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1. INTRODUCTION

Technological progress is making various devices an inseparable part of daily
life, consequently raising the demand of new materials for their manufacturing. In the
recent years, considerably more attention is paid to organic materials for their use in
electronics and optoelectronics. The employing of organic compounds in devices has
some advantages, as such devices or their parts can be cheaper, flexible (due to
amorphousness of materials), lighter, require less energy to produce, and offer a way
to overcome the problem of rare materials, as these compounds consist of abundant
chemical elements. These organic compounds find their use in various applications
such as organic light emitting diodes (OLEDs), photovoltaic cells,
electrophotography, field-effect transistors, and others [1].

The well performing optoelectronic devices can as well contribute to finding a
two-sided solution to the problem of increasing energy demand caused by the growing
human population and intensifying usage of various technologies, as energy
consumption is predicted to increase to 56% by 2040 [2]. This challenge can be
addressed by providing a cheap and convenient access to the renewable source of solar
power and decreasing energy wasted by the inefficient devices. The harnessing of
solar power seems to be a desired option, because it is the primal and direct energy
source from which the majority of other renewable energy sources originate;
furthermore, solar cells directly transform it into electricity: a form that is the most
suitable for transfer, accumulation, and usage. Organic and hybrid solar cells are
earning their place in a market of photovoltaic cells, mainly dominated by the already
well developed inorganic cell technology and offer an alternative of inexpensive,
flexible, light, less fabrication energy and expensive chemical elements demanding
technology [3]. Among the most popular of them are dye sensitized solar cells (DSSC)
and perovskite solar cells (PSC), i.e., a rapidly developing technology that is already
holding the performance record of 23.2% efficiency [4]. A flip-side solution to the
energy problem would be the development and implementation of energy saving
technologies, and illumination is a suitable field for innovation due to artificial
lighting that is a major source of electricity demand globally, accountable for 15% of
global electricity consumption [5, 6]. Light emitting diodes (LEDs) and their organic
counterparts (OLEDSs) offer high power to light conversion ratio, allowing cutting the
energy demand by multiple times while maintaining the same illumination. OLEDs
as well have the benefits of organic electronics, lightness and flexibility among others,
allowing manufacture of thin, large-area devices, sheets, and panels. The main
functions of organic compounds in all these optoelectronic devices are charge
transport, light emission, and charge generation. Therefore, the development of high-
performing materials with desired characteristics is essential for the production of
high-performance devices.

Troger's base (TB) is V-shaped C,-symmetric chiral molecule consisting of a
bicyclic aliphatic methanodiazocine unit fused with two aromatic rings, their planes
nearly perpendicular to each other. Such structure of rigid V-shaped molecular
scaffold allows it be used as a core and provide angle orientation for the substituents,
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such as conjugated z-systems, attached to it. It was as well reported that, besides
connecting aromatic fragments only geometrically, the non-conjugated bridge in
Troger’s base can bestow electronic coupling for conjoined fragments in the absence
of a z-linker [7]. Hence, Troger's base offers itself as a unique, nanometer-sized
building block for unusual molecular design, granting the possibility to bestow
compounds with desired, yet uncommon, properties. Although Troger’s base is
already well studied and found applicability in different areas such as molecular
recognition, supramolecular chemistry, biological labeling, ligand design (especially
for asymmetric catalysis), DNA interactions, or even as drug candidates, its use in
optoelectronics was not widely described, leaving this field for further investigation
and discovery. Hence, the field of interest presented in this work is the synthesis and
investigation of novel functional Troger’s base compounds for optoelectronic
applications: charge generating double-acceptor TB dyes for dye-sensitized solar
cells, solid-state light emitting Troger’s base derivatives for OLEDs, and well
performing amorphous hole transporting materials for perovskite solar cells.

The main aim of this work is the synthesis and investigation of the V-shaped
Troger’s base derivatives as charge generating, transporting, and light emitting
materials.

The tasks proposed for the achievement of the above stated aims were as
follows:

1. Synthesis and investigation of small-molecular HTMs containing
triphenylamine moieties conjoined by Troger’s base core;

2. Synthesis and investigation of HTMs consisting of photoconductive TPD-type
(N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine) moieties conjoined by
Troger’s base core;

3. Synthesis and investigation of HTMs containing Tréger’s base core and

enamine—linked diphenyl branches;

Synthesis and investigation of sensitizers based on Troger’s base scaffold;
Synthesis and investigation of light emitting materials containing TPE
(tetraphenylethene) fragments and TB core.

o ks

Scientific novelty: the series of novel HTMs based on Troger’s base core have
been synthesized, and the influence of the substituents on thermal and photoelectrical
properties of these compounds has been investigated. It was determined that
synthesized Troger’s base compounds incorporating triphenylamine fragments with
methyl- and methoxy- substituents qualify as HTMs and have quite favorable physical
properties, are stable, mainly amorphous and readily soluble, making them decent
candidates for the use in optoelectronics. In addition, the synthesis and investigation
of these compounds provided useful research information and some insight for further
development in HTM molecular design.

The novel V-shaped hole-transporting compounds based on Tréger’s base core
and phenylethenyl substituted triphenylamine moieties were synthesized and studied.
Troger’s base core significantly increases glass transition temperatures of the HTMs,

11



which is especially apparent when compared to non-TB analogues, while
phenylethenyl moieties provide structural bulk, decrease crystallinity, and
considerably contribute to the size of the z-conjugated system of molecules. These
HTMs were investigated and tested in perovskite solar cells, concluding that they are
promising candidates for application in organic and hybrid optoelectronic devices, as
they can be handled in the air, are thermally stable, require no high temperature
annealing steps, can be solution deposited, and possess comparatively high mobility
(upt0 0.011 cm?V1sT),

Novel HTMs based on the concept of TPD-type moieties conjoined by a
Troger's base core have been synthesized and investigated. The TB core provides
orientation for TPD fragments angle-wise towards each other and hampers the
crystallization processes, rendering the investigated compound fully amorphous,
while oriented para- substituted TPD-type moieties provide high charge mobility.
These HTMs are promising candidates for the application in organic and hybrid
optoelectronic devices due to their stability, amorphousness, high glass transition
temperatures, ability to be solution deposited, and comparatively high charge mobility
(up to 0.036 cm?V 1 s71), exceeding that of the corresponding non-TB methyl and
methoxy TPD analogues by more than two orders of magnitude. The preliminary
testing in perovskite solar cells indicates that this class of TB-linked molecules can
function effectively as HTM in the device.

New V-shaped Troger’s base derivatives having the enamine-linked diphenyl
branches were synthesized by using a simple and convenient procedure and yielding
compounds with decent HTM properties. The synthesis of these materials does not
require palladium catalysts and corresponding ligands, inert atmosphere conditions,
and, consequently, no palladium residue in the reaction mixture allows easy
separation, evading extensive purification by column chromatography. These hole-
transporting materials are thermally stable, solution processable and have a relatively
high hole-drift mobility, making these compounds attractive for various applications
in optoelectronics. When tested in perovskite solar cells, the best performing material
in this group demonstrated very high efficiency, rivaling that of the state-of-the-art
Spiro-OMeTAD, and even outperformed it by 1.6 times in a dopant-free PSC
composition.

A set of novel metal-free di-anchoring organic dyes based on a Troger’s base
scaffold, possessing triphenylamine donor and rhodanine-3-acetic acid as
acceptor/anchoring group, linked by the poly[n]enic (n =0-2) chain, have been
designed and synthesized. The investigation of the influence of the polymethine chain
length and number of the anchoring groups on the photophysical, electrochemical,
and photovoltaic properties of these VV-shape sensitizers, as well as testing in DSSCs,
showed that the extended polymethine chains ensure flexibility of these units and
allow the interaction between two chromophores, hence promoting aggregate
formation and impairing their performance. Such findings encourage the replacement
of polymethine backbones with rigid bulky structural spacers, which could prevent
aggregate formation in di-anchoring organic TB dyes. Novel structurally improved
di-anchoring Troger’s base dyes with thiophene and phenyl-branched hydrazone
spacers were designed; their synthetic pathways were discovered, and the
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investigation of properties was performed. It was found that even though thiophene
fragment bestowed the compounds with superior light absorption properties, it still
does not offer sufficient structural stiffness to prevent intra-anchoring. On the
contrary, phenyl-branched hydrazone unit successfully provided both the rigid
structure and structural bulk, hampering these unfavorable interactions. These dyes
are promising candidates for the DSSC applications.

Novel Troger’s base compounds with TPE side-arms were synthesized and
investigated. These compounds are thermally stable, soluble and possess aggregation
induced emission (AIE) properties, allowing them to be used in forming pristine solid-
state layers in light emitting devices. Even though quantum efficiency values of these
compounds were not as high as expected, the research results revealed some structure-
properties relations that allows further improvement and optimization in the molecular
design of the future light emitting TB compounds with AIE properties.

The main statements of doctoral dissertation are the following:

1. The newly synthesized small-molecular HTMs containing triphenylamine
fragments conjoined by Troger’s base core, varying in substituents on outer
phenyl rings, are thermally stable, solution processable, and possess
comparatively high mobility (1.2-10°-3.3-10* cm?/Vs), thus making them
promising candidates for the application in optoelectronic devices.

2. HTMs containing Troger's base core and phenylethenyl side-branches are
thermally stable, solution processable, and possess comparatively high
mobility (up to 0.011 cm? V -t s1), thus making them promising candidates
for the application in the perovskite solar cells (PSC).

3. The TB core provides orientation for para- substituted TPD fragments angle-
wise towards each other, yielding stable, fully amorphous materials with
comparatively high charge mobility (up to 0.036 cm? V 1 s71), indicating that
this class of TB-linked molecules can function effectively as HTM in the PSC
devices.

4. Troger’s base formation and modification allow easy three-step transition-
metal-free synthesis of efficient HTMs with TB core and enamine-linked
diphenylamine moieties that can outperform the state-of-the-art Spiro-
OMEeTAD in efficiency in perovskite solar cells.

5. Troger’s base can be used as a core for molecular design of novel solid-state
light emitting compounds with AIE properties and sensitizers for dye
sensitized solar cells.
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2. LITERATURE REVIEW

2.1. Troger’s base. Introduction and structure

In 1887, Carl Julius Ludwig Troger made a publication on condensation
reactions between aromatic amines and methylal (dimethoxymethane) [8], hence
starting the history of Troger’s base (TB). During the experiment, an unexpected
product was isolated from the reaction between p-toluidine and methylal (which is
hydrolyzed to formaldehyde and methanol in reaction mixture) in aqueous HCI, and
it was described as “base C17H1gN2”. It took almost half a century, in 1935, the exact
chemical structure was determined by Spielman, who carefully analyzed the reactivity
of the substance and assigned TB 1 as racemic 2,8-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine ((£)-1) (Figure 2.1) [9].
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Figure 2.1. Troger’s base ((£)-1) and the structures of its (R,R) and (S,S) enantiomers
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A few months later in the same year, a condensation mechanism, according to

which the forming of Troger’s base 1 occurs, was proposed by Wagner (Scheme 2.1)
[10].
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N
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Scheme 2.1. Mechanism of Troger’s base formation proposed by Wagner

The next big event in the history of Troger’s base occurred in 1944, when
Vladimir Prelog performed and published separation of Tréger’s base 1 into its
mirror-image components by chromatography on a column of lactose hydrate [11],
pioneering the process and making TB one of the first compounds resolved on an
enantiopure stationary phase. Due to that, TB 1 was used mainly for the evaluation of
14



new separation techniques until the 1980s [12]. The exploration of TB chirality was
the first of many landmarks in stereochemistry, a field that became identified with
Prelog’s name, and discoveries in this field ultimately won him Nobel Prize in
Chemistry in 1975 [13]. Troger’s base appeared interesting in other aspects as well,
and the attention to its derivatives started to grow as the field of supramolecular
chemistry, specifically molecular recognition, was evolving. In 1986, the structure,
proposed by Spielman half century earlier, was unquestionably confirmed by single-
crystal X-ray diffraction analysis by Wilcox [14], which later led to the conclusion
that (+)-TB had the S,S configuration [15]. The XRD structure of the Troger’s base
framework and several simple but unprecedented TB analogs synthesized by Wilcox
[16] and his colleagues started a new wave of research of TB, followed by a series of
publications, bearing some remarkable results and including the renowned Wilcox
molecular torsion balance, allowing the measurement of “intermolecular” interactions
[17, 18]. Later, various research interests emerged and were explored by using TB as
building blocks in various fields of chemistry, investigation fields, including
receptors, biological labeling, ligand design for asymmetric catalysis, DNA
interactions, and even drugs and medical applications.

The Troger’s base consists of a bicyclic aliphatic unit fused with two aromatic
rings. The central methanodiazocine unit orientates the aromatic rings in a nearly
perpendicular fashion, making TB a rather rigid V-shaped molecule, its angular
orientation of aromatic rings creating a hydrophobic cavity (Figure 2.1). Troger’s base
is Co-symmetric; therefore, it is a chiral molecule. The methylene fragment impedes
pyramidal inversion of the bridged nitrogen atoms, creating configurationally stable
stereogenic centers. TB is known as one of the first molecules having such N atoms
to be discovered. These stereogenic nitrogen atoms are bridgehead atoms, hence
allowing only the enantiomers of either R,R or S,S configuration to exist (Figure 2.1),
and diastereomeric (R,S)-TB is being geometrically impossible.

Prelog has successfully isolated both enantiomers from the racemate, enabling
the investigation of optically active (+)-1 and (-)-1. The enantiomers were found to
be stable to the extent that they could be sublimed without any observable
racemization, yet this stability does not persist once the molecules are in contact with
the diluted acidic media. He reported that TB slowly racemizes and postulated that
the configurational inversion takes place due to the reversible formation of the
methylene-iminium ion 2 (Scheme 2.2) as a key intermediate [11].

HZQ\
QP 2=, O T s, ™
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(-)1 2 H (+)-1
Scheme 2.2. Proposed acid-catalyzed racemization of TB in acidic media
Even though no spectroscopic evidence of such an intermediate compound had
been observed [19], it was proposed that the iminium compound exists only

transiently and in undiscoverably low concentrations. It was as well noticed that
ethano-bridged TB analogs are configurationally stable to acidic conditions as they
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are unable to form such stabilized iminium, and this indirectly supports the reported
mechanism of TB racemization [20-22]. However, in the concentrated acid media,
both TB nitrogen atoms are protonated, making the formation of the iminium
intermediate impossible, likely due to no free electron pair available for the opening
of the bridge, and no racemization occurs [19].

