19. 7 ppm match the signals of the
methyl subsituted methylene carbons and the signals at 14.0 and 13.9 ppm correspond to

the methyl carbons.

70



Figure 39. 1*C NMR spectrum of compound H3;Bu in CD,Cl,, 100 MHz.
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In addition to nuclear magnetic resonance characterization, all the final compounds
were also characterized by high resolution mass spectrometry (HRMS) and the data are

arranged in Table 2.

Table 2. High resolution mass spectrometry (HRMS) results.

Compound Molecular formula Theoretical Experimental Error
mass (Da) mass (Da) (Da)
F;Et [Ce3sHs51N3012+Na]* 1064.33650 1064.3378 0.0013
F;Pr [CeoH3N3012+Na]” 1148.43040 1148.4310 0.0006
F;Bu [C7sH75N3012+Na]” 1232.52430 1232.5245 0.0002
H;Et [C7sHs:N3012+Na]* 1209.43822 1209.4396 0.00138
H;Pr [Cs1HeN3012+Na]* 1298.47735 1298.4778 0.00045
H;Bu [Cs7H81N3O12'|'Nil]+ 1309.50646 * *
H:;Hex [ngH105N3()12‘FN21]Jr 1634.63531 * *

*The compounds H3Bu and HzHex, did not have their masses confirmed by HRMS, due to a limitation of
the equipment, these compounds having very high molar masses.

The errors of the HRMS measurements ranged from 0.0002 to 0.00138 Da. The
mass spectrometry values confirm the identity of the synthesized triazine-phenanthrene

and triazine-helicene symmetric series.
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3.4 Thermal properties of the final compounds

The presence of glass and mesophase transitions in the synthesized compounds was
investigated. The studies were carried out, in sequence, by means of polarized light
optical microscopy (POM), differential scanning calorimetry (DSC) and X-ray diffraction
(XRD), by which the phase transition temperatures as well as the transition enthalpy are
determined. Thermal stability was investigated by thermogravimetric analysis (TGA), by

which the decomposition temperature of the materials was determined.

Some of the seven compounds showed LC mesomorphism. The presence of glass

transitions (Tg) was also observed for some of them.

The thermal stability of the compounds was evaluated by thermogravimetric
analysis (TGA) under nitrogen atmosphere and showed good thermal robustness with
decomposition temperatures between 389 °C for F3Bu and 387 °C for H3sBu, data that
demonstrate that the extension of the polyaromatic system and the vicinal ester
substitution did not drastically affect the thermal stability of these compounds. Likewise,
the increase of the alkyl chain length has no big influence on the stability, since the
temperature observed for the short-chain phenanthrene homolog, F3Et, was 385°C (all

temperatures correspond to a 5% mass loss).

The textures observed by polarized light optical microscopy (POM) were
predominantly homeotropic (pseudo-isotropic), indicative of the hexagonal columnar
mesophase in face-on alignment. The DSC analyses confirmed the existence of glass
transitions.

Table 3 shows the thermal behavior of the seven compounds synthesized in this
series.
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Table 3. Summary of thermal data of the final triaryltriazine hexaesters.

Compound Transition Tg (°C) T/°C, Heating T/°C, Cooling
heating  (AH/kJ mol) (AH/KJ mol)
F;Et Cr-Cr(I) - 224 (26.14) 174 (9.62)
Cr-Iso > 375 -
F3sPr Cr-Col 81 150 (13.86) *
Col-Iso >375°C -
F3Bu Cr-Col 19 108 (12.70) *
Col-Iso >375°C -
H;Et Cr-Cr(I) - 153 (13.27) *
Cr(I)-Iso 325 (30.94) 298 (5.88)
H;Pr Cr-Iso rociclo 232 (45.4) -
Is0-Col; 1ocicto - 226°C (2.8)
Col-Col; 22cicto - 179 (45.4) 142°C (2.8)
Col-Is0 22ciclo 223 (2.8)
H:Bu Cr-Iso 1ecicto 208 (35.3) *
I50-Col 1-cicto 39 - 143 (1.4)
Col-Iso 2cicto 149 (1.8) 205 (31.9)
Hz;Hex Cr-Iso 27 123 (31.93) L

*Not observed in DSC.

The first compound studied is the hexa-ester with ethyl chains (F3Et), which by
thermal analyses, as by powder X-ray diffraction (XRD) (Figure 40), shows a phase
transition between two different crystalline states upon heating at temperatures above the
onset of melting at 224°C, and no transition to the isotropic liquid is observable by

polarized light optical microscopy (POM) until our experimental limit of 375°C.
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Figure 40. Comparison of powder X-ray spectra of F3;Et at room temperature and at 250°C.
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The hexa-ester homologue with propyl chain, F3Pr, after melting at 150°C, also
shows no clearing to the isotropic liquid below the equipment detection limit temperature,
375°C, but the state identified after its melting at 150°C was characterized as a columnar
hexagonal mesophase, featuring (11) and (21) secondary peaks of the column lattice in
the XRD corresponding to distances related by factors of V3 and V7 to the main lattice
peak (Figure 41), which upon cooling to room temperature becomes rigid but maintains

the organization achieved in mesophase.

The powder XRD spectra at 250 and 25°C for compound F3Pr, (Figure 41) give
evidence of a 10% contraction of the column-to-column distances (from 23.0 A to 20.7
A) over this temperature range, accompanied by modification of the diffraction pattern in
the small angle region, but without loss of peaks (11) and (21).

Figure 41. X-ray spectra of powder of compound F3;Pr at room temperature and at high

temperature. The root values indicate the q ratio with the main network peak on the left and
correspond to a column lattice of hexagonal symmetry.
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The diffractogram of compound F3Bu, (Figure 42) shows the same pattern

observed for the propyl homologue. Like its homologue F3Pr, compound F3Bu also
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showed in the diffractogram secondary (11) and (21) peaks characteristic of at hexagonal

columnar mesophase, which are conserved at 25°C.

Figure 42. Comparison of powder X-ray spectra of compound F3;Bu at room temperature
and at high temperature.
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When analyzing the thermograms as for F3Pr, a notable feature of the phenanthrene
derivatives is an apparent slope change in the calorimetric cooling curve between 85 and
63°C (at -10°C/min), (Figure 43) while on the heating ramp a similar feature is observed
above 81°C (heating ramp at 10°C/min; calorimetric glass transition temperatures are
most commonly recorded on heating at this rate) with heating induced crystallization
between 100 and 130°C. A glass transition at 81°C that restricts crystallization to the
temperature domain between this temperature and the onset of melting at 150°C can be

inferred.

In the butyl homologue, F3Bu, which also shows a hexagonal columnar
mesophase after melting at 108°C, the calorimetric glass transition is significantly
reduced to 19°C, while, unlike F3Pr, immediate crystallization after heating above this
glass transition is not observed. Like its two smaller-chain counterparts, F3Bu does not
go isotropic below 375°C. The hexagonal lattice parameter of F3Bu is preserved on
cooling from 150°C to room temperature, with a column-to-column distance of 23.8 A.
The & stacking order within the columns, corresponding to an interdisk distance of about
3.3 A, was improved at room temperature (Figure 42), suggesting facilitated charge

transport. The & stacking order was not clearly observed for F3Pr (Figure 41).

Although we were able to obtain with F3Pr an anisotropic mesomorphic glassy
state with a conveniently high glass transition temperature of 81°C, the lack of clearing
to the isotropic liquid at practical temperatures and the drop of the glass transition

temperature to only 19°C with F3Bu prompted us to redesign the molecular structure.
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Figure 43. Differential calorimetry scans on heating (red) of FsPr, F;Bu, H;Bu and H;Hex at
+10°C/min (after initial heating above the melting point and subsequent cooling with -10°C/min)
and cooling scan (blue) of F3Pr at -10°C/min.
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* 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.

To achieve the extension of the three arms forming a helicene-type polyaromatic
system, 2-naphthylglyoxylic acid was used as Perkin adduct for the target esters with out-
of-plane [4]helicenyl units. This system offered the prospect of both lowering the
clarification temperature due to a less planar and relatively compact molecular shape, and
hindering the crystallization tendency due to increased conformational variations, both

in-plane and out-of-plane.

Thus, we analogously prepared helicenyl hexa-ester derivatives with ethyl, propryl
and butyl chains (H3Et, H3Pr and H3Bu). All three homologues show direct melting from
the crystalline state to the isotropic liquid at attainable temperatures of 325°C, 232°C, and
205°C, respectively.

As observed for the F3Et analog, no mesophase is identified for H3Et on cooling
from the isotropic liquid, and a crystal-crystal transition is observed by DSC (at 153°C
on heating). In the diffractogram all crystal phases are of hexagonal symmetry, showing
the characteristic (10), (11), (20), (21), (30), (22) and (31) peaks corresponding to
hexagonal lattice distances in ratios of 1:V3:V4:V7:79:412:V13, in addition to a multitude

of other peaks (Figure 44).
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Figure 44. Powder X-ray spectra of H3Et at room temperature and elevated temperature. The root
values indicate the g-ratio to the main nlattice peak on the left and correspond to a column lattice

of hexagonal symmetry.
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The consequence of the slight deplanarization of the aromatic core by the three
[4]helicene arms is the destabilization of the hexagonal mesophase, enough to provide
accessible clarification temperatures with H3Pr and H3Bu (in contrast to the analogues
with phenanthrene arms), whereas for HsEt the mesophase is suppressed in favor of the
formation of a hexagonal crystal. On cooling and reheating, H3Pr shows a reversible low
enthalpy transition with onset temperatures on cooling and reheating with 10 °C /min of
143 and 179°C, respectively (Figure 45).

Figure 45. Differential calorimetric scans on cooling (blue) and subsequent heating (red) of HsPr

at -/+10°C/min (after initial heating above the melting point); with phase transitions between two
hexagonal columnar mesophases (Col).
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When attempting to associate this behavior observed in the thermogram with those
characterized in the diffractogram (Figure 46) for H3Pr, this transition is not associated
with any change in 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
peaks V7, V9, V12 and V13 are now clearly expressed). Thus, the diffractogram showed
an increase in the correlation length of the column lattice. Similar to F3Pr, a slight
contraction of the column-to-column distance (from 22.6 A to 22.2 A) and the n-stacking

distance (from 3.8 A to 3.7 A) was also observed for H3Pr.
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Figure 46. X-ray spectra of H3Pr and H;Bu.
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The diffractograms of as-obtained HsPr and H3Bu show no prominent peaks
associable with a hexagonal lattice prior to heating. They show monotropic mesophases

upon cooling below their clearing points at 223 and 149°C, respectively, and associated

3 and V4 peaks.

No glass transition could be observed with H3Pr within the temperature range.
For the homologue H3Bu, a mesomorphic glass was observed at room temperature with
a calorimetric glass transition at 39°C upon reheating (+10°C/min). Thus, in H3Bu the
mesomorphic hexagonal columnar glassy state persists at room temperature (with a
column-to-column distance of 21.9 A and an intracolumnar distance of 3.7 A). Melting
and clearing temperatures are conveniently accessible at 205°C and 149°C. By polarized
light microscope (POM), the observed textures are typical of the hexagonal columnar
mesophase (Figure 47).

Figure 47. a) Growth between glass plates of the hexagonal columnar mesophase of HzBu in
homeotropic alignment on cooling through the isotropic-columnar phase transition (POM with
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slightly uncrossed poolarizers); b) Fan-shattered texture in hexagonal columnar mesophase of
H3Bu on cooling by isotropic-columnar phase transition;

In order to assess whether the elongation of alkyl chains into derivatives with three
[4]helicene arms would still allow a mesomorphic glass at room temperature, we prepared
the homologue HsHex with n-hexyl-ester substituents, and were surprised to find that it
1s not mesogenic, but forms an isotropic glass (Tg = 27°C upon reheating at +10°C/min)

after melting at 123°C and cooling back to room temperature.