2.2. Synthesis of Troger’s base

Troger’s base condensation resulting in such structure was first achieved
between p-toluidine and methylal [8]. Now, after the reaction mechanism was
discovered and widely studied, it can be theorized that, in principle, any aromatic or
heteroaromatic amine can serve as a possible precursor of TBs; hence, starting
aromatic amines could be fully substituted, except for one ortho position that is
required for the desired cyclization reaction [12]. The first synthesis of polysubstituted
Troger’s base analogs was published in 1948 by Smith and Schubert [23]. These
authors as well highlighted the necessity of strong acid reaction conditions for the
formation of Troger’s bases, as reaction was conducted in diluted hydrochloric acid
yields dihydroquinazolines and tetrahydro-quinazolines as major products. Each
discovery led to the developing of various methodologies for the synthesis of TB
analogs, variating in their original conditions. Despite their variety, the general
preparation methods of TB derivatives are based on an acid-induced reaction of
aromatic amine with formaldehyde or its equivalent, such as paraformaldehyde,
hexamethylene-tetraamine [24], or dimethoxymethane [8, 25], while reaction acidic
conditions usually maintained in aqueous or alcoholic HCI solutions, acetic acid,
trifluoroacetic acid (TFA), or methanesulfonic acid (Scheme 2.3) [16, 26-30].
Alternative synthetic protocols are still being discovered and improved, such as
methods employing DMSO as a methylene synthetic equivalent [31, 32]. Moreover,
the advances in Lewis acid- catalyzed TB synthesis [33, 34], the use of diglycolic
acid/polyphosphoric acid [35], or super-acidic conditions [36], and unusual
condensation media, such as ionic liquids, have been reported [37].

NH,, CH,O orits N R
theti ivalent
/©/ syn ? ic equivalen - /©®©/
R H™ , Solvent R

Scheme 2.3. The condensation of Troger’s base

TB condensation based on this synthetic protocol has demonstrated high
sensitivity to factors concerning the electronic properties of aniline substituents and
their substitution positions. It was presumed that the aromatic ring substituents should
have the electron-donating properties, as reactions involving electron-withdrawing
groups were noticed to be slow and resulted in the low-yields [38, 39]. Furthermore,
it was thought that unsubstituted para position should be avoided to prevent
polymerization [12].

An important advancement in TB synthesis happened when a new condensation
protocol for the synthesis of halogenated TB analogs was developed and introduced
by Warnmark in 2001 [40]. The reaction performed with paraformaldehyde in TFA
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removes the limitation of amines having electron-withdrawing substituents and allows
synthesis of substituted TB analogs having halogen in nearly any position of the
aromatic ring [29], consequently making this protocol to become the most commonly
used method among its analogs. Not only does this methodology allow scaling
synthesis and obtain multiple grams of halogenated TB analogs [41-43], but it permits
the inclusion of a variety of substituents, both electron-donating and electron-
withdrawing ones, for example: alkyl chains, MeO and MeS, COOR, CF3, and even
NO., which possesses strong electron-accepting properties [35, 44-47]. Notably, this
protocol was as well efficient for the condensation of unsubstituted aniline, yielding
the TB analog with no methyl groups in a noteworthy 78% [48], hence proving the
need of para-substitution, as the anti-polymerization measure, unnecessary.

This advancement was achieved by the detailed investigation of the reaction
mechanism and taking steps to improve the synthetic protocol further. The first
attempt to describe reaction series between p-toluidine and formaldehyde, leading to
TB condensation, was made by Wagner [10]. This proposed sequence of reactions
was reexamined later on by Farrar [49] and Wagner himself [26, 50], leading to the
development of reaction mechanism describing the formation of the
methano[1,5]diazocine skeleton. The formation consists of a chain of electrophilic
aromatic substitution reactions as key steps and assumes the involvement of four main

intermediates (3—6, Scheme 2.4).
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Scheme 2.4. Improved Troger’s base condensation reaction mechanism proposed by Wagner
and Farrar

During the first step of the mechanism (R = CHs), an acid-catalyzed
condensation between p-toluidine and formaldehyde took place, forming the iminium
ion 3, which then reacts with another equivalent of aniline compound resulting in
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intermediate 4 [51]. Two successive additions of methylene were each followed by a
cyclization yield TB through intermediate compounds 5 and 6. The bottleneck of the
reaction sequence is the conversion of tetrahydroquinazoline compound 5 into the
intermediate 6 and the electrophilic aromatic substitution that follows. The presence
of electron-withdrawing substituents of the aniline component decreases the
nucleophilicity of the secondary amine in 5, causing a further decreased rate of the
intramolecular electrophilic substitution, consequently promoting to the formation of
the dihydroquinazoline 7 as a side reaction (Scheme 2.4). Warnmark and his group
proposed that the presence of paraformaldehyde in TFA increases the concentration
of protonated formaldehyde comparative to CH,O/HCI in ethanol and thus increases
the reaction rate for the formation of 6 [40]. Moreover, TFA supports the reduction of
dihydroquinazoline 7 to tetrahydroquinazoline 5 by protonation induced by the
comparatively strong acid TFA, causing formation of 8, and is followed by hydride
transfer from paraformaldehyde. This reaction mechanism was as well supported by
the work of other researchers detecting the intermediate compounds [52] or even
isolating and reintroducing them to reaction afterwards to obtain compound 1 [53].

The molecules that are analogous to compound 4 can be obtained by other
methods (examples in Scheme 2.5) and then used for the preparation of the Troger’s
bases by the previously analyzed condensation principle. Such stepwise method
allows obtaining compounds with groups that are more sensitive to relatively harsh
reaction conditions and have been used by Wilcox for the synthesis of unsymmetrical
analogs of TB. Unsymmetrical molecules are synthesized by employing intermediate
analogs of 4 produced from two differently substituted aniline derivatives, followed
by cyclization with formaldehyde (Scheme 2.5) [48, 54].
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\©\)L reduction R,=H, Me, Cl, Br, NO,

Scheme 2.5. Alternative Wilcox synthesis of TB derivative through the analog of 4

2.3. Reactions and modification of methanodiazocine subunit

The center of the Troger’s base is a rigid bicyclic aliphatic unit fusing with two
aromatic rings. This part of the molecule plays an essential part in defining the shape
and properties of the molecule; hence, its chemical reactivity and modification
perspectives are of reasonable interest. The methanodiazocine bridge linking two
nitrogen atoms into bicyclic structure of 1 is rather sturdy and remains unaffected by
sodium and boiling ethanol or, for the most part, Sn/HCI [9]. It is not oxidized by
mercury oxide in Et;O or silver nitrate/ammonia. It does degrade, however, when
heated with HI/red-P at high temperature it is resulting in 2,4-dimethylaniline as a
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single isolable product (Scheme 2.6). The procedure of refluxing 1 with HI firstly and
then reducing it with Sn/HCI allows getting the reduced product and increases its yield

[9].
N e (O

Scheme 2.6. Degradation of methanodiazocine ring

The tertiary amines of the methanodiazocine subunit are potential targets for the
TB functionalization. Monoquaternary salts of TB can be easily prepared by reaction
with the appropriate alkyl or benzyl bromide (Scheme 2.7, a) [27, 55-57]. Double TB
guaternization, involving both nitrogen atoms, was argued to be unattainable because
of the strong negative inductive effect caused by the first formed quaternary nitrogen
atom, assumedly eliminating the nucleophilicity of the remaining tertiary nitrogen
atom. Nonetheless, Lenev and coworkers have synthesized and reported the
dimethylated TB analog after obtaining it by using dimethyl sulfate [21]. Troger’s
base 1 can as well undergo acetylation and benzoylation, as it was performed by
Spielman during the clarification of the structure [9], hence obtaining the diacylated
derivative by removing carbon atom of methylene bridge in the form of formaldehyde
(Scheme 2.7, b).

G000 e S

R=Me, alkyl, benzyl R=COCH3, COAr O
Scheme 2.7. Alkylation, benzylation, and acylation of TB aliphatic unit

Spielman has as well performed and reported nitrosation of TB, during which
the methylene bridge is detached [9]. The resulting di-N-nitroso analog was converted
into diamine in reaction with CuCI/HCI (Scheme 2.8), reported by Cooper and
Partridge [58]. The obtained diamine was used in condensation with different ketones
and aldehydes, resulting in TB analogs possessing functionalized methylene bridges.
Such stepwise method later was employed as a general procedure for the preparation
of various analogs of Troger’s base, having one or two substituents attached to the
methylene bridges [19, 59].

Scheme 2.8. Stepwise synthesis of TB analogs with substituted methano bridges
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Periasamy and coworkers have reported a simple one-pot method for
substitution reactions with aromatic carbonyl compounds in the presence of TiCl4 or
POCI;, making alterations of the methanodiazo fragment possible with no prior

removal of the methano bridge needed (Scheme 2.9) [60].
Ar

ArCHO, POCl,,
HiC N Toluene H3C N

Scheme 2.9. Synthesis of TB analogs with aromatic substituent attached to
methano bridge

In addition, they obtained the corresponding TB analog under Vilsmeier-Haack
conditions, proving that TB reaction employing DMF as the carbonyl partner in the
presence of POCI; is possible. Furthermore, the regioselective synthesis of
dialkylamino-substituted TB analogs under Vilsmeier-Haack conditions was reported
by Reddy and coworkers [61]. The reaction of TB analogs with substituents on their
aromatic rings and various formamide derivatives in the presence of POCI; resulted
in TB analogs with arylalkylamino-substituted methano bridges in yields of 53-83%
range. The usage of POBr; as a substitute for insertion of N,N-disubstituted amines
presented similar results [62].

A different approach to modify the methano bridge through its cleavage was
proposed by Hamada and Mukai [20]. They reported a method of treatment of (+)-I
with 1,2-dibromoethane in the presence of lithium carbonate in DMF to afford the
desired ethano- Troger’s base in 76% yield (Scheme 2.10). It is assumed that the
“bridge-replacement” takes place through ammonium ion and dibromide
intermediates before the formation of the ethano-TB analog along with
dibromomethane.
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Scheme 2.10. Synthesis of ethano-Troger's base

Other possible position within the central heterocyclic subunit of Troger’s base
that could be interacted chemically are the atoms of methylenes that are adjusted
directly to aromatic rings. Even though TB analogs with substituents in these positions
had already been indirectly synthesized previously [63, 64], Harmata and coworkers
pioneered the derivatization of the benzylic methylene components of TB molecule
itself [65, 66]. Earlier, Harmata’s methodology involved metalation of the benzylic
methylene groups by treatment of TB (1) with BF;-OEt,, followed by reaction with
nBuLi, and quenching by electrophile, therefore obtaining the exo-monosubstituted
species. Both sided exo, exo-disubstitution can be done likewise by repeated
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monometalation and electrophilic quenching (Scheme 2.11), yet the need to conduct
the synthesis in a sequential manner consequentially decreased the overall yields [67].
BF30Et2 a)BF;0Et,

CH;  b)n-BulLi b)n-BuLi
/q c)electrophile, E /@ electrophne E /q

Scheme 2.11. Modification of TB by mono- and di-substituting the exo positions of the
benzylic methylenes

Cvengro$ and coworkers reported a simple direct approach of oxidative
acetoxylation and azidation of benzylic methylene groups in Troger's base analogs
promoted by N-bromosuccinimide (NBS) and Pd(OAc). under mild conditions
(Scheme 2.12). This method is centered on NBS oxidizing the carbon atoms next to
the nitrogen atoms in the presence of Pd(OAC),, followed by a reaction with oxygen-
or nitrogen-based nucleophiles such as KOAc or NaNs, yielding either the mono- and
bisacetoxylated or azidated TB derivatives in a stereco- and chemoselective manner.
X-Ray crystallographic analyses of obtained compounds provided an unambiguous
proof that the acetoxylation occurred only at the benzylic carbons, hence leaving the
methylene- bridge carbon untouched [68].

NaN3 KOAc
NBS Pd OAC )2 X /\ NBS Pd OAc

X=H or N3 XHorOAc

Scheme 2.12. Oxidative acetoxylation and azidation of benzylic methylene groups
2.4. Reactions and modifications of aromatic rings of Troger’s base

Aromatic system is the other part of the Troger’s base molecule; thus, a
significant part of research and reports involving the derivatization of TB are mostly
focused on the aromatic rings, a tendency mostly attributable to the easy access to
halogenated analogs of Troger’s base, as mentioned before [29, 41, 43-48, 69]. Even
though most of the methods obtain Troger’s base analogs directly from corresponding
halogenated anilines, various studies on the direct halogenation of the aromatic rings
of TB analogs have been reported. Didier and Sergeyev proposed a method for the 8-
bromo-2-iodo-substituted TB analog from the di-demethylated analog of TB by
sequential iodination and bromination (Scheme 2.13) [48]. Try and coworkers
analyzed the mono- and dichlorination and -bromination of di-demethylated TB
analogs and differently substituted analogs of TB, resulting in moderate overall yields
of halogenated TB analogs [70].

S0 == O =2

55% 86%

Scheme 2.13. Sequential halogenation of di-demethylated TB
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The more practical and arguably the most popular method is the direct path of
synthesis of halogenated analogs of TB that was introduced by Wérnmark [40]. The
same article as well reported that halogenated TB analogs offer access to various other
functional groups via the introduction of ethynyl substituents by Corriu—Kumada
cross-coupling (Scheme 2.14, a). Moreover, various research groups have used
halogenated TB analogs in a series of transition-metal-catalyzed C-C cross-coupling
reactions. Warnmark and coworkers as well employed Sonogashira coupling reactions
to introduce substituted alkynyl groups to halogenated TB analogs (Scheme 2.14, b)
[43, 69, 71]. Liitzen reported the usage of arylboronic acids as coupling reagents for
arylation reactions by Suzuki—Miyaura coupling (Scheme 2.14, ¢) [41, 71, 72].
Wirnmark has published a report comparing different palladium-catalyzed cross-
coupling techniques used for the introduction of aryl and heteroaryl groups through
metalated TB analogs (Scheme 2.14, d); it was shown that the Suzuki coupling method
is superior paralleled to others, as it gives excellent yields, while Stille and Negishi
coupling offers moderate to good yields [72]. Besides these classical cross-coupling
methods, C-C bond formation was achieved by palladium-catalyzed cyanation and
reported by Didier and Sergeyev (Scheme 2.14, e) [73, 74].

P »/QO@/

98% X=Br or | 92%
d

R
B O
M

R Ar or heteroaryl
M= B(OH),, SnBu3 ZnCl up to 97% up to 95%

Scheme 2.14. Main examples of transition-metal-catalyzed transformations with halogenated
analogs of TB. Reaction conditions: a) HC=CMgBr, Pd(PPh3)4; b) PA(PhCN)2Cl,, P(tBu)s,
alkyne-R substrate, Cul; c) Pd[P(tBu)s]z, substituted phenylboronic acid, CsF; d) e.g.: nBulLi,
THF, =78 °C, B(OCHs)s; then Pd[P(tBu)s]s, substituted halobenzene, CsF; e) Zn(CN)z, Zn,
[Pd2(dbas)], dppf.