Thus, the modification of the molecular shape from a more planar structure with
phenanthrene arms to a not fully planar structure with [4]helicene arms resulted in a
drastic reduction of the thermal range of the mesophase, while the glass transitions
increased from 19°C in F3Bu to 39°C for its analogue H3Bu allowing to obtain a material
that combines a mesomorphic hexagonal glassy columnar state at room temperature with

the formation of an isotropic liquid at conveniently achievable temperatures.

3.5 Photophysical properties of the final compounds

The photophysical properties of the two series of symmetric compounds were

investigated both in dilute chloroform solution and in thin films.

In the solution studies the main absorption and emission bands were investigated.
For the phenanthrene series, F3R, the UV spectra in chloroform solution (10> M) (Figure
48 right), show an intense band with absorption maxima between 342 and 272 nm
attributed to the m-m* electronic transitions throughout the aromatic portion of the
molecules. The spectra are similar (dark blue and light blue) as the chromophore is the
same in F3Pr (dark blue) and F3Bu (light blue). As for the helicene derivatives, H3Et,
H3Pr and H3Bu (brown, red and pink) show absorption maxima around 361, 345 and 316

nm and a weaker absorption band near 405 nm.
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The emission of these compounds was also investigated (also in chloroform
solution). In the fluorescence spectra (Figure 48 right) a single emission peak can be
observed at 409 nm for the F3R series and at 458 nm for H3R; all homologues emit in the

same region within their series, there is no distinction between any of them.

Figure 48. Normalized spectra of F3Pr, F3;Bu (dark blue and light blue); H3Et, H;Pr and H3;Bu
(brown, red, pink), in CHCI3 (105 M) solution; left: Absorption spectra; right: Emission spectra.
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While the absorption and emission behavior in solution was quite similar between
the F3R homologues and between the H3R homologues, the behavior observed for the
emission from films of these compounds varied significantly between homologues,

especially after heating of the films (Figure 49).

The emission of the compounds that exhibit hexagonal columnar mesomorphism
and subsequent glassy transitions at room temperature: F3Pr, F3Bu and H3Bu, remained
unchanged after the heating treatment of the films and subsequent cooling back to room
temperature, which suggests to us that the same mesogenic state is obtained when
preparing the films at room temperature and after returning to room temperature after
heating to melting temperature. On the other hand, the emission spectra of H3sEt and
HsPr, which adopt respectively a hexagonal crystal state and a second columnar
mesophase of greater order, show a small bathochromic shift after heating, oft 28 nm
(H3Et) and 11 nm (H3Pr). Thus, the higher order of these films is apparently obtained
only after heating the film.

When comparing the behavior in solution and in film of these compounds, we
observe that the batochromic shift from solution emission to columnar mesophase
emission is more pronounced for the phenanthrene-derived, planar, F3R series of
compounds than for the non-planar helicene-derived H3R series. The implication is that
the flatter core of F3R allows for more pronounced chromophore aggregation in the

mesophase than the less easily stacked, non-planar H3R system.
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Figure 49. Normalized spectra of FsPr, F3Bu (dark blue and light blue); H3;Et, H;Pr and H3;Bu
(brown, red, pink), in drop-cast thin films; left: Emission spectra before heating; Right: Emission
spectra after heating.
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Table 4 summarizes the photoluminescence quantum yield (PLQY) data,
which show that columnar aggregation tends to increase the emission yield, as the thin
films show higher PLQY's than the solutions. No significant change in PLQY is observed
upon heating. The increase in PLQY for the columnar film constitutes a peculiar form of
aggregation-enhanced emission.

Table 4. Photoluminescence quantum yield and emission maximum in chloroform solution and
in drop-cast film, upon excitation at 360 nm.

F3Et F3PI‘ F3Bll H3Et H3Pl‘ H3Bll H3HEX
Solution 22% 21% 22% 12% 12% 12% 12%
(CHCl) 409 nm 407 nm 409 nm 459 nm 458 nm 459 nm 459 nm
As-cast 27% 45% 49% 20% 23% 14% 17%
film 462 nm 462 nm 465 nm 495 nm 498 nm 489 nm 500 nm
Annealed n/a (does 44% 46% 24% 23% 13% 16%

film notmelt) 46lnm  466nm  523nm  509nm  493nm 505 nm

DFT and TD-DFT calculations were performed on optimized geometries of the
methyl homologues FsMe and H3:Me to gain insights into the configurations of the
excited states. For FzMe the low-energy band is related to m-n* transitions mainly
centered on the triazine core, while the high-energy band is also due to n-n* transitions,
but mainly scattered through the phenanthrene structure. In HsMe the adopted geometry
with lower planarity leads to a different absorption profile: The low intensity band near
400 nm arises from a charge transfer state from helicene to triazine. The other transitions
are similar to those of FzMe, with intermediate energy bands related to n-n* transitions

centered on the triazine and those of high energy scattered through the helicene structure.

From the emission in solution at 375 nm for F3R and at 420 nm for H3R, energies
of the first excited state S; 0of 3.31 eV for F3R and 2.95 eV for H3R can be inferred. From

TD-DFT calculations on optimized geometries, S1 energies were obtained that are very
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close to the values inferred from emission in solution: 3.347 eV for FzMe and 2.963 for
HsMe. We also calculated the energy of T excited triplet states on the same geometries
using SOC-TD-DFT, obtaining 2.637 eV for F3Me and 2.464 eV for HsiMe. The good
correspondence of the experimental and DFT-calculated energy values for S; indicates
that the T energies obtained over the same geometries can also be good estimates.
Materials such as these with T; energies around 2.5 eV can be considered as matrices for
TADF emitters that emit light of slightly lower energy, i.e., in the green-yellow range of

the visible spectrum.
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4. RESULTS AND DISCUSSION - PART 2

Series 2: Non-symmetric molecules derived from 1,3,5-triazine.

4.1 Structural design and synthetic strategy

The results of the two series of symmetric compounds were quite promising.
However, some materials still have thermal limitations, such as inconvenient clearing

points and low glass transition temperatures.

Seeking to overcome these difficulties, in the first step of the work (chapter 3) the
ester alkyl chains were varied (F3R), which did not bring sufficient results, but showed
that the useful range of chain lengths is limited to butyl and shorter. Then, in a second
attempt to improve the performance of the triaryltriazine derivatives, the aromatic system
was increased modifying the planar phenanthrene type arms to [4]helicene (H3R), slightly
non-planar, which brought improvement in some thermal aspects, but still with glass

transition temperatures far from those desired.

In this perspective, the present work proposes to prepare a series of non-symmetric
compounds. The non-symmetric molecules are based on the designs of the
triphenylthriazine triesters published by Vieira and co-workers (2021) (compound 2), but
integrating one or two phenanthrene- or [4]helicene-diester groups replacing two or one

m-benzoate groups (F3R and H3R) (Figure 50).

Figure 50. Conceptual precursor compounds of the non-symmetric targets.

Despite not being symmetric the proposed molecules have not completely lost the
star shape favored by the C3 symmetry of s-triazine, remaining with a discotic shape, the
symmetry lost only in the arms. We will try to minimize of the alkyl chain length of the
esters attached to the phenanthrene and/or helicene systems to ethyl (hoping that the

reduced symmetry and lower molecular weight will allow for the appearance of a
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mesophase at shorter alkyl lengths than in the symmetric series), and we will stick to

methyl at the ester of the 3-benzoate system.

There are two proposals for non-symmetric molecules, in the first case, we will
fix two m-MeO,>C-CgHs- arms on the triazine ring and we will vary only one arm between
phenanthrene diester and [4]helicene diester. And in the second case, only one arm of the
methyl m-benzoate type will be fixed and the other two, symmetrical to each other, will
have the aromatic systems modified. The retrosyntheses for the two types of structures

for these series are illustrated below (Scheme 21).

Scheme 21. Retrosynthetic analysis of the compounds F{Et and F;Et.
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The synthetic methods used to construct the molecules will be the same as already
described for the symmetric molecules (chapter 3): i. trimerization, ii. glyoxylic Perkin
reaction/esterification and iii. photocyclization forming the final polyaromatic systems

(Scheme 22).

Scheme 22. Proposed synthetic route for the phenanthrylderivatives F1R and F3R.
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Reagents and conditions: a. Triflic acid, 0°C, overnight; b. Acetic anhydride, TEA, THF;c. alkyl alcohol, alkyl bromide, TEA;
d. iodine, ethyl acetate.

4.2 Synthesis and characterization of non-symmetric derivatives

The syntheses employed in this part of the work will be detailed below, and the
characterizations of the synthesized compounds will be presented and discussed. The
Hydrogen Nuclear Magnetic Resonance ('"H NMR) technique was used to characterize
the intermediates and the final compounds besides 'H NMR were also characterized by
Carbon Nuclear Magnetic Resonance (*C NMR) and Mass Spectrometry (see appendix
A).

4.2.1 Synthesis of the building block: non-symmetric triphenyl-s-triazine

Just as for symmetric compounds, the triazine formation reaction is the initial step
for synthesis of the designed molecules. The non-symmetrical s-triazine is formed via the
trimerization reaction of methyl 3-cyanobenzoate and 4-cyanophenylacetic acid, in triflic
acid in the absence of solvent. This reaction has satisfactory yields and a simple workup,
but the purification and separation of this product mixture is somewhat laborious. As
shown in Scheme 23, the co-trimerization of these two nitriles generates four possible
products, among them the two building blocks used in the two series of compounds

discussed in this chapter.
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Scheme 23. Non-symmetric trimerization reaction.
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The purification and separation of this mixture of trimerization products was an
important and difficult step of the work, due to the similar polarities of the diacid (27)
and monoacid (26) products. However, using a silica gel chromatographic column and a
variable chloroform:acetone elution system with increasing polarity, it was possible to

separate these compounds with average yields of 32 % and 67%, respectively.

The various attempts to optimize the yields of the two desired products by varying
the ratio between starting nitriles were not very efficient, the equimolar ratio of methyl 3-
cyanobenzoate and 4-cyanophenylacetic acid was the best ratio found. Attempts to favor
the formation of products (26) and (27), were not successful by varying the ratio to 2:1 or
1:2. This variation only favored the formation of a greater amount of the tri-ester (30) or

the tri-acid (31).

In the '"H NMR spectrum shown in Figure 51, the s-triazine with two methyl 3-
benzoate arms and one phenylacetic acid arm is identified (26). In the aromatic region
there are six signals referring to the six different types of hydrogens present in the
molecule. All signals in the aromatic region integrate for two hydrogens, confirming the
identity of (26). The signal at 8.80 ppm is the smaller field signal and is a singlet, which
can be assigned to the signal of the hydrogen of the methyl 3-benzoate portion (Ar-H3),
between the s-triazine ring and the methyl ester; probably this hydrogen is in an
intramolecular hydrogen bond interaction. At 8.54 ppm there is a doublet corresponding

to the other hydrogen signal of the methyl 3-benzoate ring close to the s-triazine ring (Ar-
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H4), with a coupling constant of J= 7.8 Hz. In the sequence there follows another doublet
at 8.29 ppm, J = 8.4 Hz, this signal can be attributed to the hydrogen of the phenylacetic
acid arm closer to s-triazine (Ar-H1); this proximity facilitates a hydrogen bond, which
would explain the shift to smaller field. At 8.03 ppm there is a doublet, J = 6.2 Hz,
corresponding to the external hydrogen neighboring the methyl ester group (Ar-H6). The
triplet that appears at 7.65 ppm, J1 = 7.8 Hz, refers to the hydrogen of the methyl 3-
benzoate ring with two neighboring hydrogens (Ar-H5). The most high-field doublet at
7.41 ppm, J = 8.4 Hz, is the signal referring to the remaining hydrogens of the
phenylacetic acid arm (Ar-H2). In the aliphatic region there are two singlets, one signal
with higher intensity corresponds to the signal of the methyl ester hydrogens at 3.89 ppm
(Ar-COO-CH3) and the other singlet with lower intensity at a chemical shift of 3.66 ppm
corresponds to the signal of the methylene hydrogens (Ar-CH2-CO2H).

Figure 51. Non-symmetric precursor compound 26 in DMSO-ds, 400 MHz.
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The second trimeric intermediate obtained from the trimerization of methyl 3-
cyanobenzoate and 4-cyanophenylacetic acid is s-triazine with one methyl 3-benzoate
arm and two phenylacetic acid arms, compound (27). Its obtainment is confirmed by 'H

NMR as presented in Figure 52. At 9.10 ppm there is a signal of a singlet integrating for
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one hydrogen, which is possibly the signal of the hydrogen of the methyl 3-benzoate
portion (Ar-H3) between the s-triazine ring and the methyl ester; this hydrogen may be
in a hydrogen bond with the nitrogen of s-triazine (Ar-H---N), which would explain its
shift to smaller field. Next, a doublet is observed at 8.85 ppm, J = 9.0 Hz, of the methyl
3-benzoate ring, close to the s-triazine ring (Ar-H4). There is another doublet at 8.57 ppm,
J= 8.4 Hz, integrating for four hydrogens, attributed to the hydrogens of the phenylacetic
acid ring closer to s-triazine (Ar-H1). At a chemical shift of 8.18 ppm there is a doublet,
J= 7.8 Hz, corresponding to the other hydrogen neighboring the methyl ester group (Ar-
H6). The triplet that appears at 7.73 ppm, J = 7.8 Hz, refers to the hydrogen of the methyl
3-benzoate ring with two neighboring hydrogens (Ar-H5). The most high-field shifted
signal can be attributed to the outer hydrogens of the phenylacetic acid arms (Ar-H2), a
doublet with a coupling constant, J = 8.4 Hz, inetrating for four hydrogens. In the aliphatic
region there are two singlets, one corresponding to the methyl ester at 3.93 ppm and the

other at 3.73 ppm corresponding to the methylene next tot the acid group.

Figure 52. "H NMR spectrum of compound 27 in DMSO-ds, 400 MHz.
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4.2.2. Perkin products: construction of the non-symmetric compounds with

stilbene and methyl 3-benzoate arms

Figure 53. Building blocks of the non-symmetric series.

CO,Me CO,Me

CO,H
N,
| N\ COZMe | =
N _ N /N
CO,H CO,H
26 27

With these key molecules in hands, the next step is the Perkin reaction to form the
derivatives with stilbene type arms. This reaction occurs between the building block (26)
and commercial phenylglyoxylic acid (22), in a molar ratio of 1 equivalent of 65 to 2.3
equivalents of (22), in acetic anhydride, triethylamine and dry THF under reflux for an
average period of 24 hours and led to the anhydride (28'). The anhydride obtained in the
first step was not isolated, as an in sifu esterification reaction is carried out by adding
ethanol, bromoethane and triethylamine and refluxing for another 24 hours to form (28).
Purification of the tetra-ester (28) was done on silica gel chromatographic column (eluent
cyclohexane:acetone) followed by recrystallization in butanol (Scheme 24). The yield

over both steps was 62%. Intermediate (28) was characterized by 'H NMR (Figure 54).

Scheme 24. Perkin reaction of compound 26, followed by in sifu esterification, forming
compound 28.
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In the hydrogen nuclear magnetic resonance spectrum, it is possible to
observe in the aromatic region the signals referring to both the stilbene system and to the
methyl 3-benzoate. At 9.19 ppm there is the signal of the hydrogens of methyl 3-benzoate
between the triazine ring and the methyl ester (H3), integrating for two hydrogens, since
the molecule has two methyl 3-benzoate arms. At 8.80 ppm there is a doublet (J = 7.8
Hz), from the hydrogen (H4). At 8.54 ppm appear hydrogens (H1), a doublet with
coupling constant J = 8.2 Hz, integrating for two hydrogens. At 8.21 ppm comes (H6), a
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doublet (J= 7.7 Hz). The triplet at 7.59 ppm (J = 7.7 Hz) can be attributed to (HS), which

has two other hydrogens in its vicinity. The doublet at 7.35 ppm can be assigned to the

hydrogens (H2), J = 8.2 Hz. And the multiplet at 7.25 ppm can be assigned to the five

hydrogens of the phenyl that was added via the Perkin reaction (highlighted in grey).

Figure 54. "H NMR spectrum of compound 28 in CD,Cl,, 400 MHz
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Between 4.38-4.31ppm there are two overlapping quartets from the methylenes of

the ethyl esters and at 3.96 ppm it is possible to observe a signal referring to the methyls

of methyl 3-benzoate more shifted to largest field in relation to the signals of the

methylenes of the ethyl esters, and at 1.35 ppm appears the signal referring to the methyls

of the ethyl esters linked to stilbene.

For the compound with two phenanthrene arms, the synthetic procedure followed

the same sequence varying only the building block, using (27) and the ratio of Perkin

reactants, with 1 molar equivalent of (27) for 4.3 equivalents of acid (22). In the

esterification step ethanol and bromoethane were employed. The yield over these two

steps was 58%.
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Scheme 25. Perkin reaction of 27, followed by in sifu esterification, forming 29.
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This compound was characterized by 'H NMR, as shown in Figure 55. The
spectrum of this compound is similar to the spectrum of the compound with one stilbene
arm, only the intensity of the signals and hence the integrals are proportionally different.
In the aromatic region we have the same set of signals shown in the spectrum of
compound (29), with different signal intensities. The hydrogen signal (H3), a singlet, is
slightly shifted to smaller field and integrates for one hydrogen. The signal from hydrogen
(H4) is a doublet at 8.89 ppm (J = 8.0 Hz), integrating for one hydrogen. At 8.57 ppm, a
doublet (J = 8.8 Hz) referring to hydrogens (H1) is observed, integrating for four
hydrogens. The signal at 8.26 ppm can be assigned to hydrogen (H6), a doublet with
coupling constant J = 8.0 Hz. The triplet at 7.66 ppm (J = 8.0 Hz) can be assigned to
hydrogen (H5), which has two neighboring hydrogens, integrating for one hydrogen. At
7.32 ppm, there is a doublet, referring to hydrogens (H2), J = 8.8 Hz, integrating for four
hydrogens. Between 7.24 and 7.15 ppm there are two blocks of signals (highlighted in

grey), which are assigned to the two phenyls added via the Perkin reaction.

At 4.30 ppm the quartet (J = 7.2 Hz) integrating for eight hydrogens, corresponds
to the methylene hydrogens of the ethyl esters and next there is a signal, a singlet, at 3.97
ppm, corresponding to the methyl ester. And between 1.34 and 1.29 ppm there are two
overlapping triplets, corresponding to the methyls of the ethyl esters.
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Figure 55. '"H NMR spectrum of compound 29 in CD,Cl,, 400 MHz.

433
431
4,29
128
397

OG0 G5 B0 60 00 63 fu Fu P P e e P e P P PP

H1 1 HS
it

<5 110 W5 1000 95

For compounds with two stilbene/phenanthrene arms a homolog with butyl chain
was synthesized. The reactions to synthesize this compound were the same as for the
short-chain homologue. The step that differs is only the esterification, by the use of
butanol and bromobutane. The yield was 72% (Scheme 26).

Scheme 26. Perkin reaction of 27, followed by in sifu esterification, forming 32.
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4.2.3. Perkin products: construction of non-symmetric compounds with

benzostilbene arms

From building blocks (26) and (27) disssymmetric compounds with one and two
benzostilbene (= styrylnaphthalene) arms were likewise obtained. The first reaction was

performed to obtain the non-symmetric compound (33) with one benzostilbene arm
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(Scheme 27). This reaction followed the same methodology described on page 89 for the
stilbene intermediate, but replacing the phenylglyoxylic acid with naphthylglyoxylic acid.

Scheme 27. Perkin reaction of 26, followed by in situ esterification, forming 33.
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The obtainment of this compound is confirmed by hydrogen nuclear magnetic

resonance. The elucidation of the spectrum of (33) is presented below.

Figure 56 shows the 'H NMR spectrum of compound (33), in which it is
possible to see in the aromatic region the signals referring to the two methyl 3-benzoate
systems and to the helicene precursor system. The signal corresponding to the hydrogen
(H3) is observed at 9.33 ppm, a singlet, whose shift can be justified by hydrogen bonds
with nitrogen from the triazine, the integral corresponds to two hydrogens. At 8.91 ppm,
(/="7.9 Hz), there is a doublet integrating for two hydrogens corresponding to (H4). The
doublet at 8.61 ppm, (J = 8.3 Hz) corresponds to the hydrogen closest to the triazine in
the 1,4-substituted phenyl, (H1). At 8.27 ppm there is a doublet (J = 7.8 Hz) probably
corresponding to the hydrogen (H6). At 7.75 to 7.70, there is a multiplet, seemingly an
overlap of a doublet and a triplet, maybe hydrogens (H9), (H10) and (H12). The signal at
7.64 is a triplet (J = 7.8 Hz) that possibly corresponds to (HS) and (H11), whose integral
corresponds to three hydrogens. The signal at 7.40 ppm is a multiplets corresponds to
(H2). At 7.19 ppm a double-doublet (dd, J1 = 8.7 Hz and J2 = 1.8 Hz) is observed, which
may correspond to (H13), integrating for one hydrogen. The signals of (H8) and (H7), are
not clearly identified, possibly part of the multiplets.

The signals of the ester methylenes can be seen at 4.36 ppm, a multiplet with
integral for four hydrogens. Next is a singlet with an integral for six hydrogens at 4.00
ppm, the methyl esters. And at 1.34 ppm, there is a triplet corresponding to the methyls
of the ethyl esters.
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Figure 56. '"H NMR spectrum of compound 33 in CDCl;, 400 MHz.
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In Scheme 18 is shown the formation of (34). The reaction followed the
methodology described on page 89 for the stilbene intermediate, but replacing the
phenylglyoxylic acid with naphthylglyoxylic acid. The yield over these reaction steps was
20%.

Scheme 28. Perkin greaction of 26, followed by in situ esterification, forming 34.
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Figure 57 shows the 'H NMR spectrum of (34), in which a set of signals with
integrations in the ratio 1:1:4:1 is observed. In the aromatic region the signal
corresponding to the hydrogen (H3) is at 9.25 ppm, a singlet with integral for one
hydrogen, quite displaced to smaller field, a fact that can be attributed to hydrogen bonds
with the nitrogen of the triazine. At 8.85 ppm there is a doublet (J = 6.6 Hz) ntegrating
for one hydrogen corresponding to (H4). The doublet at 8.61 ppm, with coupling constant
(J = 6.8Hz) is corresponding to the hydrogen closest to the triazine, (H1), the integral
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corresponds to four hydrogens. At 8.27 ppm there is a doublet (J = 9.0 Hz), a signal
probably corresponding to the hydrogen (H6). At 7,74 ppm there is a signal probalgy
corresponds to (H9), (H10) and (H12), integrating for 6H. At 7.66 to 7.60, there is a
multiplet, likely a doublet overlapping with a triplet, integrating for three hydrogens, that
possibly corresponds to (HS5) and (H11). The signal at 7.45 is a multiplet, possibly
corresponding to the (H8) and (H7) hydrogens, integrating for two hydrogens. At 7.34
ppm is a doublet (J = 6.8 Hz) corresponding to (H2), integrating for 4H. At 7.17 ppm a
doublet (J = 8.6 Hz), can be assigned to (H13), integrating for two hydrogens. At 4.36
ppm there is a multiplet integrating for eight hydrogens, which can be assigned to the
methylene hydrogens of the ethyl ester. In the following there is a singlet with integral
for three hydrogens, at 4.00 ppm, corresponding to the methyl ester and at 1.34 ppm, (J
= 7.2 Hz) there is a triplet corresponding to the methyls of the ethyl esters, integrating for

twelve hydrogens.