Transition-metal-catalyzed reactions have been reported as a viable method for
carbon-heteroatom bond formation in halogenated analogs of TB. As such, C—O bond
formation was reported in method by employing Ullmann coupling conditions
(Scheme 2.15, a) [71, 75]. The formation of C—N bonds from halogenated TB analogs
can as well be achieved by Buchwald-Hartwig protocols such as Cu catalyzed
amidation [73] and Pd-catalyzed amination (Scheme 2.15, b) [73, 74, 76-81].
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98%  CHj R=H or CH, 85%

Scheme 2.15. Examples of transition-metal-catalyzed reactions for carbon—heteroatom bond
formation. Reaction conditions: a) NaOCHj3;, CuCl, MeOH/DMF; b) 1) Pd,(dba)s, BINAP,
NaOtBu, benzophenone iming, toluene; 2) HCl,q, THF.

Wirnmark and coworkers have developed a different method to produce
valuable mono- and disubstituted analogs of TB [82]. Symmetrical disubstituted
analogs of Troger’s base were achieved by double halogen/lithium exchange with
2.4 equiv. n-BuLi followed by electrophilic quenching. (Scheme 2.16, a).
Alternatively, analogous conditions with only 1.1 equiv. of n-BuLi results in
asymmetrically monosubstituted analog of TB instead (Scheme 2.16, b). The
selectivity for the single bromine/ lithium exchange was attributed to the solvent
effect. It was proposed that dilithiated molecules were better solvated in THF
compared to Et,O. This solvation difference causes higher difference in energy
between mono- and dilithiated species in the solvent mixture of THF/Et,O compared
to THF. A second bromine/lithium exchange performed with the monosubstituted TB
analog and subsequent electrophilic quenching allowed obtaining asymmetric
disubstituted TB analogs.

N Br a) 2.4equiv. nBuLi
electrophile, E
/©®©/ THF, -78°C /©O©/
Br

N

) 1.1 equiv. nBuLi E=H, TMS, CHO, Bu3Sn,
electrophile, E up to 82% PhCH(OH), CO,
THF/Et,0 3:8, -78°C

N E 1.2 equiv. nBuLi N T™MS
electrophile, E' » w
/@O THF, -78°C /q
Br E

N N
E=H, TMS, CHO, Bu3Sn, E'= H, BusSn, PhCH(OH)
,, PhCH(OH), CO, CN

up to 82% ’ up to 84%

Scheme 2.16. Halogen/lithium exchange protocol for the synthesis of symmetric and
asymmetric analogs of TB.

The formation of C-N bonds from halogenated TB analogs as well were
reported by Warnmark [83], done via halogen/lithium exchange followed by
guenching with TSN3z and subsequent reduction of the corresponding azide, thus
providing a flexible method suitable for obtaining either mono- or diamino-substituted
TB analogs. The synthesis of 2-amino-8-bromo-substituted analogs of TB by this
monosubstitution protocol (Scheme 2.17, a) plays a significant role in the synthesis of
fused analogs of tris-TB [69, 83]. However, the double halogen/lithium protocol
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allowed to synthesize the 2,8- diamino-substituted TB (Scheme 2.17, b), making it an
alternative to the palladium-catalyzed Buchwald-Hartwig coupling (Scheme 2.15, b).

Br 1 1 or2 4 equiv. nBulLi
TNy g M_,
THF, -78° C THF

R Br )R'= Br 53% twosteps
b)R N3 b)R NH3 (46%, two steps)

Scheme 2.17. Synthesis of mono- or di- amino-substituted TB analogs based on changes of
bromine/lithium exchange protocol

In another approach to amino-substituted TB analogs, Liitzen and coworkers
synthesized the diamino-substituted TB (Scheme 2.18) by the reduction of the dinitro-
substituted derivatives, which were synthesized earlier by the TB condensation from
the corresponding nitroanilines. This simple method resulted in good yields of TB
derivatives that are easily further modifiable via the introduced amino groups [84].

CHs (CH,0),
NH, TFA Fe, AcOH,
= — 4>HN— —NH

up to 87% CHs up to 95%
Scheme 2.18. Synthesis of diamino-substituted TB analogs via reduction of nitrogroups
2.5. Fused Troger’s base analogs

TB condensation and formation of the methano[1,5]diazocine frame is not
limited to the single unit merging with two aromatic rings at both of its sides. There
are molecules having at least one aromatic ring fused into two, or even three, TB
structural analogs. A fused TB analog is a TB that contains more than one
methanodiazocine unit and has an aromatic ring fused to more than one of such units.
“Bis-”, “tris-", and “oligo-" fused TB analogs refer to molecules containing two, three,
or more methanodiazocine units. In order to obtain such molecules, a suitable number
of amino groups are needed in the proper positions for multiple instances of TB
cyclization to occur. It can be achieved by the stepwise introduction of new amino
groups through the substitution into TB derivative after the first TB cyclisation and
preparing the molecule structurally for the consecutive one (Scheme 2.19, route A).
Alternatively, it can be achieved by performing a simultaneous TB condensation with
compounds having multiple “cyclisation sites”, structurally comparable to dimers or
trimers of compound 4 (Scheme 2.19, route B).

Pardo was the first one who synthesized the molecule containing two
methanodiazocine units fused to the same aromatic ring in 2001 [85]. It was achieved
via the approach similar to the stepwise procedure for the synthesis of unsymmetrical
TB analogs (see Scheme 2.5). In that research, mono-TB analog was modified
stepwise to undergo second TB cyclisation and form bis-TB analog (Scheme 2.19,
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route A) in the forms of the syn and anti diastereoisomers. Both symmetrical (R=R”)
and unsymmetrical (R#R’) analogs could be synthesized.
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Scheme 2.19. Preparation of fused bis-TB analogs by stepwise (A) and simultaneous (B)
route

A shorter “simultaneous” synthetic route to obtain fused bis-TB analogs starting
from 1,2-, 1,3-, and 1,4-diaminobenzenes was reported later (Scheme 2.19, route B)
[86-88].
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Figure 2.2. Few examples of fused TB analogs

Fused Troger’s base analogs might undergo these synthetic routes multiple
times, especially route A, each new methanodiazocine fragment adding new aromatic
ring attached to the molecule in an angular manner, consequently forming
sophisticated molecular structures (Figure 2.2, Figure 2.3). Modeling such structures
allow obtaining molecular cavities of desired shape and size, a valuable feature for
supramolecular chemistry [89]. Dolensky and coworkers have reviewed the progress
in fused TB chemistry [90], including synthesis, structures, properties, applications,
and perspectives.
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Figure 2.3. lllustration of the helical shape of syn,syn,syn,syn,syn-Z-hexa-TB [90]
2.6. Heterocyclic Troger’s base analogs

Aromatic heterocycles are known for a variety of useful properties and vast
application perspectives; a possibility to fuse such molecules angle-wise via
methanodiazocine unit, hence expanding these fields even further through new
interesting structural possibilities, was seen as a chance not to be missed. Yashima
and coworkers stepped into this field of possibilities by condensing 5-amino-1,10-
phenanthroline with formaldehyde (ag. HCI in EtOH) and thus synthesizing the first
aromatic heterocyclic analog of TB (Scheme 2.20) [91].
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Scheme 2.20. TB condensation of 5-amino-1,10-phenanthroline

After such start, more aromatic heterocycles were employed in TB condensation
resulting in new TB analogs possessing aromatic heterocyclic moieties (Figure 2.4).
Pardo and coworkers reported azolyl-based derivatives (Figure 2.4,compounds 10—
12) providing unusual early examples of direct cyclisation of TB analogs possessing
o-electron-withdrawing groups. Johnson and coworkers managed to accomplish the
comparable result by reporting TB analogs based on 3-picoline (Figure 2.4, compound
20) [59]. Cudero and coworkers pioneered the synthesis of the first TB analog where
a heterocyclic aromatic framework is directly fused to the methanodiazonic subunit
(Figure 2.4, compound 13) [39]. They as well provided the analysis and comparison
of the reactivity of heterocycles, both n-excessive (azoles) and n-deficient (azines) via
the usage of different acid and methylene source, either of HCI and formaldehyde or
TFA and hexamethylenetetramine, respectively (Figure 2.4, compounds 9, 13-19).
Surprisingly, the usage of 13 as starting material and TFA as the acid resulted in no
occurring reaction. All the azines had low reactivity of m-deficient heterocycles
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towards electrophilic substitution, hence they were isolated from the reaction mixtures
unchanged, as suspected. Abonia and coworkers had studied the TB condensation of
heterocyclic amines later by using 27 and 28 as starting materials together with
formaldehyde and acetic acid [92]. It was suggested that the probable formation of
stable side-products caused the low yields, as intermediate compounds were not
reacting any further. Several years later, Wu and coworkers introduced some new
members of the five-atom- ring class heterocyclic-ring-fused TB analogs by an
analogous synthetic approach (Figure 2.4, compounds 28, 41-43) [93]. After this,
various heterocyclic analogs of TB, as shown in Figure 2.4, have been synthesized in
one-step TB cyclisation [30, 38, 39, 85, 92-96]. Some of these TB analogs were
obtained by using biologically active molecules possessing free aromatic amine
groups (Figure 2.4, compounds 24, 29-35 [30, 94-96]; 37-39 [97]) as starting
materials.
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Figure 2.4. Instances of molecules containing aromatic heterocycles that were employed in
Troger’s base cyclisation. The arrows indicate the positions of reaction with formaldehyde
equivalent [98, 99]

A great advancement in one-step direct TB condensation is achieved, but still a
more universal protocol, like the one developed by Warnmark for non-heterocyclic
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TBs, needs to be found. So far, no universal solution exists, and more complex
compounds require precise optimization and manipulation by changing acid,
formaldehyde source, and solvent; yet, some achievements, like a direct TB
condensation of heterocyclic system of [2-aminotetraarylporphyrinato(2-)]nickel
[100] looks really promising. Regardless, some of m-deficient heterocycles has their
properties expressed to the extent where the synthesis of heterocyclic TB analogs by
one-step protocols are inconceivable. A solution to this problem can be found by
modifying the formed TB analog via attachment or modification of the heterocyclic
functional group. Such approach was used for the synthesis of various heterocyclic
TB analogs, including aminopyridine derivatives (as well obtained by one-step
method) [101], bis-pyridinium analogs [102], and benzodiazolium TB analogs [103].

2.7. Applications of Troger’s base and its analogs

The remarkable structure of Troger’s base offers to use it in various applications,
both as molecule itself and as a building block for various functional molecules for
the fields of supramolecular chemistry, molecular recognition, enzyme inhibitors, as
chiral hosts and metal ion ligands, for catalysis, etc.

TB that is known for its chirality due to the work performed by Prelog was used
as a standard for the evaluation of new chiral chromatographic techniques.

Troger’s base analogs found use in the field of hydrogen-bonding receptors. In
1989, Wilcox and Adrian reported carboxylic-acid-substituted TB derivatives
(compounds by formula 44, Figure 2.5) that aimed to simultaneously form four
hydrogen bonds with cyclic urea compounds and adenine base moieties [104]. The
binding process was investigated by UV/fluorescence and NMR spectroscopy
techniques in solvents of different polarities and hydrogen bonding capabilities. This
system was as well used for investigating the effect of water on the binding abilities
of similar hosts [28]. The report of the TB amidopyridine analog 45 (Figure 2.5) [101,
105], proven by complexation studies of the recognition of dicarboxylic acids, showed
it as selective host for suberic acid in the presence of other a,w-diacids. Warnmark
and coworkers investigated the C,-symmetric bis(crown ether) TB analog 46 (Figure
2.5) and its use for the recognition studies of chiral and achiral primary bisammonium
salts [106].
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Figure 2.5. Hydrogen-bonding Troger’s base analogs used as receptors

Metal-containing porphyrins and their coordination abilities have as well been
explored while fused into a TB scaffold. Different TB analogs were synthesized in
which methanodiazocine subunit is fused into two tetraarylporphyrins, forming a

28



molecule with well-defined chiral cleft structure [107-109]. A series of these
bisporphyrino-TB analogs containing inserted metal ions demonstrated strong
affinities with diverse selectivities towards diamine guests such as
a,m-diaminoalkanes of different lengths [107], as well as towards lysine and histidine
esters [108]. Molecules of analog of TB (47, Figure 22) were not only binding simple
diaminoalkanes but as well encapsulated a tetramine dendrimer, while forming a
spherical cage [109]. A report based on similar structures by Crossley group
demonstrated ditopic binding of an a,w-dicarboxylic acid within the cavity when the
porphyrin rings had Sn(OH). coordinated to them [110].
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Figure 2.6. A TB analog of metal-containing porphyrin, used as a receptor

Molecular torsion balances, designed by Wilcox and coworkers, are perhaps the
most elegant among the applications of TB analogs. Employing molecular structures
such as of TB analog 48 (Figure 2.7) allowed for the measurement of weak forces
(e.g., CH-x interactions [18] or aromatic edge-to-face interactions [17]) that are
believed to heavily influence protein folding. Later improvements give rise to water-
soluble structures, thus removing the need for corrections for the change in the
direction of the dipoles between folded and unfolded conformers [111]. Diederich and
coworkers synthesized molecular balances for research of the interactions between the
amide group and “organic” fluorine atoms [112].