Figure 57. "H NMR spectrum of 34 in C;D>Cls, 400 MHz.
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4.2.4. Photo-oxidative intramolecular cyclization: formation of polyaromatic arms

in non-symmetric systems mono- and di-phenanthrenes.

The final compounds were obtained from intramolecular cyclization reactions
with the respective intermediates (28), (29) and (32). The reactions were carried out in
ethyl acetate, in the presence of oxygen and with a catalytic amount of molecular iodine
(0.3 g) and irradiation with a 150 W mercury lamp, inside a borosilicate immersion tube
in which cooling water circulates, the same system used in the photocyclization of the
symmetric compounds. After an average period of 24 to 48 hours, some of these materials
precipitated in the solution and were then filtered, in other cases the solution was
concentrated, in both cases purification was done on a silica gel chromatographic column,
eluting with cyclohexane/acetone with increasing polarity, and finally recrystallized in

butanol, with an average yield of 20%.

Characterization of the compounds was done by 'H and '*C NMR. Two spectra
for each system are discussed below. All spectra of the series are presented in Appendix
A.

For the non-symmetric phenanthrene series, the derivative with one phenanthrene
arm and two methyl benzoate groups FiEt was prepared as indicated in the following

scheme (Scheme 29).

Scheme 29. Intramolecular photo-oxidative cyclization to form F{Et.

The 'H nuclear resonance spectrum confirms that F1Et is obtained. The elucidation

of the signals will be discussed below.

In the '"H NMR spectrum (Figure 58) a very smaller field singlet is observed at 9.76
ppm, that can be assigned to the hydrogen (H5). At 9.02 ppm there is another singlet with
integral for two hydrogens, which possibly corresponds to (H1). The doublet at 8.68 ppm,
(/= 8.1 Hz), with integral for one hydrogen, corresponds to the hydrogen (H6). The signal
at 8.65 ppm is a doublet (J = 8.9 Hz) with integral for one hydrogen, referring to (H7). At
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8.61 ppm there is a doublet (J = 8.1 Hz), which corresponds to (H2). The doublet at 8.19
ppm (J = 8.9 Hz), with integral for one hydrogen is a signal referring to the hydrogen
(H8). The signal at 8.08 ppm is a doublet (J = 7.9 Hz), referring to (H11) and (H4). At
7.77 ppm there is a triplet (J = 8.2 Hz) with integral for one hydrogen, corresponding to
(H9). The triplet at 7.69 ppm (J = 8.2 Hz) with integral for one hydrogen corresponds to
(H10). The signal at 7.46 ppm, a triplet (J = 7.6 Hz) with integral for two hydrogens,
corresponds to (H3). In the aliphatic region a set of signals is observed at 4.5, 4.0 and 1.5

ppm with integrals of value 4, 6 and 6, respectively.

Figure 58. "H NMR spectrum of F{Et in CD,Cl,, 400 MHz.
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The *C nuclear magnetic resonance analysis (Figure 59), confirms that FiEt is
obtained. 25 signals are observed in the smaller field region of the spectrum, one signal
corresponding to the carbon of s-triazine attached to the phenanthrene arm at 171.1 ppm
and the other two carbons of s-triazine are observed in a single signal at 170.9 ppm. The
carbonyl carbons (C=0) are observed at 167.9, 167.4 and 166.5 ppm. There are twenty
signals corresponding to the carbons of the phenanthrene system and the two methyl 3-
benzoate rings, between 136.1 and 123.3 ppm. In the aliphatic region five signals are

observed, two of them at 62.5 and 62.4 ppm referring to ethyl methylene carbons. At 52.5
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ppm there is a signal referring to the oxygen-bound methyl carbon and the signals at 14.43

and 14.40 ppm correspond to the methyl carbons of the ethyl groups.

Figure 59. 1*C NMR spectrum of F{Et in CD-Cl,, 100 MHz.
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Homologues with two phenanthrene arms were studied after varying the chain
lengths of the esters attached to the phenanthrenes (ethyl vs. butyl).

The first homologue to be prepared was F2Et, according to Scheme 30, following
the procedure already established for the photo-oxidative intramolecular cyclization
reactions in this work, in 45% yield.

Scheme 30. Intramolecular photo-oxidative cyclization to form F;Et.
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Figure 60 presents the '"H NMR spectrum of F2Et. At 10.15 ppm, there is a signal
that corresponds to the (HS5) hydrogens, with an integral for two hydrogens. At 9.38 ppm

there is another singlet with integral for one hydrogen, which possibly corresponds to the
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(H1) hydrogen. The signal at 8.99 ppm, (J = 8.8Hz), a doublet with integral for two
hydrogens, corresponds to the hydrogen (H6). At 8.89 ppm there is a doublet (/= 8.6 Hz)
with integral for two hydrogens, of the (H7) hydrogens. At 8.39 ppm there is a doublet (J
= 8.8 Hz), which corresponds to (H2). The doublet at 8.27 ppm (J = 8.7 Hz), with integral
for one hydrogen stems from (H4). The signal at 8.13 ppm is a doublet (J = 7.9 Hz),
referring to the hydrogens (H11). At 7.86 ppm there is a triplet (/ = 7.9 Hz) with integral
for two hydrogens, correspondsing to the (H9) hydrogens. The triplet at 7.75 ppm (J =
7.9 Hz) with integral for two hydrogens corresponds to the (H10) hydrogens. The signal
at 7.73 ppm, a doublet (J = 8.1 Hz) with integral for two hydrogens, corresponds to (HS).
The signal at 7.70 ppm, a triplet (J = 8.2 Hz) with integral for one hydrogen, corresponds
to (H3).

Figure 60. "H NMR spectrum of F2Et in CD,Cl,, 400 MHz.

il I B A s )

198 = ;
1188

& 18.11 3
B7288 « ¢

S 110 15 1040 95 2.0 835 a0 5 4 is 30 25 20 15 10 s aa

In the '*C NMR analysis (Figure 61) of F:Et, 25 signals are observed in the
aromatic region of the spectrum. The signal referring to the s-triazine carbons attached to
the phenanthrene arms is observed at 171.1 ppm and the other carbon of s-triazine is
observed at 170.9 ppm. The carbonyl carbons (C=0) are observed at 167.8, 167.7 and
166.5 ppm. There are 20 signals corresponding to the carbons of the phenanthrene system
and the two methyl 3-benzoate rings, between 136.0 and 122.9 ppm. There are five signals
in the aliphatic region, at 62.5 and 62.4 ppm referring to the methylene carbons, at 52.5
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ppm referring to the ester methyl carbon and at 14.46 and 14.43 ppm corresponding to

the methyl carbons of the ethyl groups.

Figure 61. 3C NMR spectrum of F,Et in CD,Cl,, 100 MHz.
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The second non-symmetric homologue with phenanthrene arms, F2Bu (Scheme

31) was obtained in about 38% yield.

Scheme 31. Intramolecular photo-oxidative cyclization to form F;Bu.

OBu F,Bu

The confirmation that these compounds were obtained was done by 'H and '3C
NMR, and will be in Appendix. They will not be discussed at this time; what differentiates
them from the homologous F2Et is the aliphatic region, which has signals from two more

methylenic carbons than the previous one.
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In addition to nuclear magnetic resonance, hydrogen and carbon characterization,
all final compounds were also characterized by high resolution mass spectrometry

(HRMS) and the data are arranged in the Table 5.

Table 5. Table High resolution mass spectrometry (HRMS) of the non-symmetric compounds.

Compound Molecular formula Theoretical Experimental Error (Da)
mass (Da) mass (Da)
F1Et [C39H3:1N30s+Na]” 692.20034 692.1992 0.00114
F2Et [Cs51H41N3O10+Na]” 878.26842 878.2682 0.00022
F2Bu [Cs9Hs7N3019+Na]* 990.3962 990.3940 0.0022

4.2.5 Photo-oxidative intramolecular cyclization: formation of polycyclic aromatic

arms in non-symmetric systems: mono- and di-[4]helicenes.

HiEt and H2Et were obtained from the respective precursors (33) and (34).

The photo-cyclization was carried out as previously discussed. The reaction
period varied between 24 and 28 h. The purification was performed on a silica gel
chromatographic column, eluting with cyclohexane/acetone of increasing polarity, and

finally recrystallized in butanol.

The two homologues HiEt and Hz2Et differ only in the number of polyaromatic
arms. The homologue with one [4]helicene arm has two ethyl esters attached. For this
homologue, the reaction is shown in Scheme 32 and the characterizations are shown

below in Figures 62 and 63.

Scheme 32. Intramolecular oxidative photo-cyclization to form compound H;Et.
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The spectrum in Figure 62 confirms that HiEt was obtained, in which it is
possible to see in the aromatic region the signals referring to the two methyl 3-benzoate
systems and to the [4]helicene system. The singlet of the helicene system, (HY), is
observed with a strong smaller field shift, at 10.49 ppm. The signal corresponding to the
hydrogen (H1) is observed at 9.30 ppm, a singlet, with an integral for two hydrogens. At
9.20 ppm there is a doublet, (J/ = 8.8 Hz), with integral for one hydrogen possibly
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corresponding to (H6). The doublet at 8.94 ppm, (J = 7.8 Hz), can be assigned to the
signal from the hydrogens (H2) and (H7), with integral for three hydrogens. At 8.45 ppm
there is a doublet, (J = 8.8Hz), a signal probably corresponding to the hydrogen (HS). At
8.23 ppm, (H4), integral for two hydrogens, there is a doublet, (/= 7.8 Hz). At 8.12 ppm
there is a doublet, (/= 8.8 Hz), probably corresponding to (H9), integral for one hydrogen.
At 8.05 ppm there is a singlet with an integral for two hydrogens, probably (H10) and
(H13). The signal at 7.91 is a triplet, (J = 6.9 Hz) possibly corresponding to the (H12)
hydrogen. The triplet at 7.80 ppm, (J/ = 6.9 Hz) corresponds to (H11). The triplet at 7.64
ppm, (J = 7.8 Hz) corresponds to (H3). The ester signals are visualized at 4.57 ppm, 3.97
ppm and 1.51 ppm, with 4:6:6 integrals, which confirms the identity of a tetra-ester,
diethyl and dimethyl.

Figure 62. "H NMR spectrum of H{Et in CD>Cl,, 400 MHz.
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In the 3C NMR spectrum (Figure 63) of HiEt, 28 signals are observed in the
smaller field region of the spectrum, one signal corresponding to the carbon of s-triazine
attached to the helicene arm at 171.9 ppm, and the other two carbons of s-triazine are
observed in a single signal at 171.4 ppm. The carbonyl carbons (C=0) are observed at

168.2, 167.8 and 166.7 ppm. There are 23 signals corresponding to the carbons of the
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helicene system and the two methyl 3-benzoate rings, between 136.5 and 123.4 ppm. In
the aliphatic region five signals are observed, two of them at 62.6 ppm referring to
methylene carbons. At 52.6 ppm there is a signal of the methyl ester carbon and the
signals at 14.47 and 14.40 ppm correspond to the methyl carbons of the ethyl chains. The

signals appearing at 206.80 and 31.00 ppm are residual signals from the solvent, acetone.

Figure 63. 1*C NMR spectrum of H;Et in CD,Cl,, 100 MHz.
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The second non-symmetric homologue with helicene arms, Hz2Et, gives very

similar spectra, only differing in the relative signal strengths.