Wilcox and coworkers

X = -CHjs, -CN, -OCHg, -NO, or |
Y = -CH3

—_— = .
X e
\O\ y©/ O X=H
Y Y = -CHjs, -NO,, -CN, -Br, -I, -OH, or -NH,
] Diederich and coworkers
X =CFzorH
Y = -NO,, -CN, -CI, NHCOCHjs, or -NH,

Folded 48 Unfolded

Figure 2.7. TB molecular torsion balances used for the quantification of aromatic edge-to-
face interactions [17, 18, 113]

Chirality, rigid structure, and the presence of sites for binding with transition
metals (provided by nitrogen atoms) make TB and its analogs decent candidates as
the ligands in asymmetric catalysis. Nevertheless, the applications in this field have
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not been widely investigated. The first such use of TB derivative was reported in
hydrosilylation of terminal alkynes [114]. The complex TB-2RhCl; (49, M = Rh,
Figure 2.8) demonstrated catalytic activity, resulting in thermodynamically not so
stable cis products with selectivity up to 95%. Enantiopure (+)-1 was used as an
additive in hydrogenation reaction of ethyl pyruvate with the Pt/Al,Os, resulting in
65% ee of ethyl lactate [115]. The same enantiomer used in the amine-promoted
aziridation of chalcones as well presented ees of up to 67% [116], while (-)-1 used as
an additive in the 1,4-addition of alkyllithium species increased ee to a 57% of
resulting o,pB-unsaturated tert-butyl esters [117]. The induction of asymmetry in
catalytic processes was a field where various TB analogs have been studied. The effect
of different TB chiral ligands for aromatic aldehydes as the addition to EtoZn were
investigated by Harmata [65]. Even though enantiopure TB 1 gave poor
enantioselectivity in the resulting alcohol, 6-exo-substituted TB analog 50 (Figure
2.8), however, afforded up to 86% ee in the product alcohol. Furthermore, the
substituted pyrazole analogs of TB (compound 51; Figure 2.8) were employed as
organic catalysts for one-pot Mannich reactions between aniline derivatives, aromatic
aldehydes, and cyclohexanone in aqueous media, thus resulting in very good yields
and remarkable anti/syn stereoselectivity of the products [93]. The palladium complex
52, based on the dimeric architecture of the same pyrazole TB skeleton, was employed
as a catalyst in the C-C coupling Mizoroki—Heck reaction, displaying high catalytic
activity and substantial selectivity towards the formation of trans-stilbenes with 89—
93% conversion (Figure 2.8) [118].
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Figure 2.8. Troger’s base analogs used in the selective catalysis

TB analogs containing aromatic heterocyclic rings have shown great ability to
interact with DNA. The first TB analog of this group was introduced by Yashima and
coworkers (compound 53; Figure 2.9); this phenanthroline analog showed higher
affinity towards DNA compared to the parent 1,10-phenanthroline [91]. This field was
widely explored by Demeunynck and Lhomme [30, 94-96, 119, 120]. The proflavine
TB analog 54 (Figure 2.9) is a characteristic example. Compound
(-)-54 was reported to bind to calf thymus B-DNA in a sequence-selective fashion
[94, 96], and it was found that some identifiable sequences bound preferably to it.
Another research of DNA interaction including the non-symmetric proflavine-
phenanthroline TB 55 (Figure 2.9) showed that the acridine ring intercalates between
the DNA pairs as the phenanthroline moiety resides in one groove of the DNA [95].
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Figure 2.9. Phenanthroline and proflavine analogs of TB exhibiting affinity towards DNA

The affinity to DNA and the ability to bestow molecules with fluorescence via
substitution suggest TB analogs for a field of cell imaging. Veale and Gunnlaugsson
reported the synthesis of a small library of fluorescent 1,8-naphthalamide analogs of
TB (compounds a) (Figure 2.10) [121]. As it was predicted, all three of these
compounds were strongly binding to the phosphate backbone of DNA at physiological

pH showing high affinities.
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Figure 2.10. Fluorescent analogs of TB for cancer cell imaging

Fluorescence imaging studies of TB analogs (Figure 2.10, a) demonstrated the
rapid uptake by cancer cells and that the compounds become localized within the
nuclei. Likewise, Gunnlaugsson, Williams and coworkers have developed several
1,8-naphthalimide based Troger’s base derivatives conjugated with Ru(Il)-
polypyridyl complexes (Figure 2.10, b) [122]. It was found that the luminescence of
these complexes was much less affected upon binding to DNA than the corresponding
conjugates of Ru(Il)-naphthalimide. Moreover, both of these conjugates were readily
taken up by the cervical cancer cell lines, opening up the use of these complexes for
imaging and therapeutic purposes.

Several TB-derivatives incorporating various amino acids and peptide have
been developed by Gunnlaugsson and coworkers. Compound 56 (Figure 2.11) is
formed from synthons that possess amino acid or peptide residues side chains and
have demonstrated to be highly active anticancer agents in resilient cancer cell lines
such as the chronic myeloid leukemia based K562 cell line [123]. As an addition to
compounds having these properties, TB analogs bearing the cytotoxic acronycine
motif, such as compound 57 (Figure 2.11), have been reported to be cytotoxic against
L-1210 leukemia and KB-3-1 solid tumor cell lines [97]. Furthermore, a library of
structurally diverse Troger's base analogs has been synthesized via amination of
methylene bridge, employing Vilsmeier—Haack conditions 58 as well as by the
incorporation of five and six membered heterocycles on the aromatic core of Troger's
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base framework 59 [124]. Seven of the thirty compounds that were synthesized and
evaluated were found to possess cytotoxicity that is equivalent or better than the
standard drug Doxorubicin against breast cancer MDAMB-231 cell line.
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Figure 2.11. TB analogs with reported cytotoxicity against cancer cells

The rigid V-shaped structure of TB has been employed for building elaborated
metallomacrocycles. The first example of these structurally marvelous complexes was
reported by Mirkin, as a phosphane/thioether ligand containing the TB motif 60
(Figure 2.12), when coordinated to Cul, formed a dimeric metallocycle [125].
However, when coordinated with Rhl, a mixture of trimer and tetramer was obtained.
Since the discovery of this phenomenon, TB analogs have been investigated for the
supramolecular self-assembly, a wide-ranging field covering the helix of DNA, as the
inclusion compounds. It is generally considered as the process through which the
defined aggregates are formed from individual molecules, and then can self-organize
to form higher-order structures.
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Figure 2.12. TB ligands used for building metallomacrocycles

Two very significant observations on self-assembled TB metallohelicates were
made by Liitzen. The first one relates to the absence or presence of diastereoselectivity
in the process of self-assembly. He showed that some TB ligands containing
2-pyridylmethanimine or 2,2’-bipyridine moieties self-assembled into dinuclear
double-stranded helicates when coordinated to Cul and Agl [44]. The complexation
of the metal ion by the racemic ligand is diastereospecific in a self-recognition
manner, hence producing diastereomerically pure complexes [44, 84, 126, 127].
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Likewise, the groups of Liitzen and Warnmark wave built a metallomacrocycle from
a racemic bis(4-pyridyl-alkyne)-derived TB analog 61 (Figure 2.12), and
(dpp)Pt(OTf), in a diastereoselective self-discrimination process, which formed
exclusively the heterochiral R,R,S,S isomer [102]. Wérnmark showed that the
resulting formed metallocyclic cage displayed greatly enhanced fluorescence
compared to the TB ligand alone. The second observation of Liitzen, together with
Piguet this time, was established on experimental and theoretical analysis of metal—
metal interactions in solution. Two effects opposing each other were noted by these
researchers: Coulombic interactions causes large short-distance intermetallic
repulsion, and solvation effects produce big intermetallic attractions for small pseudo-
spherical ions with short intermetallic separations [128].

2.8. Troger’s base in optoelectronic applications

The first examples of Troger’s base derivatives designed as materials for optical
and optoelectronic applications have been suggested only quite recently [129]. Initial
applications of TB analogs in this field have been reported in recent years and were
reviewed by Yuan and coworkers [130]. Among these compounds, some are
noteworthy due to their luminescent properties. The TB bis-pyridinium-derived
analog 62 (Figure 2.13) demonstrates aggregation-induced light emission in the solid
state, but it is practically non-emissive in solution: a feature that is not observed in its
planar non-TB counterpart [131]. Yuan as well reported BODIPY dyes based 63
(Figure 2.13) on TB that is showing high solid-state fluorescence [132]. Fluorene-
derived TB analogs as well demonstrated potentially beneficial photophysical and
electroluminescent properties [133]; for example, compound 64 (Figure 2.13) exhibit
strong fluorescence emission in both dilute solutions and aggregated states. Organic
light emitting diodes (OLEDs) that is assembled by using these TB analogs
demonstrate high brightness, high efficiency, and low turn-on voltage.
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Figure 2.13. TB analogs demonstrating light emission in the solid state

Three bifunctional TB derivatives 65-66 (Figure 2.13) [134] were synthesized
and tested in simple double layer OLED devices with no additional HTMs, thus
demonstrating the functionality of these compounds both as HTMs and emissive
materials. These compounds are fully amorphous with considerably high glass
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transition temperatures, and one of them (56, R=Ph, Figure 2.13) is especially
noteworthy due to its electroluminescence manifesting in rare pure yellow emission.

The charge transfer properties of other Troger’s base derivatives were as well
noticed and reported [7, 135], but this field has barely started to be investigated; hence,
only some of compounds were synthesized and studied.

2.9. Conclusions

Since its discovery, Troger’s base has fascinated chemists with its unusual
molecular structure and properties, yet its uncommon features, such as the structure
that took a half-century to reveal and the lack of chemical methods for efficient
modifications, left its full potential unrealized. The properties of TB, as a rigid chiral
molecule, with aromatic rings oriented angle-wise and a cavity, together with the
synthetic methods already discovered by the scientific community, offers new
applications and high possibilities of countless TB analogs. Moreover, as different
researchers have started to explore the use of TB as building blocks in various fields
such as receptors, molecular torsion balance, ligand design for asymmetric catalysis,
DNA interactions, and even drugs candidates; they barely scratched the surface of
some potentially beneficial applications. The field of TB research for applications in
optoelectronic devices is not widely explored. While there are some interesting TB
derivatives that have been discovered and started to be applied in this field, it mostly
covers luminescent and few charge-transporting materials, mainly in the field of
OLED:s. This still leaves topics such as solar cells unexplored and unpublished; hence,
the TB research in solar cell applications proposes scientific novelty and possibilities
of noticeable discoveries.
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3. RESULTS AND DISCUSSION

3.1. Small-molecular hole transporting materials containing triphenylamine
moieties conjoined by Troger’s base core

Electronic and optoelectronic devices which are using organic materials as
active elements, such as organic light-emitting diodes, organic photovoltaic devices,
organic field-effect transistors, etc., involve charge transport as an essential operation
process and, hence, require charge-transporting materials [136]. Therefore, the
development of high-performance charge-transporting materials is a key issue for the
fabrication of high-performance devices [137, 138]. The realization of organic
electronics potential as an inexpensive technology as well requires the ability to use
simple processing techniques such as device formation by solution deposition
methods, preferably using simple, cheap, easily purified materials [139, 140]. Small-
molecule hole transporting materials exhibit many outstanding advantages over
polymers, such as structural versatility, exact molecular weight, and relatively easy
purification by chromatography, crystallization, or vacuum sublimation [141, 142].
Unfortunately, a significant number of these HTMs have low glass transition
temperatures (Tg) [139, 140, 143] which can result in the conversion from glass to
liquid or crystalline state and potentially reduce the device characteristics [144, 145].

The V-shaped structure of Tréger’s base allows it be used as a core and provide
angle orientation for the conjugated =z-systems that are attached to it. Recent
investigations have as well revealed that the rigidity of the TB scaffold and high
molecular mass via its 2-fold functionalization impairs crystallization, making the TB
derivatives highly amorphous, and significantly increase glass transition temperature
[134, 146, 147]. These findings prompt interest in the synthesis and investigation of
the new HTMs containing the TB core.

A large group of nitrogen-containing triarylamine compounds has long been
known as hole-transporting materials for the active layer of OLEDSs, organic
photoreceptors, and organic solar cells. This group of compounds shows very good
solubility in common organic solvents, stability towards air and humidity [139-141],
and adequately high charge-carrier mobility (= 0.01 cm?V?! st in vapor-deposited
[148] and spin-coated [149] films). Although high-mass materials such as conjugated
polymers of triphenylamine (TPA) represent part of this group [150], the other part
consists of smaller compounds. Unlike polymers, small molecules have well-defined
molecular structures and exact molecular weights, thus avoiding batch-to-batch
variations in solubility, different processing properties, and performance. They can be
purified by column chromatography, crystallization from solution, or vacuum
sublimation. All these factors allow for more reproducible fabrication protocols and
better understanding of the relationships between molecular structure and properties
that it bestows.

Among a wide variety of organic semiconductors usually possessing large
conjugated 7 electron systems, there are some noteworthy small-system exceptions
[148, 151] (Figure 3.1) demonstrating semiconducting properties (especially charge
mobility) rivalling those of counterpart compounds containing large conjugated
n-systems.
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Figure 3.1. Examples of small-molecular HTMs having high charge mobility

Some of these compounds (Figure 3.1 a.) have the planes of their small
n-systems oriented at an angle-fashion one towards another bestowing the coupling
between them. The structure of Troger’s base allows using it as a core providing angle
orientation for the conjugated m-systems attached to it and, therefore, potentially
creating coupling between them. Some recent researches have reported properties of
a compound containing two triphenylamine fragments conjoined by Troger’s base
core, and the further investigation of it shows that, besides connecting aromatic
fragments only geometrically, the non-conjugated bridge in Troger’s base can as well
bestow electronic connecting of conjoined fragments in the absence of a zt-linker [7].
Such phenomena as well as technologically more favorable physical properties
compared to non-conjoined “half” counterparts draw attention to Troger’s base
compounds of such structure as promising candidates for the HTM applications.

For the development and further investigation of improved compounds with
such structure, the influence of small substituents should not be underestimated. There
are some cases reported where the addition of substituents such as methyl-, methoxy-,
or a mere change in their position (p-, m-, or 0-) can have a significant change in
ionization potential and charge mobility, bestow highly improved performance as
HTM, or suppress crystal growth in the HTM layer, hence significantly increasing
solar cells’ resistance to thermal stress and the overall lifetime of the ssDSSC device
[144, 152, 153]. This chapter is dedicated to the synthesis and investigation of small-
molecular Troger’s base compounds containing two triphenylamine fragments and
methyl- or methoxy- substituents.

3.1.1. Synthesis of novel Troger’s base compounds and investigation of their
structure

Novel Troger’s base-based compounds 4,10-dimethyl-N2 N?,N8 N8-tetraphenyl-
6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-2,8-diamine  (1a), N2 N? N8 N&-
tetrakis(4-methoxyphenyl)-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diamine  (1b), N2 N8-bis(4-methoxy-3-
methylphenyl)-N?,N8-bis(4-methoxyphenyl)-4,10-dimethyl-6H,12H-5,11-
methanodibenzol[b,f][1,5]diazocine-2,8-diamine (1c), and N2,N&-bis(4-
methoxyphenyl)-4,10-dimethyl-N?,N8-di-p-tolyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diamine  (1d) have been synthesized
(Scheme 3.1) by obtaining brominated Troger's base (1°) from 4-bromo-2-
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methylaniline [40], and its reaction with corresponding diphenylamine
(diphenylamine, bis(4-methoxyphenyl)amine [154], 4-methoxy-N-(4-
methoxyphenyl)-3-methylaniline [144], 4-methoxy-N-(p-tolyDaniline [155]) via
palladium catalyzed C—N cross-coupling reaction.

ﬁr
2
Formaldih __Formaldehyde,y, /@; Pd OAc)y, [P(t-Bu)sHIBFy, g \©\
TFA, 60 °C NaOt-Bu, toluene, A
+ 85%) Rs 1a (67%) R1 =R3=H

R, 1b(73%)R;=R,= OCH3 Ry=H
1c (58%) Ry = R, = OCH3, Ry = CHy
1d (62%) Ry = OCHg, R, = CHj, R3 = H

Scheme 3.1. Synthesis of novel compounds 1a—d containing Tréger’s base core

The structure of TB derivatives 1a-1d was confirmed by *H and **C NMR and
elemental analysis. The NMR signal pattern displayed in the interval of 3.8-4.6 ppm
in the *H NMR spectrum is characteristic for the methanodiazocine bridge, indicating
the presence of the TB core. Methylene bridge appears as a singlet at 4.32 ppm, and
protonic signals of benzylic-type methylenes (Ar-CH>-N) show two doublets at 3.89
and 4.48 ppm, indicating endo and exo hydrogens respectively [156] (Figure 3.2),
signifying that these protons are magnetically nonequivalent due to the rigid structure
of the TB. In the aromatic and most heteroaromatic TB derivatives, the lower field
doublet was assigned to the exo and the higher field doublet to the endo protons, whose
signal is always broader than the signal of the exo protons because of the long range
coupling between the endo protons and the corresponding anti proton of the methylene
bridge [12].
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Figure 3.2. 'H NMR spectrum (400MHz, CDCls) of compound 1a

Compound 1a is crystalline; therefore, mono crystal was grown and analyzed
by X-ray diffraction, detecting molecular configuration, and confirming its structure
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(Figure 3.3)™. The core of the molecule has a typical Troger’s base structure of two
planes of phenyl groups fused in nearly perpendicular fashion by methanodiazocine
unit, while terminal phenyls are twisted in a way that they do not form one plane
neither with central phenyl fragments, nor with each other. The study of the crystal
structure (Figure 3.4) reveals that molecules are arranged in a manner that plane of
aromatic rings in the core unit is parallel to the one of another molecule nearby, while
terminal phenyl groups of two opposite molecules are oriented towards each other
forming a cavity in between them. Such pattern of molecular arrangement provides a
crystal with parallel pseudo-hexagonal tube shape cavities, making its structure
resemble that of the honeycomb just with double-layered walls. Such cavities inside
the crystal could possibly host small molecules (e.g. some solvents) or allow their
transition as some of such signals were observed during the experiment, but they were
unidentified.

Figure 3.4. Projection of the crystal structure of compound 1a

1 Measurements were performed in the Department of Polymer Chemistry and
Technology, KTU, by Dr. G. Bagdzitinas
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3.1.2. Thermal and optical properties

The successful application of hole transporting materials in devices requires the
formation of homogeneous and thermally stable layers. The thermal characteristics of
synthesized compounds defining their crystallinity and glass-transition temperature
were obtained by differential scanning calorimetry (DSC) (Table 3.1, Figure 3.5).
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Figure 3.5. DSC curves indicating T4 of compounds 1b-d; 10 K/min; second run

DSC measurements revealed high crystallinity that is distinctive to compound
1a, the only compound that has no substitutes attached to its outer phenyl groups,
registering melting of the crystals (Tm) at 158 °C. It is interesting that derivative 1c,
possessing substitutes in both p- and m- positions of outer phenyl groups, exist both
in crystalline and amorphous state; therefore, during the first heating melting of the
crystals (Tm) at 162 °C, it is observed, but no crystallization takes place during cooling
or second heating scans, and only glass transition (Tg) at 114 °C is detected during the
second heating (Table 3.1). Compounds 1b and 1d remain completely amorphous
during DSC experiments, and only glass transition is registered during heating and
cooling runs (Table 3.1, Figure 3.5).

Table 3.1. Thermal properties of TB derivatives la—d

Compound Tm [°C] Ty [°C] 1] Taec [°C] )
la 158 - 371
1b - 115 378
1c 162 114 370
1d - 123 387

[a] Melting point was only detected during the first heating 10 K/min.
[b] Determined by DSC: scan rate, 10 K/min; N, atmosphere; second run.
[c] Onset of decomposition determined by TGA: heating rate, 10 K/min; N, atmosphere.
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Thermogravimetric analysis reveals high decomposition temperatures
(Table 3.1) suggesting very good thermal stability of the investigated compounds.

The UV-VIS absorption bands of the compounds la-d, measured in
tetrahydrofuran solutions (c=10"*mol/l, d=1mm) (Figure 3.6), indicate absorption in
near-UV region (210 nm) that corresponds to n-¢* electron transitions in the proximity
of central nitrogen atoms, and the absorption in longer wavelengths (300 nm)
correspond to the z—=* electron transitions of the conjugated system. Practically no
bathochromic shift of the absorption maximum (303 nm) is observed as the size of the
m-conjugated system is the same, but the absorption intensity slightly differs among
the compounds depending on the substituents attached to them. The highest
hyperchromic shift is observed in compound 1d, containing one methyl- and one
methoxy- substituent attached to each TPA fragment in p- positions.

1.2x10° ~ o

—s—I]a

1.0x10° — —e1b © Tl itt “/@ \Q
| Q@Q;é@ O @ - ©

8.0x10" - v—1d

6.0x10*

e (M ! cm'l)

4.0x10*

2.0x10*

250 300 350 400 450
Wavelength A (nm)

Figure 3.6. Absorption spectra of 1x10~* M THF solutions of compounds 1a—d

3.1.3. Photoelectrical properties

Solid-state ionization potential (l,) it is a crucial parameter when the use of an
organic materials for the hole-transport applications is considered. This factor can
help in identifying suitable partner organic transport and inorganic electrode materials
in the optoelectronic device. The ionization potentials of the synthesized molecules
were measured by the photoelectron spectroscopy in air (PESA) method (Figure 3.7)?,
and the results are presented in Table 3.2; the measurement error is evaluated as 0.03
eVv.

! Measurements of ionization potential were performed at the Department of Solid State
Electronics, Vilnius University, by Dr. V. Jankauskas, E. Kamarauskas.
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Figure 3.7. Photoemission in air spectra of Troger’s base derivatives la—d

Table 3.2. Energy level and hole mobility data for compounds la—d

Compound Ip [eV] B | o [cm?/Vs]®] | 4 (6.4x10° Vicm) [cm?/Vs](c]
la 5.60 3.8-10°7 1 4.5-10°61
1b 5.30 3-108 1.3-10*
1c 5.25 1-107 1.2-10®
1d 5.34 3-10® 3.3-10%

[a] Solid state ionization potential (1) was measured by the photoemission in the air method
from films.

[b] Mobility value at zero field strength.

[c] Mobility value at 6.4x10% V cm™ field strength.

[d] 1a mobility values were measured from the mixture of compound 1a and PC-Z (1:1).

One of the main parameters, defining if material qualifies for the applications of hole
transport, is charge mobility. Charge transport properties of the synthesized Troger's
base derivatives were measured by the xerographic time-of-flight (XTOF) technique
(Figure 3.8). The values of charge mobility defining parameters: zero field mobility
(o) and the mobility at the electric field of 6.4x10°V cm™ for the compounds la-d
are given in Table 3.2. Poor quality films of the 1a were obtained; therefore, a mixture
of 1a and polycarbonate (PC-Z) in weight ratio 1:1 was used in order to obtain uniform
layers. As a result, the absolute mobility results for 1a are lower (approximately one
order of magnitude) due to the presence of nonconductive polymer.

1 Charge mobility measurements were performed at the Department of Solid State
Electronics, Vilnius University, by Dr. V. Jankauskas, E. Kamarauskas.
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Figure 3.8. Electric field dependencies of the hole drift mobilities () in the charge-transport
layers of Troger’s base derivatives 1a—d. Mobility values of 1a were measured from the
mixture of compound 1a and PC-Z (1:1)

Hole-drift mobility of the compound 1d, measured at room temperature, was
3.3-10* cm?Vts™ at strong electric fields, and it is the best result among all three
pure materials (1b-d), comparable to some industrial HTMs reported in the literature.
Compound 1c demonstrated the lowest charge mobility in the pure material group,
and such results could be explained, because additional methyl- substituent in m-
position adversely affects charge mobility, most likely by the manner in which
molecules’ organization in layer is altered unfavorably.

Concluding this chapter of the research, it is worth saying that synthesized
Troger’s base compounds with methyl- and methoxy- substituents do qualify as HTM
and have quite favorable physical properties, are stable, mainly amorphous (la
excluded), and readily soluble. Even though zero field mobility (w) of these
compounds is not sufficient for the application in solar cells, as competition with
materials such as Spiro-OMeTAD (uo=4.1x10°cm?Vs) makes their attractiveness in
this niche quite limited; there are other fields (e.g. electrophotography) where these
compounds could be successfully used. In addition, synthesis and investigation of
these compounds provided useful research information and some insight for further
development in their molecular design. It can be assumed that the main concept of
molecule is promising, but it could potentially be improved by replacing small
substituents with larger moieties, hence expanding n-conjugated system, thus tuning
the properties of the compound favorably.
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3.2. Hole transporting materials containing Troger's base core and
phenylethenyl moieties

As it was already noticed, Trdger's base compounds could be promising
candidates as hole transporting materials for the optoelectronic applications. Seeking
further improvement in the molecular design of synthesized and analyzed in the
previous chapter compounds, some efficient, and preferably convenient, methods
need to be found. One of such methods was reported, and it demonstrates that the
addition of the phenylethenyl groups to the molecule noticeably extended m-
conjugated system by improving the properties of charge-transporting materials and
bestowed them comparatively high hole drift mobilities (up to 0.017 cm? V1 s1) [157,
158]. This method uses a simple one-step reaction to expand conjugated z-system by
attaching phenylethenyl moieties due to the condensation with corresponding
aldehyde.

It was as well noticed that such structural improvement could bestow
compounds with other desirable properties [158] as additional bulky diphenyletheny!l
fragments attached to triphenylamine core increased both glass transition temperature
and thermal stability. A similar approach was utilized in the current investigation as
phenylethenyl groups have been incorporated into the Troger’s base core containing
molecule 1a, as well possessing triphenylamine fragments, in order to expand
n-conjugated system, hopefully improving hole drift mobility and other properties
desirable for HTMs.

This chapter is dedicated to the synthesis and investigation of VV-shaped charge
transporting molecules consisting of Troger's base core and phenylethenyl moieties.
The presented results were published in a journal article as well[159].

3.2.1. Synthesis of novel Troger's base derivatives containing phenylethenyl

moieties
N Za TR

A %

\

2a (39%) c (41%)

O
/

Scheme 3.2. Synthesis of compounds 2a—c contalnmg Troger‘s base core and phenylethenyl
moieties
Novel compounds 4,10-dimethyl-N? N? N8 N8-tetrakis(4-((E)-2-phenylprop-1-
en-1-yl)phenyl)-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-2,8-diamine (2a),
N2 N2 N8 NB-tetrakis(4-(2,2-diphenylvinyl)phenyl)-4,10-dimethyl-6H,12H-5,11-
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methanodibenzo[b,f][1,5]diazocine-2,8-diamine (2b) and N? N? N8 N8-tetrakis(4-(2,2-
bis(4-methoxyphenyl)vinyl)phenyl)-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diamine (2c) have been synthesized from
already investigated compound 1a by the condensation with corresponding aldehyde
(methylphenyl-, diphenyl- or di(4-methoxy)phenylacetaldehyde) in toluene at the
reflux temperature in the presence of (+/-)-camphor-10-sulfonic acid (CSA)
(Scheme 3.2). The reaction occurs through intermediate hydroxyl group containing
compound, which undergoes dehydration catalyzed by CSA,; the water generated in
the reaction was removed by Dean-Stark trap at reflux temperature. This method was
chosen due to its efficiency that was reported in the literature [158].

'H and *C NMR as well as elemental analysis data confirmed the structure of
newly synthesized Troger’s base derivatives 2a—c. The signal pattern of *H NMR
spectrum in the region between 3.6-4.5 ppm is crucial for the identification of the
methylene bridge, indicating the presence of the TB core. In *H NMR spectrum of
compound 2b (Figure 3.9), the bridging methylene protons (Ar-CH2-N) show two
doublets at 4.38 and 3.79 ppm, exo and endo hydrogens respectively, signifying that
these protons are magnetically nonequivalent due to the rigid structure of the TB. The
singlet for the two protons of the other bridging methylene carbon (N-CHz-N) is
observed at 4.21 ppm. Singlet indicating protons in H-9 position of phenylethenyl
fragment is observed at 6.93 ppm. Compounds 2a and 2c exhibit similar structural
properties, however, due to the presence of a large number of conformers, signals are
less resolved, and multiplets are observed.

1594
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Figure 3.9. 'H NMR spectrum (700 MHz, CDCl3) of compound 2b

3.2.2. Thermal and optical properties

DSC measurements reveal that structural bulk and presence of a large number
of conformers hampers the crystallization processes in the investigated compounds,
as only compound 2a exist both in crystalline and amorphous state (Figure 3.10), an
effect especially noticeable compared to highly crystalline 1a. During the first heating,
the melting of the crystals (Tm) at 204 °C is observed, no crystallization takes place
during cooling or second heating scans, and only glass transition (Tg) at 132 °C is
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registered during the second heating (Figure 3.10 a, Table 3.3). Small intensity of the
melting peak and absence of the crystal formation or melting signals during the
subsequent scans indicate that the crystallization of 2a is slow and does not proceed
readily under the temperatures above Tyg. Compounds 2b and 2c remain completely
amorphous during the DSC experiments, and only glass transition is registered during
the heating and cooling runs (Table 3.3, Figure 3.10 b, ¢). Compared with analogous
HTMs without TB core, [160] Ty increases from 1 °C to 132 °C for 2a and twofold
for 2b and 2c.

Thermogravimetric analysis reveals high decomposition temperatures
(Table 3.3), suggesting very good thermal stability of the investigated compounds.

Table 3.3. Optical and thermal characteristics of 2a—

Comp Tg [OC] Tm Tdec kmaxabs € [M-lcm-l] 7\.maxFL [nm] @F [%]
[a] [°C1® | [°c1@ | [nm] [e]
2a 132 204 378 353 8.49 x 104 432 37
2b 152 — 413 393 9.56 x 10* 479 9
2c 146 - 321 377 7.25 x 104 471 20

[a] Determined by DSC: scan rate, 10 K/min; N2 atmosphere; second run. [b] Melting
point was only detected during the first heating; the compound vitrified on cooling to
room temperature with 10 K/min. [c] Onset of decomposition determined by TGA:
heating rate, 10 K/min; N, atmosphere. [d] UV-Vis spectra were measured in 104 M THF
solution. [e] Fluorescence spectra were measured in 10> M toluene solution.