Scheme 33. Intramolecular oxidative photo-cyclization to form H;Et.
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The 'H NMR spectrum of H:2Et (Figure 64) shows signals between 10.52 and

1.52 ppm. In the aromatic region are the signals referring to the two helicene systems and
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the methyl 3-benzoate system. The singlet of the helicene systems, (H5), is observed at
10.52 ppm. The signal corresponding to the hydrogen (H1) is observed at 9.36 ppm, a
triplet, (/= 1.8 Hz), with integral for one hydrogen. At 9.15 ppm there is a multiplet with
integral for two hydrogens, possibly corresponding to (H6). The signal at 8.99 ppm
integrates for one hydrogen, (H2) and (H7), with integral for three hydrogens. At 8.48
ppm there is a doublet, (J = 8.7 Hz) a signal probably corresponding to the hydrogens
(H8). The signal at 8.25 ppm, (H4), integrates for one hydrogen, a doublet (/= 7,9 Hz).
At 8.04 ppm there is a multiplet, with integral for six hydrogens. The signal at 7.68 ppm
is another multiplet, with an integral for five hydrogens. At 4.57 ppm there is a multiplet
with integral for eight hydrogens, which can be assigned to the methylene hydrogens of
the ethyl esters. Next there is a singlet with integral for three hydrogens at 3.96 ppm, from
the methyl ester. And at 1.51 ppm, there is a multiplet corresponding to the methyl
hydrogens of the ethyl ester.

Figure 64. "H NMR spectrum in of H,Et in CD2Cly, 400 MHz.
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In the *C NMR spectrum (Figure 65) of H2Et, 28 signals are observed in the
smaller field region of the spectrum. The signal of the s-triazine carbons attached to the

helicene arms is observed at 171.9 ppm and the other carbon of s-triazine is observed at
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171.3 ppm. The carbonyl carbons (C=0) are observed at 168.2, 167.8 and 166.7 ppm.
There are 23 signals corresponding to the carbons of the helicene systems and the methyl
3-benzoate ring, between 136.7 and 123.3 ppm. In the aliphatic region four signals are
observed, at 62.6 ppm referring to methylene carbons, at 52.6 ppm referring to the methyl
ester and at 14.47 and 14.41 ppm to the methyl carbons of the ethyls.

Figure 65. *C NMR spectrum of HzEt in CD,Cl,, 100 MHz.
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All final compounds were also characterized by high resolution mass spectrometry
(HRMS) and the data are arranged in the Table 6.

Table 6. High resolution mass spectrometry (HRMS) of the non-symmetric [4]helicenyl
compounds.

Compound Molecular formula Theoretical Experimental Error (Da)
mass (Da) mass (Da)
HI1Et [C43H33N305+Na]* 742.21599 742.2161 0.00011
H2Et [CsoHasN3O10+Na]* 978.29972 978.3007 0.00098

4.3 Thermal properties of the non-symmetric compounds

The thermal behavior of the non-symmetric compounds FiEt, F2Et, F2Bu, HiEt

and Hz2Et was investigated to evaluate the presence of glass transitions and mesophases.
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All compounds showed mesomorphism as well as glass transitions (Tg). In order
to evaluate the thermal stability of the compounds, thermogravimetric analysis (TGA)
was performed under nitrogen atmosphere and the observed decomposition temperatures
prove the good thermal stability of the non-symmetric compounds, with decomposition
onset around 363°C. In a parallel comparison with the symmetric compounds we
observed a slight decrease, around 20°C (all temperatures were obtained from the

thermograms for 5% mass loss).

The textures observed by polarized light optical microscopy (POM) indicate the
presence of mesophases typical of hexagonal columnar systems as expcted. DSC analyses

confirmed the existence of glass transitions (Tg) within the mesophase (Table 7).

Table 7. Thermal data of the non-symmetric series.

Compound Transition Tg (°C) T/°C, Heating T/°C, Cooling
on heating

(AH/KJ mol™") (AH/KJ mol")
FiEt Col-Iso 42 145 (1.6) 149 (1.7)
F2Et Col-Iso 57 291 (5.0) 292 (5.2)
F.Bu Col-Iso -0.7 200 (2.9) 207 (2.40)
Hi1Et Col-Iso 50 144 (3.5) 140 (3.3)
H2Et Col-Iso 72 227 (3.5) 228 (3.3)

The compound FiEt, the first to be studied, a tetraester containing two methyl and
two ethyl groups, forms a hexagonal columnar mesophase, which does not crystallize at
room temperature, unlike the symmetric analog F3Et that had no mesomorphic behavior.
The hexagonal symmetry of the mesophase is evident by its growth into homeotropic
domains upon cooling of the isotropic liquid (Figure 66), because the homeotropic
growth is not compatible with the less common rectangular and oblique symmetries

sometimes found with in columnar mesogens.
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Figure 66. Texture observed by POM of F,Et.

As an expected result of the non-symmetry, compound FiEt shows in its
thermogram (Figure 67) a lower clearing temperature of 145 °C (all clearing and melting
temperatures shown are calorimetric onset temperatures upon heating at 10 K/min) than
its homologue F2Et which clears at 291 °C. In the symmetric analogue, F3Et, it was not
possible to observe the clearing temperatures because they are too high, beyond the
detection limit of the apparatus. The glass transition (Tg) of this compound is observed

particularly neatly as a step with onset around 38°C in the second heating cycle.

Figure 67. Thermogram of F;Et. In blue cooling and in red heating ramps (10 °C/min).
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The F2Et homolog, containing one methyl group and four ethyl groups, also
shows hexagonal columnar mesophase, but with a much higher clearing temperature of
291°C. The greater amount of phenanthrene groups raised the clearing temperature, a fact
that is even clearer when the comparison is made with the symmetric compound F3Et,

with three phenanthrene groups and no accessible clearing point.
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To obtain a pentaester homologue with a lower clearing temperature, we also
prepared the F2Bu homologue with one methyl and four butyl groups, which clears at
200°C (Figure 68).

Figure 68. Thermogram of F,Bu.
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When comparing compound F2Bu with its symmetric analog F3Bu, the
asymmetry brought some advantages such as a clearing temperature achievable at 200
°C. However, regarding melting temperatures and Tg, the non-symmetric compound
presents disadvantages, as the Ty of F3Bu was observed at 19°C and in F2Bu it was
reached at -4°C, both disadvantageous temperatures. And as for Tm, in the symmetric

analog it was 108°C, but in the symmetric compound this transition was not reachable.

FiEt, F2Et and F2Bu vary greatly in their propensity to show a crystalline state:
the mesophase of FiEt is monotropic with a melting point of 167 °C, the mesophase of
F2Et is enantiotropic with a melting temperature of 205 °C, 86 °C below the clearing
point, and in F2Bu the mesophase is formed with no crystalline state observed by
calorimetry. But in all three cases, a columnar mesomorphic glassy state is obtained upon
cooling these materials from the melting and clearing temperatures. The glass transition
temperatures (Tg), as observed according to the common standard, at the beginning of
DSC heating with 10 K/min, are 38 °C for FiEt, 49 °C for Fz2Et, and -4 °C for F2Bu. The
large decrease in the glass transition temperature from F:Et to F:Bu illustrates the

importance of keeping the alkyl tails short in these structures.

Upon realizing that increasing the chain length offered no improvement in thermal
behavior, as well as that the greater amount of phenanthrene groups improved so little,

we once again extended the polyaromatic system to [4]helicene. 2-naphthylglyoxylic acid
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was again used as Perkin adduct for the target esters with [4]helicenyl units. This
extension of the polyaromatic system brought the prospect of both lowering the clearing
temperature and hindering the crystallization further, due to a less planar and relatively
compact molecular shape of the helicenyl system and the increased conformational
variations, both in-plane and out-of-plane. But unlike in the symmetric series, we were

confident that short ethyl plus methyl chains are the best option.

Thus, we analogously prepared tetraester and pentaester [4]helicenyl derivatives
with two or one methyl groups and two or four ethyl groups, HiEt and H2Et. The thermal
results of the first non-symmetric helicenyl analog synthesized and studied, HiEt, proved
to be very satisfactory. As expected the mesophase obtained for this compound was

columnar hexagonal (Figura 69).

Figure 69. Texture observed by POM of H,Et.

The clearing temperature obtained by calorimetry (Figure 70) is 144°C, a
temperature similar to that found for FiEt (145°C). However, the enlargement of the

aromatic system fled to a Ty twelve degrees above that found for F1Et.

Figure 70. Thermogram of HEt.
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In H2Et, similarly to what was observed with the non-symmetric compounds with
phenanthryl groups, the greater amount of polyaromatic groups led to an increase of the
clearing temperature, which for the compound with one helicenyl group was observed at
144°C, while the addition of a second helicenyl group raised it to 227°C. The glass

transition was also obtained at a higher temperature, 72°C (Figure 71).

Figure 71. Thermogram of HzEt.
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In order to directly analyze the expansion of the polyaromatic system and the
resulting loss of planarity, we compare the thermal behaviors of the H2Et and F:2Et
analogues. In this direct comparison of the aromatic systems, the expansion favored the
reduction of the clearing temperatures and raised Tg. For F2Et, Tc was observed around
291°C and with the increase of the aromatic system this temperature dropped to 227°C
for H2Et, whereas Tg was observed 13°C higher with the helicenyl analog.

Another comparison can be made between HiEt, H2Et and H3Et. Here, as in the
analysis of the phenanthrene derivatives, we observe that the amount of helicenyl groups
modulates the clearing temperatures and Tg. The most significant feature in this

comparison is the influence of Non-symmetry on the improvement in temperatures.

Symmetric H3Et is not a liquid crystal. It is a hexagonal crystal and shows a crystal-
crystal transition at 153°C. Non-symmetric H2Et, on the other hand, is a hexagonal
columnar discotic liquid crystal, with a clearing temperature of around 227°C. This
temperature is greatly reduced in HiEt to 144°C. The non-symmetric analogues show
glass transitions at 50°C and 72°C, which are rather high values given their reduced

molecular weight compared to the symmetric series. The non-symmetry has provided us

110



with two compounds with useful glass transition temperatures for TAFD OLED device

studies.

The non-symmetric compounds FiEt, F2Et, F2Bu, HiEt and H2Et vary greatly in
their propensity to show a crystalline state. Only compounds with two polyaromatic
groups, both phenanthrene and helicene are enantiotropic, F2Et and Hz2Et. For these
compounds the clearing temperatures and Tg, were observed at relatively high
temperatures, but desirable for the production of a device. The increase of the alkyl chain,
from ethyl (F2Et) to butyl (F2Bu), disfavoured the temperature at which Tg was obtained.
As for the comparison between the number of polyaromatic groups in these compounds
in both cases, the higher number of polyaromatic groups raised the bleaching

temperatures and the Tg temperatures.

The stabilisation of a columnar hexagonal mesophase at room temperature,
combined with an accessible transition to the isotropic liquid to allow the formation of
surface aligned samples by cooling from the liquid, is thus demonstrated by a molecular
design based on configurable flexibility, together with a well-dosed intrinsic deviation
from planarity and short alkyl ester substituents. It is a good proposal to obtain ordered
arrays for OLDEs-TADF. What are reinforced poles promising preliminary
photophysical results, since the experimentally observed values match with those
calculated by DFT. Indicating that some of these compounds are promising candidates as

OLDEs-TADF matrices.
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5. CONCLUSIONS

The triphenanthryl-triazine hexaesters, phenanthrene derivatives with alkyl ester
substituents longer than ethyl, i.e., F3Pr and F3Bu, showed enantiotropic columnar
hexagonal mesophases that can be cooled without crystallization to form a mesomorphic
glass. The glass transition temperature (Tg) is strongly dependent on chain length, with
the Tg of the F3Pr homologue being about 60°C higher than that of F3Bu. Thus, a glassy
state at room temperature and above can only be obtained with short alkyl chains, which
implies relatively high clearing temperatures. A solution was found through a new series,
the tris[4]helicenyl-triazine hexaesters, larger but less planar helicene derivatives, which
with the same short alkyl chains produce monotropic hexagonal columnar mesophases
with conveniently achievable melting and clearing temperatures, and, in the case of H3Bu,
an improved glass transition temperature, i.e. 20°C higher than that of its phenanthrene
analogue F3Bu. The short-chain homologue H3Pr shows on cooling, instead of a glass
transition, an unusual and intriguing first-order transition to a second columnar hexagonal

mesophase with an extremely well-ordered hexagonal column lattice.

The non-symmetric compounds FiEt, F2Et, F2Bu, HiEt and H:2Et vary greatly in
their propensity to show a crystalline state. Only compounds with two polyaromatic
groups, either phenanthrene or [4]helicene, are enantiotropic, i.e. F2Et and H:2Et. For
these compounds the clearing temperatures and Ty were observed at relatively high
temperatures, which is desirable for the elaboration of devices. The increase of the alkyl
chain length from ethyl (Fz2Et) to butyl (F2Bu), reduced T, greatly. As for the comparison
between the number of polyaromatic groups in these compounds, in both cases, the higher

number of polyaromatic groups raised the clearing temperatures as well asTy.

The stabilization of a columnar hexagonal mesophase at room temperature,
combined with an accessible transition to the isotropic liquid to allow the formation of
surface aligned samples by cooling from the liquid, is thus demonstrated by a molecular
design based on configurational flexibility, together with a well-dosed intrinsic deviation
from planarity and short alkyl ester substituents. The materials obtained gave promising
preliminary photophysical results, and the experimentally observed values matched those
calculated by DFT rather closely. Some of these compounds are promising candidates as

matrices for TADF OLEDs.
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6. EXPERIMENTAL PART

6.2 Instrumentation and materials

6.1.1 Materials

The reagents were obtained from commercial sources and used without prior
purification. In general, the synthesized compounds were purified by recrystallization in
P.A. grade solvents and/or by column chromatography under compressed air using silica

gel 60 for flash chromatography (pore size - 60 A; particle size 35-75 pm).

6.1.2 Nuclear Magnetic Resonance

The 'H Nuclear Magnetic Resonance spectra (‘H NMR) and '*C (!*C NMR) were
performed in a JEOL ECS-40 spectrometer (400 MHz). The chemical displacements are
presented in parts per million (ppm), and are relative to tetramethylsilane (TMS). (TMS).

6.1.3 Mass spectrometry

Mass spectrometry analyses were obtained using a QStar Elite mass spectrometer

(Applied Biosystems) in positive mode.

6.1.4 Thermal Analysis

The transition temperatures and mesomorphic textures were analysed on an
Olympus BH-2 polarized light microscope or a BX50, equipped with a Mettler Toledo
FP 82 HT Hot Stage heating plate. Meanwhile, the DSC analyses were performed in a
Perkin-Elmer DSC7 equipment or in a DSC-Q 2000. The TGA analysis, in turn, was
performed using a Shimadzu analyzer with the TGA-50 module.

6.1.5 X-Ray Diffraction Analysis

Powder X-ray diffraction (XRD) measurements were performed on powder
samples placed onto a glass plate. The X Pert-PRO (PANalytical) diffractometer used a
linear monochromatic Cu Ka beam (A = 1.5405 A), with an applied power of 1.2 kVA.

The scans were performed in continuous mode from 2° to 30° (20 angle) and the

temperature controlled with the TCU2000 temperature control unit (Anton Paar).

6.1.6 Optical analysis
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UV-Vis spectra were collected with an Ocean Optics USB4000
spectrophotometer and the photoluminescence collected with a Hitachi fluorescence
spectrophotometer, model F-7000, with excitation at 360 nm. The quantum yields were

determined using a Hamamatsu Photonics Absolute Quantum Yield Measurement

System model c9920-02G.
6.2 Synthesis

6.2.1 Synthesis of symmetric compounds

HO OH

NN

(0}

OH
2,4,6-triphenyl-s-triazine-4’,4°°,4°>’-triacetic acid (59): Under ice bath cooling, triflic
acid (10 mL) is added to 4-cyanoacetic acid (3 g, 160.2 g/mol, 18.7 mmol) and the mixture
is stirred under exclusion of moisture for 16 h at room temperature. The ensuing viscous
yellow-orange solution is poured into a stirred ice-water, mixture and stirred for 2 h. The
formed white precipitate is filtered off, washed with water and air-dried. The obtained
crude triacid (powder white) is used in the next step without further purification. Yield:
2.76 g (480.5 g/mol, 5.74 mmol, 92%). 'H NMR (400 MHz, DMSO-dc): § = 8.66 (d, 6
H, 8 Hz), 7.54 (d, 6 H, 8 Hz), 3.74 (s, 6 H) ppm.

Br Br
I N
N

o7

Br
2,4,6-tris(4-bromophenyl)-1,3,5-triazine (53): Under ice bath cooling, triflic acid (14
mL) is added to 4-bromobenzonitrile (5 g, 180.3g/mol, 27.7 mmol) and the mixture is
stirred under exclusion of moisture for 14 h at room temperature. The ensuing viscous
yellow solution is poured into a stirred ice-water mixture and stirred for 2 h. The formed
white precipitate is filtered off, washed with water and air-dried. The obtained crude

tribromine was purified by chromatographic column on hot chloroform is used in the next
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step (obtaining a white powder). Yield: 3.6 g (542.8 g/mol, 6.63 mmol, 72%). 'H NMR
(400 MHz, (CD3)2CO-ds): 6 =8.57 (d, 6 H, 8.7 Hz), 7.72 (d, 6 H, 8.6 Hz) ppm.

(0] (0]

EtO OEt
o N (0]
I N
N

N

O
OEt

Triethyl 2,2'2"-((1,3,5-triazine-2,4,6-triyl)tris(benzene-4,1-diyl))tris(2-oxoacetate)

(0]

(54): Compound was added to a 1L round bottom flask, previously flamed and under
argon flow. After the addition of the solid, it was alternated between vacuum and argon
(2x) and then the THF was transferred via cannula. The system was cooled to -78°C with
an acetone-nitrogen bath. After 20 min the n-BuLi was added slowly and monitoring the
temperature. It was noticed that after adding a few drops of BuLi the solution turned
orange/red. After 40 min at -78°C the bath was removed, and the system comes into
equilibrium with the environment for 30 min. Subsequently, the system was again cooled
to -78°C and the diethyl oxalate was rapidly added to the system. The reaction mixture
was kept under cooling for ~1 h, then the cooling was removed and the flask is kept under
stirring for a further 1 h. Finally, 300 mL of 1M HCI was added to the system and the
organic phase was separated and dried with sodium sulfate, concentrated on the rotary
evaporator, the resulting oil is precipitated in ice-cold ethanol and the precipitate was
recrystallized from butanol (to a slightly yellow powder). Yield: 1.89 g (609.18 g/mol,
3.1 mmol, 32%). '"H NMR (400 MHz, C2D>Cls): 5 = 8.89 (d, 6H, 8.4Hz), 8.24 (d, 6H,
8.4Hz), 4.48 (¢, 6 H, 7,1 Hz), 1,48 (¢, 7,1 Hz, 9H) ppm.

O (o)
HO OH
O N (0]
I N
N
o o
OH

2,2',2"-((1,3,5-triazine-2,4,6-triyl)tris(benzene-4,1-diyl))tris(2-oxoacetic acid) (55).
The trimester (54) was added to a 1 L round bottom flask. After addition of the solid, it
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was transferred to 0.3 L ethanol and 0.2 L water and 9 molar equivalents of NaHCOs.
The system was kept under strong stirring and reflux for 24 hours. After that period, the
system is cooled to room temperature and then 0.2 L of 2M HCI was added to the system
cautiously. The gelatinous precipitate was filtered off and washed, first with dilute
hydrochloric acid and then with water (obtaining a white powder). Yield: 1.65 g (525.5
g/mol, 3.13 mmol, 92%). 'H NMR (400 MHz, C>D>Cls): 8 =9.0 (d, 6 H, 8.8 Hz), 8.3 (d,
6 H, 8.8 Hz) ppm.

General procedure for the condensation of 2,4,6-triphenyl-s-triazine-4’,4’’,4>"’-

triacetic acid 3 with arylglyoxylic acids to ester-substituted phenanthrenyl- and
[4]helicenyl-triazines.

2,4,6-triphenyl-s-triazine-4’,4’’,4°>’-triacetic acid (59) (2 mmol, 480.5 g/mol,
0.96 g) and phenylglyoxylic acid (12 mmol, 150.1 g/mol, 1.80 g) or 2-naphthylglyoxylic
acid (12 mmol, 200.2 g/mol, 2.40 g) are stirred at reflux in a mixture of acetic anhydride
(40 mmol, 102.1 g/mol, 4.1 g), triethylamine (30 mmol, 101.2 g/mol, 3.0 g) and dry THF
(60 mL) for 24 h under argon. Then the reaction is cooled to room temperature, a mixture
of alkyl alcohol (240 mmol), bromoalkane (180 mmol) and triethylamine (120 mmol, 12
g) and dry THF (30 mL) is added and stirring at reflux is continued for another 24 h. Then
the mixture is cooled to room temperature, poured into a stirred 1:1:1 mixture (300 mL)
ofice, water and concentrated aqueous hydrochloric acid and extracted with ethyl acetate.
The ethyl acetate extract is dried over magnesium sulphate and concentrated, and the
residue is dissolved in a minimum amount of ethyl acetate and crystallized by adding
ethanol. The obtained precipitate is dissolved in ethyl acetate (1 L), iodine (0.3 g) is
added, and the solution is irradiated for 48 h at room temperature under air in a Peschl
photoreactor with irradiation from a medium-pressure 150 W mercury immersion lamp
inside a borosilicate immersion tube in which cooling water circulates. The solvent is
evaporated, and the residue is purified by column chromatography on silica eluting with
chloroform containing 1% of ethanol, followed by recrystallization from
chloroform/ethanol to yield the desired triaryltriazine alkylester in 12 to 49% (on average
38%) overall yield over three steps (Perkin condensation, esterification, oxidative

photocyclization).
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2,4,6-tris-(9,10-bis(ethoxycarbonyl)phenanthren-3-yl)-s-triazine (F3Et): yield: 0.94 g
(1042.1 g/mol, 45%), powder lightly yellow. '"H NMR (400 MHz, CD2Cl): & = 9.29 (s,
3 H), 8.37 (dd, 3 H, 8.4 Hz, 1.5 Hz), 8.06 (d, 3 H, 8.1 Hz), 7.80 (d, 3 H, 8.3 Hz), 7.71 (d,
3 H, 8.1 Hz, 1.3 Hz), 7.38 (t, 3 H, 8.0 Hz), 7.28 (¢, 3 H, 8.0 Hz), 4.53 (¢, 6 H, 7Hz), 4.52
(g, 6 H, 7Hz), 1.52 (¢, 9 H, 7 Hz), 1.50 (¢, 9 H, 7 Hz) ppm. *C NMR (100 MHz, CD>Cl,):
0=170.5,167.95, 167.93, 134.7, 132.3, 131.0, 130.6, 130.4, 129.3, 129.2, 128.2, 127.3,
127.0, 126.9, 126.7, 124.1, 122.1, 62.5, 62.4, 14.4 ppm. ESI-HRMS: m/z calcd for
CesHsiN3O12Na [M+Na]": 1064.33650, found 1064.3378.