1st heating

204 °C 1st heating 149°C
&

a) b)
1st cooling / W
104 °C
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W
@) 2nd heating
<
L
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Temperature / °C

Figure 3.10. DSC curves for the 2a (a), 2b (b), and 2¢ (c)
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The UV-VIS absorption bands of the compounds 2a-c, measured in 10* M
tetrahydrofuran solutions, are shown in Figure 3.11 and summarized in Table 3.3. The
bathochromic shift of the absorption maximum of 2a-c, compared to that of
intermediate 1a, is attributed to the extension of the z-conjugated system by the
phenylethenyl units. The maximum of the absorption spectrum of compound 2a is red
shifted by about 49 nm compared with that of the intermediate 1a. In line with the
expectations, additional phenyl groups in 2b increase the conjugated system even
further, and bathochromic shift of about 90 nm, compared with 1a, is registered.
Additional methoxy groups in 2c yield hypsochromic shift of 15 nm compared with
2b, indicating that 2c adopts a less planar configuration, due to these extra moieties.
It is worth noticing that in their pristine undoped form, 2a—2c absorb mostly in the
UV region below 450 nm, making these hole conductors a particularly interesting
option for solid-state dye-sensitized and perovskite solar cells as they do not
significantly interfere with the absorption of the sensitizer.
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Figure 3.11. Absorption spectra of 1x10* M THF solutions of the 2a—c. The absorption
spectrum of 1a is shown for comparison

Thin film UV-Vis absorption spectra of the synthesized materials have been
investigated as well (Figure 3.12). From the absorption spectra, it is evident that only
in case of 2¢, somewhat more significant blue shift (<15 nm) from solution (1x10* M
in THF) to the solid state is observed, suggesting some degree of intermolecular
interactions in the solid state and the formation of the H-aggregates (Figure 3.12 c).
Very little change in absorption spectra of 2a and 2b is detected, indicating much
weaker intermolecular interactions in the solid state.
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Figure 3.12. Absorption and emission spectra of the 2a—c

The fluorescence band maximum of the methylphenylethenyl substituted TB
derivative 2a is located at ~432 nm (Figure 3.12 a), and the fluorescence quantum
yield (&) of the dilute solution is 37%. The introduction of the second phenyl into
the compound 2b resulted in the redshift of fluorescence band by ~50 nm. A similar
behavior was as well observed for 2c, containing diphenylethenyl fragments with
methoxy groups (Figure 3.12 ¢). Additional phenyl moiety detrimentally affected &
of the 2b and 2c (Table 3.3): &= dropped from 37% down to 9% for 2b. This
significant reduction of @x is attributed to the second phenyl induced steric hindrance
effect, which activates phenyl vibrations/torsions and thus promotes radiationless
decay [161]. Note that the reduction of @k for the compound 2c is smaller than for 2b,
since the phenyl motions are somewhat impeded by the presence of methoxy moieties.

3.2.3. Photoelectrical properties

The ionization potential of compounds 2a—c was measured by the PESA method
(Figure 3.13)%, and the results are presented in Table 3.4; the measurement error is
evaluated as 0.03 eV. Methyl and phenyl substituted derivatives 2a and 2b have very
similar I, values, while the addition of methoxy groups in 2c lowers I, by ~0.2 eV.

1 Measurements of ionization potential were performed at the Department of Solid State
Electronics, Vilnius University, by Dr. V. Jankauskas, E. Kamarauskas.
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Figure 3.13. Photoemission in air spectra of 2a—c

Table 3.4. Energy level and hole mobility data for 2a—c [

Compound EgoM Exomo | ELumo Ip EA 1o Uh
[ev]®l | [eV][ | [ev]M | [ev]El | [eV]® | [cm?V1s?]E | [cm?V-1s 1]
2a 3.05 5.38 2.33 5.44 2.39 1.5 1078 0.011
2b 2.82 5.35 2.53 5.45 2.63 1.3 x10* 0.005
2C 2.87 5.29 2.42 5.27 2.40 3.9 x10° 0.002

[a] The CV measurements were carried out at a glassy carbon electrode in
dichloromethane solutions containing 0.1 M tetrabutylammonium hexafluorophosphate as
electrolyte and Ag/AgNO:s as the reference electrode. Each measurement was calibrated with
ferrocene (Fc). Potentials measured vs Fc+/Fc. [b] The optical band gaps E¢°* estimated from
the edges of electronic absorption spectra in solution. [c] Conversion factors: ferrocene in
DCM vs SCE 0.46 [162], SCE vs SHE: 0.244 [163], SHE vs. vacuum: 4.43 [164]. [d] ELumo
calculated from the equation E umo = I, — E¢”®. [e] Solid-state ionization potential (I,) was
measured by the photoemission in the air method from films. [f] EA calculated from the
equation EA = Enomo — Eg° [g] Mobility value at zero field strength. [h] Mobility value at
6.4x105V cm field strength.

The ground-state oxidation potentials of the HTMs were measured employing
the cyclic voltammetry (CV) technique (Figure 3.14, Table 3.4). These values do not
represent any absolute solid-state or gas-phase ionization energies, but can be used to
compare different compounds that are relative to one another. All three HTMs have
similar oxidation potentials in the solution, although a slight decrease of Enomo is
observed due to additional phenyls in 2b and methoxy groups in 2c. The
structure/energy level transition is more clearly defined in solvated molecules
compared with the ones tightly packed in the films. Measured I, values are slightly
higher than the HOMO levels found in the CV experiments. The difference may result
from different measurement techniques and conditions (solution in CV and a solid
film in the photoemission method).

48



0.008 0.003
0.006 -
0.002
2b
0.004 - 2a
< 0.001-
< 0002 E
£ £
g 2 0000
S 0.000 5
5 8}
0
-0.002 -0.001
-0.004 -
-0.002 4
-0.006 T T T T T T T T T T T T
04 02 0.0 02 04 06 08 04 0.2 0.0 02 04 0.6 08
Voltage (V) Voltage (V)
0.008
0.006
0.004 2c
<
é 0.002
€
]
S 0.000
O
-0.002 4
-0.004 4
T T T T T T T T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Voltage (V)

Figure 3.14. First oxidation waves of 2a—c (scan rate = 50 mV-s™) in argon-purged
dichloromethane solutions

Charge transport properties of the synthesized Troger's base derivatives were
analyzed by the XTOF technique (Figure 3.15) X. The values of charge mobility
defining parameters: zero field mobility (u0) and the mobility at the electric field of
6.4x10°V cm™ for the compounds 2a-c are given in the Table 3.4. The room
temperature hole-drift mobility of 2a was 0.011 cm? V-1s™ at strong electric fields,
and it is approximately five times higher than that of the methoxy-substituted
analogue 2c. Compound 2b demonstrated intermediate performance, and u, of 0.005
cm? Vst was reached. Additional structural bulk in the molecules of 2b and 2c
adversely affects charge mobility; most likely, the manner in which molecules
organize in the layer is altered unfavorably by the addition of the phenyl groups and
methoxy groups.

1 Charge mobility measurements were performed at the Department of Solid State
Electronics, Vilnius University, by Dr. V. Jankauskas, E. Kamarauskas.
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It has to be noted that these results were achieved by using spin-coated films as
it has been recognized that the materials that are deposited by using solution-based
techniques offer better processability potential compared to the ones that are formed
employing deep vacuum methods. Materials, deposited this way, however,
demonstrate lower carrier mobility. The decrease in mobility is generally attributed to
the higher structural disorder that reduces intermolecular z-orbital overlap. Compared
with other low molecular weight hole transporting materials [140, 143, 160, 165-167],
Troger's base phenylethenyl derivatives demonstrate comparatively high hole drift
mobility.
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Figure 3.15. Electric field dependencies of the hole drift mobilities () in the charge-
transport layers of Troger’s base derivatives 2a—C

The ionization potential values for 2a—c are close to I, of charge generation
materials that are widely used in electrographic photoreceptors such as titanyl
phthalocyanines, perylene pigments, and bisazo pigments (5.1-5.6 eV) [168]. This
observation combined with very good charge transporting properties indicates that the
synthesized compounds can be used as HTM in the electrophotographic
photoreceptors.

Compounds 2a-2c can apparently be used as hole transporting materials in
organic light emitting diodes. Their I, values are rather close to that of indium tin
oxide (4.8 eV), which is used as anode in electroluminescent devices.

3.2.4. Testing compounds in perovskite solar cells

In order to examine in-device application possibilities and compatibility with
other materials synthesized TB derivatives, 2a—C have been preliminary tested as hole
transporting semiconductors for the perovskite solar cells (PSC) 1. The experiments

! Solar cells fabricated and tested in the Department of Physics, Clarendon Laboratory,
University of Oxford, by Prof. H. J. Snaith, Dr. N. Sakai.
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were carried out by using perovskite precursor containing a cation and anion mixture
in a device stack of fluorine doped tin oxide(FTO)/compact TiO/
perovskite/HTM/Ag (Figure 3.16). All the fabrication details are described in the
experimental section.

Corresponding maximum power conversion efficiency of 11.09% under AM
1.5 G illumination was recorded in the perovskite device, containing 2c as hole
transporting material. The measured fill factor was 0.6, the current density (Js)
20.1 mA cm?, and the open-circuit voltage (Vo) 923 mV (Figure 3.17). For
comparison, 2,2°,7,7 -tetrakis(N,N-di-p-methoxyphenylamine)-9-9°-spirobifluorene
(Spiro-OMeTAD) was used as a reference material, and the device from the same
batch of solar cells, prepared by following the same device fabrication procedure, but
using Spiro-OMeTAD as hole-extracting layer, displayed a PCE of 15.34%.
Unfortunately, 2a and 2b did not function in the tested solar cell setup because of the
energy level mismatch between perovskite and HTMs (Figure 3.16). The energy offset
of the I, (ca. -5.45 eV) relative to that of the MAPDI,Cls. (-5.40 eV) [137] does not
present enough driving force for the charge injection process.
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Figure 3.16. Energy level diagram for the PSC devices constructed using 2a—c
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Figure 3.17. Best performing perovskite solar cells current density-voltage characteristics
with 2c and spiro-OMeTAD as hole transporting materials
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In conclusion, this simple synthetic procedure has been proven efficient and
fruitful in obtaining solution processable V-shaped hole-transporting compounds
based on Troger's base core and phenylethenyl substituted triphenylamine moieties.
TB core significantly increases the glass transition temperatures of the HTMs, which
is especially apparent when compared to non-TB analogues, while phenylethenyl
moieties provide structural bulk, decrease crystallinity, and contribute considerably to
the size of the z-conjugated system of molecules. The investigated hole transporting
materials are promising candidates for the application in organic and hybrid
optoelectronic devices as they can be handled in the air, are thermally stable, require
no high temperature annealing steps, can be solution deposited, and possess
comparatively high mobility (up to 0.011 cm?V ~ts7),

3.3. Hole transporting TPD derivatives conjoined by Troger’s base core

Among various electronic and optoelectronic devices, hybrid perovskite solar
cells (PSC) are one of the most dynamic and rapidly evolving areas of research [169—
172]. The efficiency of the perovskite solar cell is highly dependent on the used HTM,
which is expected to have good hole-drift mobility and high morphological stability
as well as to meet certain energy level requirements. Among a considerable number
of hole-transporting materials that were investigated, spiro-OMeTAD stands out as
one of the most efficient and most widely used small-molecule HTMs in both solid-
state dye-sensitized solar cells (ssDSSCs) [173, 174] and PSCs [175-179].

Despite its widespread popularity as a material of choice for PSCs, spiro-
OMeTAD has flaws of its own. Spiro-OMeTAD is found to have a high tendency to
crystallize in the device, thus impairing cell’s performance [144]. The crystallization
of the hole conductor in the layer is undesirable because it would impair the formation
of a good contact between the active layer and back contact electrodes [180].
Additionally, spiro-OMeTAD is synthesized in five reaction steps that require
sensitive (n-butyllithium or Grignard reagents) and aggressive (Br.) reagents, low
temperature (-78 °C) conditions which make it quite costly [181]. Such findings
encourage the search for easier to synthesize novel HTM alternatives with improved
thermal stability and charge mobility.

para- meta-

adals

st

Figure 3.18. a) spiro-OMeTAD; b) TPD-type molecule with methyl groups at different
positions
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The link between spiro-OMeTAD structural features and its high efficiency as
HTM in PSC is as well of significant importance. It is considered that spiro-OMeTAD
(Figure 3.18) is mostly conceptually derived from the respective
N,N,N',N'-tetraarylbenzidine-type (TPD) compounds that are conjoined by spiro
center orientating TPD moieties perpendicularly to one another [146].

The concept of conjoined TPDs suggests that the investigation of alternative
ways to connect these compounds in non-planar manner could afford the materials
with improved performance in PSCs, and Trdger's base provides a valuable
opportunity as its structure allows it to be used as a core and provide angle orientation
for the conjugated n-systems that is attached to it. Recent investigations have revealed
that the rigidity of the TB scaffold and high molecular mass via its 2-fold
functionalization impart crystallization, significantly increase glass transition
temperature, and render TB derivatives highly amorphous and thermally stable [134,
146, 147].- Additionally, the work on HTMs containing TB core that have already
been presented in previous chapters encourages further work in this field as the
presented compounds had comparatively high charge mobility and very good thermal
and morphological stability.

A study by Nukada et al. showed how seemingly insignificant methyl groups at
different positions (Figure 3.18 b) of TPD molecule can influence the hole-drift
mobility, allowing for maximized charge transport properties when substituents are
present in para- positions [153]. Therefore, it is of interest to investigate how HTM
characteristics are influenced by different functional groups at para- position of the
phenyls.

This chapter is dedicated to the synthesis and investigation of the V-shaped
charge transporting molecules consisting of TPD-type moieties containing different
functional groups at para- position of the phenyl rings and conjoined by Troger's base
core. The results that are presented in this work were published in a journal article as
well [182].

3.3.1. Synthesis of compounds

Novel Troger’s base core containing TPD compounds N* N*-(4,10-dimethyl-
6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-2,8-diyl)bis-N*-(4-
methoxyphenyl)-N* N*-diphenyl-(1,1"-biphenyl)-4,4'-diamine  (3f), N%N*-(4,10-
dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-2,8-diyl)bis(N* N* N*-
tri-p-tolyl-[1,1'-biphenyl]-4,4'-diamine) (3g) and N*N*-(4,10-dimethyl-6H,12H-
5,11-methanodibenzol[b,f][1,5]diazocine-2,8-diyl)bis(N* N*,N*-tris(4-
methoxyphenyl)-[1,1'-biphenyl]-4,4'-diamine) (3h) have been synthesized via
intermediate biphenyl compounds 3a—e (Scheme 3.3).

Initially, biphenyl compounds 3a-b were obtained from the 4,4'-
dibromobiphenyl and the corresponding anilines employing Buchwald-Hartwig
cross-coupling reaction. 3a, 3b and their commercially available analogue N,N-
diphenylbenzidine were used in a Pd catalyzed cross-coupling reaction with
appropriate aryl halides to isolate compounds 3c—e, which in turn reacted with
brominated Troger's base [40] to obtain target compounds 3f-h, having TPD
fragments conjoined by Troger’s base core.