2,4,6-tris-(9,10-bis(propoxycarbonyl)phenanthren-3-yl)-s-triazine (F3Pr): yield:
1.10 g (1126.3 g/mol, 49%), powder lightly yellow. "H NMR (400 MHz, CDCl;): § =
10.25 (s, 3H), 9.11 (d, 3 H, 8 Hz), 8.93 (d, 3 H, 8 Hz), 8.50 (d, 3 H, 8 Hz), 8.17 (d, 3 H,
8 Hz), 7.89 (1,3 H, 8 Hz), 7.76 (¢, 3 H, 8 Hz), 4.51 (t, 6 H, 7 Hz), 4.48 (¢, 6 H, 7 Hz), 1.90
(m, 12 H, 7 Hz),1.30 (¢, 9 H, 7 Hz), 1.05 (¢, 9 H, 7 Hz) ppm. >*C NMR (100 MHz, CDCl5):
6 =170.1, 167.7, 167.6, 134.1, 131.8, 130.5, 130.1, 129.9, 128.9, 128.7, 127.7, 126.7,
126.5,126.4,126.1,123.6, 121.5, 67.6, 67.5,22.1,10.7, 10.7 ppm. ESI-HRMS: m/z calcd
for CeoHesN3012Na [M+Na]": 1148.43040, found 1148.4310.
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2,4,6-tris-(9,10-bis(butoxycarbonyl)phenanthren-3-yl)-s-triazine (F3Bu): yield: 0.95
g (1210.4 g/mol, 39%), powder lightly yellow. 'H NMR (400 MHz, CDCl3): 6 = 10.15
(s,3H),9.01(d,3H,9Hz),8.80(d,3 H, 8Hz), 8.44 (d,3 H, 9 Hz), 8.11 (d, 3 H, 8§ Hz),
7.81(¢,3 H,8Hz), 7.70 (¢, 3 H, 8 Hz), 4.55 (¢, 6 H, 7 Hz), 4.51 (¢, 6 H, 7 Hz), 1.88 (quint,
6 H, 7 Hz), 1.86 (quint, 6 H, 7 Hz), 1.57 (sext, 6 H, 7 Hz), 1.55 (sext, 6 H, 7 Hz), 1.05 (¢,
9 H, 7 Hz), 1.04 (¢, 9 H, 7 Hz) ppm. *C NMR (100 MHz, CD,Cl,): 6 = 171.3, 168.13,
168.11,135.1,132.7,131.4,131.0, 130.7, 129.6, 129.4, 128.5, 127.6, 127.4, 127.3, 127.0,
124.6, 122.6, 66.7, 66.5, 31.4, 20.0, 14.23, 14.19 ppm. ESI-HRMS: m/z calcd for
C7sH7sN3012Na [M+Na]*: 1232.52430, found 1232.5245.
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2,4,6-tris-(9,10-bis(ethoxycarbonyl)[4]helicen-2-yl)-s-triazine (H3Et): yield: 0.88 g
(1192.3 g/mol, 37%), powder lightly yellow. 'H NMR (400 MHz, CDCls): § = 10.58 (s,
3H), 9.11 (d, 3 H, 8 Hz), 9.05 (dd, 3 H, 1 and 8 Hz), 8.53 (d, 3 H, 8 Hz), 8.07 (d, 3 H, 8
Hz), 8.01 (d, 3 H, 8 Hz), 8.00 (d, 3 H, 8 Hz) 7.50 (¢, 6 H, 7 Hz), 7.33 (¢, 6 H, 7 Hz), 4.61
(sext, 12 H, 7 Hz), 1.55 (¢, 9 H, 7 Hz), 1.52 (¢, 9 H, 7 Hz) ppm. *C NMR (100 MHz,
CDCL): 6 =171.4, 168.3, 167.7, 134.4, 133.9, 132.2, 131.2, 130.3, 130.3, 130.1, 129.3,
129.0, 128.7, 128.4,127.5, 126.7, 126.5, 126.4, 126.3, 123.0, 77.5, 77.16, 76.8, 62.2, 14.4
ppm. ESI-HRMS: m/z calcd for C7aHesN3012Na [M+Na]": 1209.43822, found 1209.4396.
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2,4,6-tris-(9,10-bis(propoxycarbonyl)[4]helicen-2-yl)-s-triazine (H3Pr): yield: 0.31 g
(1276.4 g/mol, 12%), powder lightly yellow. "H NMR (400 MHz, CDCls): § = 10.65 (s,
3H), 9.16 (d, 3 H, 8 Hz), 9.10 (dd, 3 H, 1 and 8 Hz), 8.56 (d, 3 H, 8 Hz), 8.10 (d,3 H, 8
Hz), 8.05 (d, 6 H, 8 Hz), 7.54 (¢, 3 H, 7 Hz), 7.39 (¢, 3 H, 7 Hz), 4.53 (¢, 6 H, 7 Hz), 4.49
(t, 6 H,7 Hz), 1.92 (m, 12 H), 1.15 (¢, 9 H, 7 Hz), 1.09 (¢, 9 H, 7 Hz) ppm. *C NMR (100
MHz, CDCl3): 6 = 171.5, 168.4, 167.9, 134.5, 133.9, 132.4, 131.3, 130.4, 130.3, 130.2,
129.3, 129.0, 128.8, 128.5, 128.4, 127.5, 126.8, 126.5, 126.5, 126.3, 123.0, 68.0, 22.2,
22.1, 10.8, 10.7 ppm. ESI-HRMS: m/z calcd for CsiHeoN3O12Na [M+Na]": 1298.47735,
found 1298.4778.
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2,4,6-tris-(9,10-bis(butoxycarbonyl)[4]helicen-2-yl)-s-triazine (H3Bu): yield: 1.13 g
(1360.6 g/mol, 42%), powder lightly yellow. '"H NMR (400 MHz, CD,Cl): & = 10.45 (s,
3H),9.02 (d, 3 H, 8.5 Hz), 8.95 (dd, 3 H, 8.6 Hz, 1.5 Hz), 8.45 (d, 3 H, 8.7 Hz), 7.99 (d,
3H,3.0Hz),7.97 (d,3 H, 8.1 Hz), 7.95 (d,3 H, 8.4 Hz), 7.41 (t, 3 H, 7.5 Hz), 7.23 (¢, 3
H, 7.7 Hz), 4.56 (¢, 6 H, 7.0 Hz), 4.53 (¢, 6 H, 7.1 Hz), 1.90 (quint, 6 H, 6.9 Hz), 1.87
(quint, 6 H, 6.8 Hz), 1.59 (sext, 6 H, 7.3 Hz), 1.55 (sext, 6 H, 7.2 Hz), 1.07 (¢, 9 H, 7.0Hz),
1.05 (1,9 H, 7.1 Hz) ppm. '*C NMR (100 MHz, CD>CL): § = 172.0, 168.6, 168.1, 135.0,
134.4,132.8, 131.7, 130.8, 130.7, 129.8, 129.5, 129.2, 19.1, 128.9, 128.0, 127.2, 127.1,
126.9, 126.7, 123.5, 66.8, 66.7, 31.3, 31.2, 19.19, 19.18, 14.0, 13.9 ppm.
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2,4,6-tris-(9,10-bis(hexyloxycarbonyl)[4]helicen-2-yl)-s-triazine (H3Hex): yield: 1.28
g (1528.9 g/mol, 42%), powder lightly yellow. '"H NMR (400 MHz, CDCls): § = 10.63
(s,3 H),9.15(d, 3 H, 8 Hz), 9.09 (dd, 3 H, 1 and 8 Hz), 8.55 (d, 3 H, 8 Hz), 8.09 (d, 3 H,
8 Hz), 8.04 (d, 6 H, 8 Hz), 7.53 (¢, 3 H, 7 Hz), 7.37 (¢, 3 H, 7 Hz), 4.55 (¢, 6 H, 7 Hz), 4.52
(t, 6 H, 7 Hz), 1.88 (m, 12 H), 1.52 (m, 12 H), 1.38 (m, 24 H), 0.92 (¢, 18 H, 7 Hz) ppm.
3C NMR (100 MHz, CDCl3): § = 172.0, 168.4, 167.9, 134.8, 134.2, 132.4, 131.5, 130.7,
130.6, 130.5, 129.6, 129.2, 128.9, 128.7, 128.6, 127.8, 127.0, 126.8, 126.6, 123.3, 66.7,
31.7,28.8,28.7,25.9,22.7, 14.2 ppm.

6.2.2 Synthesis of non-symmetric compounds

4’,4”’-bis(methoxycarbonyl)-2,4,6-triphenyl-s-triazine-4°"’-acetic acid (65) and 4’-
methoxycarbonyl-2,4,6-triphenyl-s-triazine-4,”’4’>’-diacetic acid (67)

Under ice bath cooling, triflic acid (10 mL) is added to an intimate mixture of 4-
cyanoacetic acid (2 g, 160.2 g/mol, 12.5 mmol) and methyl 3-cyanobenzoate (2.00 g,
160.2 g/mol, 12.5 mmol), and the mixture is stirred under exclusion of moisture for 16 h
at room temperature. The ensuing viscous yellow-orange solution is poured into a stirred
ice-water mixture and stirred for 2 h. The formed white precipitate is filtered off, washed
with water and air-dried. The product mixture is separated by column chromatography on
silica: The unwanted triester (70) is eluted with pure chloroform, the diester-monoacid
(65) is eluted thereafter with chloroform containing 5% of acetone, and finally the
monoester-diacid (67) is eluted with chloroform containing 10% of acetone, leaving the
unwanted triacid (69) on the column. The two separated cotrimerization products are used
in the next step without further purification. Yields for (65) and (67) varied from batch to
batch between 0.3 g and 0.6 g for either of them, with an average yield of 0.45 g each.

The statistically expected yield presuming ideal mixing of the two starting materials
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leading to a 1:3:3:1 ratio between products (70), (65), (67) and (69) is 1.5 g of both (65)
and (67), thus the average isolated yields of each the two co-trimerization products

correspond to 30 % of the theoretical value.
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COH
(2-(4-(4,6-bis(3-(methoxycarbonyl)phenyl)-1,3,5-triazin-2-yl)phenyl) acetic acid)
(65): yield: 32%, powder white.'H NMR (400 MHz, DMSO-ds): 6 = 8.93 (s, 2 H), 8.67
(d,2 H, 7.8 Hz), 8.41 (d, 2 H, 8.4 Hz), 8.12 (d, 2 H, 6.2 Hz), 7.65 (¢, 2 H, 7.8 Hz), 7.46
(d,2 H, 8.4 Hz), 3.89 (s, 6 H), 3.66 (s, 2 H) ppm.
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2,2'-((6-(3-(methoxycarbonyl)phenyl)- 1,3,5-triazine-2,4-diyl) bis (4,1-phenylene))
diacetic acid (67): yield: 32%, powder white. "TH NMR (400 MHz, DMSO-d): & = 9.09
(s, 1 H), 8.85(d, 1 H, 9.0 Hz), 8.57 (d, 4 H, 8.4 Hz), 8.18 (d, 1 H, 7.8 Hz), 7.73 (¢, 1 H,
7.8 Hz), 7.49 (d, 4 H, 8.4 Hz), 3.91 (s, 3 H), 3.72 (s, 4 H) ppm.
General procedure for the condensation of triazine-acetic acids with arylglyoxylic
acids to ester-substituted phenanthrenyl- and [4]helicenyl-triazines

Triazine-mono- or -diacetic acid (65) or (67) (2 mmol, 480.5 g/mol each, 0.96 g)
and a two fold excess (i.e. 4 or 8 mmol) of phenylglyoxylic acid or 2-naphthylglyoxylic
acid are stirred at reflux in a mixture of acetic anhydride (40 mmol, 102.1 g/mol, 4.1 g),
triethylamine (30 mmol, 101.2 g/mol, 3.0 g) and dry THF (60 mL) for 24 h under argon.
Then the reaction is cooled to room temperature, a mixture of alkyl alcohol (240 mmol),
bromoalkane (180 mmol) and triethylamine (120 mmol, 12 g) and dry THF (30 mL) is
added and stirring at reflux is continued for another 24 h. Then the mixture is cooled to

room temperature, poured into a stirred 1:1:1 mixture (300 mL) of ice, water and
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concentrated aqueous hydrochloric acid and extracted with ethyl acetate. The ethyl
acetate extract is dried over magnesium sulphate and concentrated, and the residue is
dissolved in a minimum amount of ethyl acetate and crystallized by adding ethanol or
purified by column chromatography, chloroform-cyclohexane eluent. The obtained
precipitate is dissolved in ethyl acetate (1 L), iodine (0.3 g) is added, and the solution is
irradiated for 48 h at room temperature under air in a Peschl photoreactor with irradiation
from a medium-pressure 150 W mercury immersion lamp inside a borosilicate immersion
tube in which cooling water circulates. The solvent is evaporated, and the residue is
purified by column chromatography on silica eluting with chloroform containing 1% of
ethanol, followed by recrystallization from chloroform/ethanol to yield the desired
triaryltriazine alkylester in 20 to 45% (on average 34%) overall yield over three steps

(Perkin condensation, esterification, oxidative photocyclization).

0._OEt
CO,Me OEt

e
|N\
N N

MeOZC

2,4-bis(3-(methoxycarbonyl)phenyl)-6-(9,10-bis(ethoxycarbonyl)phenanthren-3-
yl)-s-triazine FiEt. Yield: 0.27 g (669.7 g/mol, 20%), powder lightly yellow. "H NMR
(400 MHz, CD2CL): 6 =9.76 (s, 1 H), 9.02 (s, 2 H), 8.68 (d, 1 H, 8.1 Hz), 8.65 (d, 1 H,
8.9 Hz), 8.61 (d, 2 H, 8.1 Hz), 8.19 (d, 1 H, 8.9 Hz), 8.08 (d, 3 H, 7.9 Hz), 7.77 (¢, | H,
8.2 Hz), 7.69 (¢, 1 H, 8.2 Hz), 7.47 (¢, 2 H, 7.6 Hz), 4.55 (¢, 2 H, 7.1 Hz), 4.54 (¢, 2 H,
6.8 Hz), 3.95 (s, 6 H), 1.52 (t, 3 H, 7.2 Hz), 1.50 (¢, 3 H, 6.9 Hz) ppm. *C NMR (100
MHz, CD:CL): 6 =171.3, 171.1, 168.1, 167.9, 166.7, 136.3, 135.2, 133.9, 133.3, 132.5,
131.7,131.1, 131.0, 130.5, 130.2, 129.7, 129.3, 129.2, 128.4, 127.7, 127.6, 127.3, 127.2,
124.3, 123.5, 62.7, 62.6, 52.7, 14.59, 14.57 ppm. ESI-HRMS: m/z calcd for
C39oH31N308Na [M+Na]": 692.20034, found 692.1992.
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2-(3-(methoxycarbonyl)phenyl)-4,6-bis(9,10-bis(ethoxycarbonyl)phenanthren-3-yl)
-s-triazine F2Et: Yield: 0.77 g (855.9 g/mol, 45%), powder lightly yellow. "H NMR (400
MHz, CD2Clz): 6 = 10.15 (s, 2 H), 9.38 (s, 1H), 8.99 (d, 2 H, 8.8 Hz), 8.89 (d, 1 H, 8.6
Hz), 8.39 (d, 2 H, 8.8 Hz), 8.27 (d, 2 H, 8.7 Hz), 8.13 (d, 1 H, 7.9 Hz), 7.86 (d,2 H, 7.9
Hz), 7.75 (¢, 2 H, 7.9 Hz), 7.73 (¢, 2 H, 8.1 Hz), 7.70 (¢, 1 H, 8.2 Hz), 4.56 (¢, 4 H, 7.1
Hz), 4.54 (¢, 4 H, 7.2 Hz), 3.93 (s, 3 H), 1.52 (¢, 6 H, 6.9 Hz), 1.51 (¢, 6 H, 6.8 Hz) ppm.
B3C NMR (100 MHz, CD2CL): § =171.3,171.1, 168.1, 167.9, 166.7, 136.3, 135.2, 133.9,
133.3,132.5,131.7, 131.1, 131.0, 130.5, 130.2, 129.7, 129.3, 129.2, 128.4, 127.7, 127.6,
127.3,127.2,124.3,123.5, 62.7, 62.6, 52.7, 14.59, 14.57 ppm. ESI-HRMS: m/z calcd for
Cs1Ha1N3O10Na [M+Na]": 878.26842, found 878.2682.
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2-(3-(methoxycarbonyl)phenyl)-4,6-bis(9,10-bis(butoxycarbonyl)phenanthren-3-yl)
-s-triazine F2Bu: Yield: 0.74 g (968.1 g/mol, 38%), powder lightly yellow. 'H NMR (400
MHz, CDCI3): 6 = 10.14 (s, 2 H), 9.41 (s, 1 H), 9.00 (d, 2 H, 9 Hz), 8.96 (d, 1 H, 8 Hz),
8.88 (d,2 H, 8 Hz), 8.40 (d, 2 H, 9 Hz), 8.30 (d, 1 H, 8 Hz), 8.14 (d, 2 H, 8 Hz), 7.85 (1,
2 H,8Hz),7.72 (t,2 H, 8 Hz), 7.70 (¢, 1 H, 8 Hz), 4.52 (¢, 4 H, 7 Hz), 4.49 (¢, 4 H, 7 Hz),
4.06 (s, 3 H), 1.85 (quint, 4 H, 7 Hz), 1.84 (quint, 4 H, 7 Hz), 1.54 (sext, 4 H, 7 Hz), 1.52
(sext, 4 H, 7 Hz), 1.03 (¢, 6 H, 7 Hz), 1.01 (¢, 6 H, 7 Hz) ppm. *C NMR (100 MHz,
CD:ClL): 6=171.2,171.0, 168.1, 168.0, 166.6, 136.1, 135.1, 133.9, 133.2, 132.6, 131.5,
131.0, 130.6, 130.1, 129.7, 129.3, 129.1, 128.4, 127.6, 127.5, 127.2, 127.1, 124.4, 123.0,
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66.62, 66.56, 52.6, 31.3, 199, 14.19, 14.17 ppm. ESI-HRMS: m/z calcd for
CsoHs7N3010Na [M+Na]": 990.39362, found 990.3940.
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2,4-bis(3-(methoxycarbonyl)phenyl)-6-(5,6-bis(ethoxycarbonyl)[4]helicen-2-yl)-s-
triazine HiEt: Yield: 0.36 g (719.7 g/mol, 25%), powder lightly yellow. "H NMR (400
MHz, CDCl3): 6 = 10.49 (s, 1 H), 9.30 (s, 2 H), 9.20 (d, 1 H, 8.8 Hz), 8.94 (d, 3 H, 7.8
Hz), 8.45 (d, 1 H, 8.8 Hz), 8.23 (d, 2 H, 7.8 Hz), 8.12 (d, 1 H, 8.8 Hz), 8.05 (d, 1 H, 8.9
Hz), 8.02 (d, 1 H, 8.9 Hz), 791 (t, 1 H, 6.9 Hz), 7.80 (¢, 1 H, 6.9 Hz), 7.64 (¢, 2 H, 7.8
Hz), 4.60 (¢, 2 H, 6.8 Hz), 4.58 (¢, 2 H, 6.9 Hz), 4.02 (s, 6 H), 1.53 (¢, 3 H, 7.4 Hz), 1.49
(¢,3 H, 7.4 Hz) ppm. *C NMR (100 MHz, CD2Cl2): §=172.0,171.5, 168.4, 167.9, 166.9,
136.7, 134.8, 134.6, 134.0, 133.6, 132.6, 131.7, 131.4, 130.8, 130.7, 130.6, 130.2, 130.0,
129.5, 129.4, 129.1, 129.0, 128.2, 127.7, 127.3, 126.9, 126.8, 123.6, 62.8, 52.8, 14.62,
14.57 ppm. ESI-HRMS: m/z calcd for CasHssNsOsNa [M+Na]™: 742.21599, found
742.2161.
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2-(3-(methoxycarbonyl)phenyl)-4,6-bis(9,10-bis(ethoxycarbonyl)[4]helicen-2-yl)-s-

triazine Hz2Et. Yield: 0.79 g (956.0 g/mol, 41%), powder lightly yellow. 'H NMR (400
MHz, CDCl3): 6 = 10.52 (s, 2 H), 9.36 (¢, 1 H, 1.8 Hz), 9.15 (d, 2 H, 8.2 Hz), 8.99 (d, 1
H, 8.2 Hz), 8.97 (d, 2 H, 8.1 Hz), 8.48 (d, 2 H, 8.7 Hz), 8.25 (d, 1 H, 7.9 Hz), 8.09 (d, 2
H, 8.3 Hz), 8.06 (d, 2 H, 8.8 Hz), 8.02 (d, 2 H, 8.8 Hz), 7.71-7.65 (m, 5 H), 4.62 (¢, 4 H,
6.9 Hz), 4.59 (¢, 4 H, 6.9 Hz), 4.02 (s, 3 H), 1.54 (¢, 6 H, 6.7 Hz), 1.51 (¢, 6 H, 6.7 Hz)
ppm. 3C NMR (100 MHz, CD>Cl,): 6 = 172.1, 171.5, 168.4, 168.0, 166.9, 136.9, 134.9,
134.5,134.1, 133.7,132.6, 131.7, 131.5, 130.9, 130.7, 130.1, 129.9, 129.5, 129.4, 129.3,
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129.1,129.0, 128.1, 127.4, 127.2, 126.9, 126.8, 123.5, 62.8, 52.8, 14.63, 14.57 ppm. FD-
HRMS: m/z calcd for CsoHasN3O10Na [M+Na]™: 978.29972, found 978.3007.
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APPENDIX

8.

"H NMR of compound F3Et in CD,Cl,, 400 MHz.
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"H NMR of compound F3Pr in CD,Cl,, 400 MHz.
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BC NMR of compound F3Pr in CD,Cl,, 100 MHz.
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"H NMR of compound F3Bu in CD>Cl,, 400 MHz.
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3C NMR of compound F3;Bu in CD,Cl,, 100 MHz.
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"H NMR of compound H;Et in CDCls, 400 MHz.
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3C NMR of compound HzEt in CDCls;, 100 MHz.
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"H NMR of compound H3Pr in CDCl;, 400 MHz.
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"H NMR of compound H3Bu in CD,Cl,, 400 MHz.
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BC NMR of compound HsPr in CDCls, 100 MHz.
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3C NMR of compound H3;Bu in CD>Cl,, 100 MHz.
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Expansion of the aromatic region of the *C NMR of compound H3Bu in CD>Cl,, 100 MHz
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"H NMR of compound H3Hex in CD,Cl,, 400 MHz.
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"H NMR of compound H3Hex in CD,Cl,, 100 MHz.
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48

"H NMR of compound F;Et in CD,Cl,, 400 MHz.
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Expansion of the aromatic region of the 'H NMR of compound F;Et in CD,Cl,, 400 MHz.
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3C NMR of compound F;Et in CD>Cl,, 100 MHz.
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Expansion of the aromatic region of the 3*C NMR of compound F;Et in CD,Cl, 100 MHz.
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"H NMR of compound F;Et in CD,Cl,, 400 MHz.
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BC NMR of compound F;Et in CD,Cl,, 100 MHz.
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"H NMR of compound F;Bu in CD,Cl,, 400 MHz.
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3C NMR of compound F2Bu in CD,Cl,, 100 MHz.
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"H NMR of compound H;Et in CD,Cl,, 400 MHz.
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55

BC NMR of compound H;Et in CD>Cl,, 100 MHz.
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"H NMR of compound H;Et in CD,Cl,, 400 MHz.
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13C NMR of compound HzEt in CD,Cl,, 100 MHz.
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ESI-HRMS analyses were performed on all final compounds up to a molecular weight of 1300 g/mol:

F3Et: m/z calcd for CesHsiN3O12Na [M+Na]": 1064.33650, found 1064.3378 (100% relative intensity).
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F3Pr: m/z calcd for CeoHesN3O12Na [M+Na]™: 1148.43040, found 1148.4310 (65% rel. intens.).
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F3Bu: m/z calcd for C7sH7sN3O12Na [M+Na]": 1232.52430, found 1232.5245 (53% rel. intens.).
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H:Et: m/z calced for C7aHesN3O012Na [M+Na]": 1209.43822, found 1209.4396 (9% rel. intens.).
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H3Pr: m/z caled for CsiHeoN3O12Na [M+Na]": 1298.47735, found 1298.4778 (55% rel. intens.).
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