53



Pd(OAc)z S-Phos,
NaOt Bu, dioxane, A
f 3a-b (72-75%)
Pd OAc S-Phos,

z NaOt-Bu, dioxane, A
Pd(OAc),, 3a, 3d, 3g: R1:R2:CH3

NN R, » 39:
P(t-Bu)sH]BF,, \@ 3b, 3e, 3h: R,=R,=OCHj
NaOt-Bu, 3¢, 3f: Ry=H, R,=OCH,

)@@“ @ @@y‘ Q,

3f-h (34-61%)

3c-e (38- 45%)

Ra

R1 R4
Scheme 3.3. Synthesis of compounds 3a—3h

The structures of synthesized compounds were confirmed by NMR *H and **C
spectroscopy as well as elemental analysis. The signal pattern of compounds 3f-h in
the interval of 3.85-4.50 ppm of *H NMR spectrum is essential for the identification
of methanodiazocine bridge, proving the presence of the TB core (Figure 3.19). 'H
NMR spectra of 3f-3h shows a doublet near each margin of the mentioned interval,
and these two doublets, endo and exo hydrogens respectively, signify that the protons
in bridging methylene part (Ar-CH>-N) are magnetically nonequivalent due to the
rigid structure of the TB. As a contrasting example, the signals of two protons of the
other bridging methylene carbon (N-CH2-N) can be observed as a singlet at 4.30 ppm.
The signal of protons in methoxy groups is detected as sharp singlet at 3.80 ppm,
neighboring signal of hydrogens in endo position.
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Figure 3.19. *H NMR spectrum (400MHz, CDCls) of compound 3f
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As the investigation of compounds 3f—h was advancing, the compound 3h was
showing the most promising results, therefore suggesting that methoxy substituents
on TPD fragments bestow the final compound with most favorable properties. Hence,
a plan to synthesize molecules containing two or four methoxy substituted TPD
fragments (via reaction with intermediate 3e) fused by TB in a different way was
created. The synthesis of such compounds was executed by synthesizing two
brominated TB cores, 3i—j, having bromine substituents in a different positions
compared to the previously used core; these core molecules underwent reaction with
3e via Buchwald-Hartwig cross-coupling, affording materials 3k—I (Scheme 3.4).

. o CHs

NH,
3k-1 (32-43%)
R

N
Paraformaldehyde, O \©\
_ _CH
|TFA, -15°C - rit. HaC O\@\ o Cts
Br 3e, Pd(OAc),, N
N R [P(t-Bu)sH]BF,, N Rz
w NaOt-Bu, toluene, A W
N N
R R

1 2

Br N
3i-j (90-91%) O \©\ H
H3C/O o CHs
3i: Ry=CH,
N

3j: Ry=Br 0CH,
3k: Ry=CHj @
3I: R2: \N . . N

.0
HsC HsC O O CHj

Scheme 3.4. Synthesis of compounds 3i-I

The structures of synthesized compounds were confirmed by NMR *H and C
spectroscopy as well as elemental analysis; NMR results resemble that of 3f-h and
have proton signals typical for TB core, such as showing doublets for energetically
nonequivalent exo and endo hydrogens in central fragment; the peaks of TPD
fragments and methoxy groups were observed as well.

3.3.2. Thermal and optical properties

Non-planar structure of TB and subsequently TPD-type fragments oriented one
towards another in angle fashion form a non-compact structural bulk which hampers
the crystallization process in the investigated HTMs. DSC measurements reveal that
all the investigated Troger’s base compounds 3f—3h and 3k—I exist only in amorphous
state (Figure 3.20, Table 3.5).

During the first heating, a peak specific to glass transition (Ty) temperature can
be observed, and no signals that show the melting of crystals is detected. No
crystallization takes place during cooling or second heating scans, and only glass
transition is registered at 167 °C, 177 °C, and 161 °C for 3f, 3g, and 3h, and 153 °C
and 166 °C for 3k and 3l, respectively.
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Figure 3.20. DSC curves of 3f—h and 3k—I indicating Tg heating rate 10 K/min, second run

The thermogravimetric analysis of these compounds reveals high
decomposition temperatures (Figure 3.21, Table 3.5), and in general, all the
compounds within the series have demonstrated superior thermal stability, with initial
destruction temperatures (corresponding to 5% weight loss) exceeding 400 °C,
confirming that these TB derivatives are thermally very stable and are promising
candidates for the practical applications. Slight weight loss (up to ~2%) observable
for 3h at ~130 °C is attributed to the evaporation of the traces of residual solvents that
remained after the purification of material. It can be noticed that compounds with
methoxy groups on all outer phenyls of TPD moieties have slightly lower initial
destruction temperatures.
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Figure 3.21. TGA curves for TB derivatives possessing TPD fragments
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UV-VIS absorption spectra of Troger's base derivatives 3f—3h and 3k-I in
104 M THF solution (Figure 3.22), and emission spectra of 3f-h measured in 10 M
THF solution, polystyrene (PS) film and neat film are shown in Figure 3.23.
Compounds 3f-h show twofold absorption characteristics peaking at 303—305 nm and
354-355 nm, respectively, what is a typical feature of various triphenylamine-cored
compounds [151, 183]. The absorption spectra of 3k and 31 show similar tendencies,
except in this case, the first absorption peaks are slightly shifted bathochromicaly and
located at 310nm. TB derivative 3| have twice TPD fragments compared to the other
measured molecules, bestowing it the absorption of nearly double the intensity
compared to other compounds, but no significant bathochromic shift indicates that
two neighboring TPD fragments in each side of the core do not form a single expanded
conjugated system, likely due to the unfavorable twisting of fragments breaking the
conjugation. UV-Vis—NIR absorption spectra of these compounds do not show any
absorption in the NIR region of the spectrum, a property that would be beneficial for
the application of these materials in the tandem solar cells.

Table 3.5. Thermal and optical properties of TB derivatives possessing TPD
fragments

_ PS film | Zeonex
THF solution Neat film m
0.1 wt % 1wt %
Comp. Tg Tdec
CO | CO | s € AF DF AF D AF D -
(M) 1 moltemty | (Mm) | (%) | (hm) | (%) | (nm) | (%) (nm) ©
[a] [b] [c] [d] [c] [d] [c] [d]
304 66391
3f 167 | 454 413 | 445 | 403 42 418 | 2.3 523
354 86250
305 63454
39 177 | 451 419 | 46.8 | 406 | 442 | 419 | 2.2 527
356 77413
303 65804
3h 161 | 419 424 | 52.1 | 413 | 50.2 | 428 | 3.9 529
355 86485
310 59758
3k 153 | 409 410 | 39.33
352 83109
310 11647
3l 166 | 420 435 | 37.26
354 15466

[a] Absorption maxima in THF solution. [b] Molar extinction coefficient of absorption in THF
solution at peak positions. [c] Fluorescence maxima in THF solution, PS film (0.1 wt %), neat
film. [d] Fluorescence quantum yield in THF solution, PS film, neat film. [e] Phosphorescence
maxima in Zeonex film (1 wt %).
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Figure 3.22. Absorption spectra of 1x10™* M THF solutions of compounds 3f-h and 3k-I

The fluorescence of compounds 3f-h in dilute THF (10 M) solutions, PS film
(0.1 wt %), neat film, and phosphorescence in Zeonex (1 wt %) film were measured®.
The fluorescence in solutions revealed that all three compounds exhibit deep-blue
structure-less emission that peaked at 413-424 nm. The incorporation of different
substituents at the para- position of the triphenylamine moiety in 3f-3h has a
noticeable impact on both absorption and emission properties of the molecules. The
observed fluorescence redshift (of 10 nm) for the compound 3h can be attributed to
the polar nature of the methoxy substituents. Interestingly, all Troger's base
derivatives 3f, 3g, and 3h show relatively high fluorescence quantum yields (45 to
52%), which can be due to the restriction of the phenyl moiety torsion by bulky
substituents [184]. This is supported by similar fluorescence properties of the
compounds that were tested in a rigid PS matrix. The compounds exhibit strong room
temperature phosphorescence that is recorded at 1 ms delay time after the excitation
(Figure 3.23). The estimated triplet state energy shifts from 2.37 eV to 2.35 eV and
2.34 eV for compounds 3f, 3g, and 3h, respectively. The triplet energy values are
typical for TPA-cored compounds [185, 186]. Close molecular packing of the
Troger's base derivatives in the neat films resulted only in minor redshift of the
fluorescence, indicating restricted intermolecular interaction and exciton coupling
(Figure 3.23). The fluorescence of the neat film of compound 3g shows additional
broad excimer emission that peaked at about 500 nm, which can be attributed to the
absence of methoxy substituents.

! Fluorescence measurements performed in the Institute of Applied Research, Vilnius
University, by Prof. S. Jur§énas, R. Komskis.
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Figure 3.23. Absorbance (Abs) and emission-fluorescence (FL) and phosphorescence
(PH) spectra of Troger's base derivatives 3f-h

Fluorescence decay transient measurements were carried out in order to
determine excited state relaxation dynamics (Figure 3.24, Table 3.6). All compounds
demonstrate exponential fluorescence decay transients in THF solution with excited
state decay constant 1.31 ns and 1.35 ns for compounds 3f and 3g, respectively, and
similar radiative recombination decay constant (2.88 ns and 2.94 ns for 3f and 3g,
respectively). The incorporation of methoxy substituents enhances relaxation time
slightly (up to 1.58 ns) for 3h (Table 3.6). Almost the same radiative recombination
decay constant (3.03 ns) and slower nonradiative decay constant (3.30 ns) for 3h
implies on the restriction of molecular torsions in phenylamine moieties, which results
in enhanced fluorescence quantum yield. The restriction of molecular torsions in a
rigid polymer medium ensures faster fluorescence decay rate (0.99-1.08 ns) with
exponential decay dynamics and similar fluorescence quantum efficiency.
Meanwhile, the relaxation of excited state in the neat films demonstrates non-
exponential decay characteristics and reduced quantum efficiency due to the enhanced
exciton migration and trapping to the nonradiative states [187].
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Figure 3.24. Fluorescence decay transients of Troger's base derivatives 3f (a), 3g (b), 3h (c)

Table 3.6. Emission decay transient properties of derivatives 3f-h

THF solution Neat film PS film 0.1 wt %

Tr Tnr dr TF Tr Tnr Dr

comp- = s | (o) | (@) w(ns) S | (ns) | (ns) | (ns) | (%)

(ns) [b] [ (d] @ | i [ (d]
0.08 [75%]

3f | 131 | 294 | 236 | 445 | 053[22%] 23 099 236 | 1.71 | 42
2.28 [3%]
0.04 [91%)]

3g | 135 | 288 | 254 | 468 | 0.59[8%] 22 | 101 220 | 181 | 442
3.39 [2%]
0.09 [59%)]

3h | 158 | 303 | 330 | 521 | 0.38[36%] 39 | 108 215 | 217 | 502
1.73 [5%]

[a] Exponential decay constant of fluorescence in THF solution, PS film (0.1 wt %), neat films.
[b] Radiative recombination rate of fluorescence in THF solution, PS film (0.1 wt %), neat
films. [c] Non radiative recombination rate of fluorescence in THF solution, PS film
(0.1 wt %), neat films. [d] Fluorescence quantum yield in THF solution, PS film (0.1 wt %),
neat films.
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3.3.3. Photoelectrical properties

The ionization potential of the compounds 3f—h and 3k—I was measured by the
PESA method (Figure 3.25)!, and the results are presented in Table 3.7; the
measurement error is evaluated as 0.03 eV.
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Figure 3.25. Photoemission in air spectra of 3f-3h and 3k-I

lo values for TB derivatives 3f-3h display the influence of methyl- and
methoxy- substituents in phenyl groups. 3f has four unsubstituted phenyl groups, and
the highest I, value (5.31 eV), para-substitution of all terminal phenyls with methyl
groups in 3g lowers I, by 0.06 eV. The incorporation of six donating methoxy
fragments in 3h resulted in the lowest I, among all three compounds (5.23 eV). The
compounds 3k and 3I have their I, values of 5.19 and 5.24 eV, respectively, showing
that not only the amount of methoxy groups themselves determine their I, values, but
the location of group housing as well. Interestingly enough, compound 3Kk, having
TPD moieties attached in a different location (TB core substitution in 2,8- positions),
demonstrated the lowest I, in the group.

Ground-state oxidation potentials of the compounds 3f-h and 3k-1 were
measured by employing the cyclic voltammetry technique (Table 3.7). All five TB
derivatives undergo reversible oxidation in their CV scans, indicating the
electrochemical stability of the compounds (Figure 3.26). The observed CV results in
the solution correlate well with the ionization potential measurement data that was
obtained from films, indicating limited intermolecular interaction in the solid state.

1 Measurements of ionization potential were performed at the Department of Solid State
Electronics, Vilnius University, by Dr. V. Jankauskas, E. Kamarauskas.
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Table 3.7. Energy level and hole mobility data for 3f-3h[® (spiro-OMeTAD given for

comparison)

Compound Egopt Enomo | ELumo |p (EV)[e] Ho Hh
(V)M | eV | (ev)™ (cm?VisHifl | (cm?V1ishHd
3f 3.16 5.24 2.08 5.31 4x108h 4x106h
39 3.15 5.13 1.98 5.25 1.2x10% 0.004
3h 3.13 5.11 1.98 5.23 6x10° 0.036
3k 3.05 5.13 2.08 5.19 -1 -l
3l 3.01 5.19 2.18 5.24 1.1x10°% 9.4x10*
spiro-OMeTAD - — — 5.00 4.1x10° 5x10*

[a] The CV measurements were carried out at a glassy carbon electrode in dichloromethane
solutions containing 0.1 M tetrabutylammonium hexafluorophosphate as electrolyte and Pt
wire as the reference electrode. Each measurement was calibrated with ferrocene (Fc).
Potentials measured vs Fc*/Fc. [b] The optical band gaps E,°" estimated from the edges of
electronic absorption spectra in solution. [c] Conversion factors: ferrocene in DCM vs SCE
0.46 [143], SCE vs SHE: 0.244 [166], SHE vs. vacuum: 4.43 [167]. [d] ELumo calculated from
the equation ELumo = Enomo — E¢°. [€] Solid state ionization potential (I,) was measured by
the photoemission in the air method from films. [f] Mobility value at zero field strength. [g]
Mobility value at 6.4x10°% V cm™ field strength. [h] 3f mobility values were measured from
the mixture of compound 3f and PC-Z (1:1). [i] No layers suitable for measurements were
obtained.
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Figure 3.26. Oxidation waves of 3f (a), 3g (b), 3h (c), and 3k-I (d) (scan rate = 50 mV-s?)
in argon-purged dichloromethane solutions
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The charge transport properties of synthesized compounds 3f-h and 3k were
analyzed by XTOF technique. The values of the charge mobility defining parameters:
zero field mobility (o) and the mobility in the electric field of 6.4x10°V cm for the
compounds 3f-h and 3k-I are given in the Table 3.7 and Figure 3.27. The best hole-
drift mobility (0.036 cm?V1s™ at strong electric fields) was measured in films with
the methoxy-substituted 3h. It is approximately nine times higher than that of the
methyl-substituted analogue 3g, which demonstrated intermediate performance, and
un 0f 0.004 cm?V st was reached. Compound 3l showed even poorer results, despite
having a double amount of TPD moieties fused into TB core; evidently, the additional
presence of these fragments does not favor the charge mobility, a phenomena that
might be explained by possible hindrance by additional fragments making the side
arms of molecule too bulky, hence interfering favorable arrangement towards
neighboring molecules. Poor quality films of the 3f were obtained; therefore, a
mixture of 3f and polycarbonate (PC-Z) in weight ratio 1:1 was used in order to obtain
uniform layers. Naturally, absolute mobility results for 3f are lower (approximately
one order of magnitude) due to the presence of a large portion of nonconductive
polymer. Compound 3k did not form a suitable uniform layer neat or in mixture with
PC, disallowing to obtain any significant results.
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Figure 3.27. Electric field dependencies of the hole drift mobilities () in the charge-
transport layers of Troger base derivatives 3f-3h and 3I. A mixture of compound 3f and PC-
Z (1:1) was used to obtain uniform layer

Compared with other low molecular weight hole transporting materials [143,
160, 165-167], the synthesized TB derivatives 3g and 3h demonstrate comparatively
high hole drift mobility, exceeding that of the corresponding methyl and methoxy
TPD analogues without TB core by more than two orders of magnitude [140, 188].

1 Charge mobility measurements were performed at Department of Solid State
Electronics, Vilnius University by Dr. V. Jankauskas, E. Kamarauskas.
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An interesting phenomenon was observed in these compounds, the substitution of
methyl- group to methoxy- did not cause decrease in charge mobility, which is usually
a tendency. This phenomenon was as well observed in a number of other
triphenylamine systems. The experimental data and theoretical calculations suggest
that the enhancement of intramolecular interactions observed in methoxy- substituted
triphenylamine compounds make a positive impact on the hole mobility of these
materials [189-191].

I, values of compounds 3f-h, 3k—I are in the range of 5.31-5.19 eV and do not
exceed I, values of perovskite compositions (~5.6-5.4 eV [192, 193]). This
observation combined with very good charge transporting properties is suggesting that
the synthesized hole transporting materials could be promising candidates for
perovskite solar cells.

Derivatives 3k—I, having two, or four, methoxy substituted TPD moieties linked
into Troger’s base core in a different way, provided interesting results for the research
and comparison with compounds such as 3g—h. Despite having most of the thermal,
optical, and photoelectrical properties equally suitable for optoelectronics, these
materials were not be able to exceed the charge mobility results of 3g—h. TB derivative
3k did not form uniform layers, and hence falls behind in its potential applicability in
perovskite solar cells.

3.3.4. Testing compounds in perovskite solar cells

As the most promising property-wise among the synthesized TB derivatives, 3¢
and 3h have been preliminary tested as hole transporting semiconductors for the
perovskite solar cellst.
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< 15}
£
>
3 10
(5]
]
5 st
3 Jsc (mA cm®) | Voc (mV) | FF | PCE (%)
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Figure 3.28. Best performing perovskite solar cell current density-voltage characteristics
with 3h and spiro-OMeTAD as hole transporting materials

! Solar cells fabricated and tested in the Department of Physics, Clarendon Laboratory,
University of Oxford, by Prof. H. J. Snaith, Dr. N. Sakai.
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The experiments were carried out by using perovskite precursor containing a
cation and anion mixture in a device stack of fluorine doped tin oxide (FTO)/compact
SnO,/C60/ perovskite/HTM/Ag. The devices with 3g without methoxy groups
demonstrated results that are more modest: the efficiency up to 10% was recorded.
Respectable maximum power conversion efficiency of 14.6% under AM 15 G
illumination was recorded in the best performing perovskite devices, containing 3h as
hole transporting material, indicating that the investigated TB-linked HTM can
function effectively in PSC. An improved absolute PSC efficiency (by ~3.5%),
compared with TB-based molecules investigated earlier, can be observed. The
measured fill factor was 0.72, the current density (Js) 21.0 mA cm and the open-
circuit voltage (Voc) 983 mV (Figure 3.28). Spiro-OMeTAD was used as a reference
material and device from the same batch of solar cells, prepared following the same
device fabrication procedure, but using Spiro-OMeTAD as hole-extracting layer

displayed a PCE of 16.1%.

Compound 3l have been device-tested as HTMs in the perovskite solar cells
based on an optimized architecture of FTO/TiO; blocking layer/ mesoporous TiO>
layer/ amorphous SnO; layer/ perovskite layer/ HTM/Au. Herein, the mixed

perovskite films of [(FAPbI3)os7(MAPbBI3)0.13]0.92(CsPbls)oos Were used as a light
harvester (Figure 3.29) ..
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Figure 3.29. Best performing perovskite solar cell current density-voltage characteristics
with 3l and spiro-OMeTAD as hole transporting materials

1PSCs fabricated and tested in the Group for Molecular Engineering of Functional

Materials, Institute of Chemical Sciences and Engineering, EPFL, by Prof. M. K. Nazeeruddin,
R. Xia.
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The devices with 31 were performing really well: their maximum power
conversion efficiency reaching 17.91% were achieved in the best performing
perovskite devices, employing 3l as HTM, comparable to that of spiro-OMeTAD
(which has PCE of best performing device reaching 19.22%) that can be observed.

In conclusion, the concept of TPD-type moieties conjoined by a Troger's base
core allowed to obtain solution processable HTMs with decent properties. TB core
provides orientation for the TPD fragments angle-wise towards each other and
hampers the crystallization processes rendering the investigated compound fully
amorphous, while oriented para- substituted TPD-type moieties provide high charge
mobility. These novel HTMs are promising candidates for the application in organic
and hybrid optoelectronic devices, as they can be handled in the air, are amorphous,
and require no high temperature annealing steps, have high glass transition
temperatures, can be solution deposited. They as well possess high charge mobility
(up to 0.036 cm? V! s), thus exceeding that of the corresponding methyl and
methoxy TPD analogues without TB core by more than two orders of magnitude. The
preliminary testing in perovskite solar cells indicates that this class of TB-linked
molecules can function effectively as HTM in the device. A noticeable improvement
of mobility and PSC efficiency, compared with TB-based molecules that were
investigated earlier and described in the previous chapter, indicates that the
compounds with Troger's base linking unit are a promising group of hole transporting
materials, and with additional structural optimization, further improvements in device
efficiency could be expected.

3.4. Hole transporting materials containing Troger’s base core and enamine—
linked diphenyl branches

As hole transporting materials are an essential part of solar cell manufacturing,
currently, they are a bottleneck for the realization of cost-effective and stable devices
[194]. Despite significant efforts dedicated towards the development of new HTMs,
the field is still dominated by costly small spiro-type molecules: spiro-OMeTAD,
2°,7 -bis(bis(4-methoxyphenyl)amino)spiro-[cyclopenta[2,1-b:3,4-b ]dithiophene-
4,9 -fluorene] (FDT) and even more expensive macromolecule poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) [137, 138, 195, 196]. The high cost of
these HTMs is caused by expensive multi-step synthesis and costly purification
procedures and is a limiting factor for their potential application in low-cost solar
cells.

Simple synthesis and purification, as well as possibility to use cheap and
accessible materials, makes compounds appealing for the commercial applications,
and methods allowing that are highly sought after. One of such methods was reported,
as new small-molecule enamine based hole conductor was prepared in one step
without the use of expensive catalysts, column chromatography, or sublimation
purification, resulting in material rivaling spiro-OMeTAD in properties and PSCs
device performance [197]. In the reported case, a reaction of aldehyde and amino
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group with CSA as a catalyst results in the formation of enamine and significant
expansion of molecule’s conjugated z-System by linking additional diphenylethenyl
moieties in a single simple step. The reaction can be performed under ambient
conditions, and water is the only by-product, making product purification
uncomplicated [198].

Employing such reaction could allow linking primary amino substituents
containing Troger’s base core with diphenylethenyl moieties, hence increasing both
structural bulk and expanding conjugated z-system multiple times. The molecules that
were obtained in this fashion structurally resemble compounds that have been already
investigated in chapter 3.2, but unlike in the former case, the diphenylethenyl moieties
are now connected directly to nitrogen without interlinking phenyl groups. Although
losing a phenyl fragment in each branch partially lessens the conjugated z-system, the
synthesis of these molecules no longer requires palladium catalysts and corresponding
ligands, inert atmosphere conditions, and occurring crystallization of the product, and
no palladium residue in the mixture allows easy separation of target compounds as no
excessive purification through column chromatography is necessary.

This chapter is dedicated to the synthesis and investigation of V-shaped of
Troger’s base derivatives with enamine-linked diphenyl branches. The presented
results were published in a journal article as well [199].

3.4.1. Synthesis of novel Troger’s base compounds

Novel Troger’s base enamines N2,N? N8 N8-tetrakis(2,2-diphenylethenyl)-4,10-
dimethyl-6H,12H-5,11-methanodibenzol[b,f][1,5]diazocine-2,8-diamine (4c),
N2,N2 N8 N&-tetrakis[2,2-bis(4-methylphenyl)ethenyl]-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diamine (4d), and N2,N? N8 N&-tetrakis[2,2-
bis(4-methoxyphenyl)ethenyl]-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diamine (4e) have been synthesized via
intermediate TB derivatives 4a—b (Scheme 3.5).

Initially, the nitro groups containing TB derivative 4a were obtained from 2-
methyl-4-nitroaniline and paraformaldehyde in trifluoroacetic acid. The reduction of
nitro groups in compound 4a followed as material was refluxed with iron powder that
was suspended in a mixture of acetic acid and ethanol, affording diamino derivative
4b. The synthesis of enamines 4c—e was performed by the reaction of 4b and the
corresponding  aldehyde  (diphenyl-,  bis(4-methylphenyl)-, or  bis(4
methoxyphenyl)acetaldehyde) in THF at the reflux temperature in the presence of
(+/-)-camphor-10-sulfonic acid (CSA).
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Scheme 3.5. Synthesis of Troger’s base compounds 4a—e

'H and *C NMR as well as elemental analysis data confirmed the structure of
newly synthesized Troger’s base derivatives 4c—e. The signal pattern of *H NMR
spectrum in the region of 3.6-4.5 ppm is essential in identifying methanodiazocine
bridge, proving the presence of the TB core. In *H NMR spectrum of compound 4d
(Figure 3.30), the bridging methylene protons (Ar-CH»-N) show two doublets at 4.45
and 3.97 ppm, exo and endo hydrogens respectively, as these protons are magnetically
nonequivalent due to the rigid structure of the TB. The singlet for the two protons of
the other bridging methylene carbon (N-CH.-N) is observed at 4.20 ppm. The singlet
indicating CH-N protons of enamine groups is registered at 5.56 ppm. An interesting
phenomenon is observed, as hydrogens of terminal methoxy groups have their proton
signals split in two singlets at 3.67 and 3.81 ppm, indicating that due to molecular
configuration, these protons become energetically unequal.

CH3
o H-8

4

m m °

T T T T
7.[) 6.9 6.8 6.7 66 6.5 6.4 6.3 6.2 57 56 55 4{6( 45) 44 43 42 41 40 39 38 37 36 35 24 2
1 (ppm

Figure 3.30. *H NMR spectrum (400MHz, CDCls) of compound 4e
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3.4.2. Thermal and optical properties

The DSC measurements of compounds 4c—e were performed, and they reveal
that the investigated compounds 4c¢ and 4e exist both in crystalline and amorphous
state (Table 3.8), as during the first heating, the melting of the crystals (Tm) was
observed in compounds 4c and 4e. No melting in derivative 4d was detected, but it
might be due to narrower temperature interval, not exceeding 280 °C, as doing that
could have potentially caused the decomposition of a compound (Figure 3.32, 4d). No
crystallization takes place during the cooling or second heating scans. Only glass
transition (T4) of compounds 4c—e is registered during the second heating (Figure
3.31). The two states could be explained as crystallization is often observed in
enamine compounds, and the amorphousness of compound is influenced by non-
planar structure of TB core and structural bulk that is added by diphenylethenyl
moieties. Compound 4d is amorphous, likely due to eight substituting methyl groups
attached to each of terminal phenyl, which influence the molecular packing, but unlike
in the case of methoxy substituents, they do not induce hydrogen bonding and
additional intermolecular interactions.

4c

EXO

75 100 125 150 175 200 225 250
Temperature / °C

Figure 3.31. DSC curves of 4c—d indicating T4. Heating rate 10 K/min; second run

The thermogravimetric analysis of 4c—e reveals high decomposition
temperatures (Figure 3.32, Table 3.8) suggesting good or very good thermal stability
of the investigated compounds.

69



100 i)
396 °C B
{ 7 =
. O~ e U O
/! L) O
% 315°C 7~ NN
=) T _ ] ) ~
> OO D
b= "\ o~
2 85 —*—4c ) UL
g 4d \ ‘\{a\ }/\//{ \ 7
\ 7\
80 o de RS
ocH3 \
OCH3
75 -
HsCO
HsCO / 3co
70 T T T T T T O
100 200 300 500 OCH3

Temperature (°C) OCH3

Figure 3.32. TGA curves for compounds 4c—e

Table 3.8. Thermal and optical properties of TB derivatives

Compound | T [°C1 @ | To [PCI® [ TaeePCTE | Ane®™ [nm] @ [ & [MTcm]
4b 220; 252 25990;13834
4c 363 167 399 341 529280
4d - 135 315 342 54850
de 229 176 396 261; 343 69145; 55918

[a] Melting point was only detected during the first heating 10 K/min. [b] Determined by DSC:
scan rate, 10 K/min; N2 atmosphere; second run. [c] Onset of decomposition determined by
TGA: heating rate, 10 K/min; N, atmosphere. [d] UV-Vis spectra were measured in 104 M
THF solution.

The UV-VIS absorption bands of the compounds 4c—e, measured in
tetrahydrofuran solutions (c=10*mol/l, d=1mm) (Figure 3.33), indicate tremendous
bathochromic and hyperchromic shifts when compared to starting diamino compound
4b. Such difference in absorption accurately represents the expansion of the z-
conjugated system that is achieved by enamine linking of diphenylethenyl branches.
The differences between compounds 4c—e are as well noticeable: even though
aromatic part of the molecule is the same in all of them, p- substituents of terminal
phenyl groups in 4c, 4d, and 4e (none, methyl, and methoxy, respectively) cause slight
bathochromic (~1nm difference) and hyperchromic shifts. The case of 4e is especially
interesting, as the absorption intensity in the range of 240-290 nm is increased, having
maximum value at 261 nm that could correspond to n-¢* electron transitions in the
proximity of oxygen atoms in methoxy substituents.
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Figure 3.33. Absorption spectra of 1x10# M THF solutions of compounds 4b—¢
3.4.3. Photoelectrical properties

The ionization potential of compounds 4c—e was measured by the PESA method
(Figure 3.34, Table 3.9) . The ionization potential of compound 4c reaches value 5.54
eV, making its potential application in solar cells hardly possible. Electron donating
methyl and methoxy groups attached to terminal phenyl groups lowers I, by 0.1 eV
and 0.29 eV, respectively resulting in 5.44 eV for 4d and 5.25 eV for 4e. Compound
4e is particularly most promising for solar cell applications as its ionization potential
makes it compatible with most of the materials that are used in this field
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Figure 3.34. Photoemission in air spectra of Troger’s base derivatives 4c—€

1 Measurements of ionization potential were performed at the Department of Solid State
Electronics, Vilnius University, by Dr. V. Jankauskas, E. Kamarauskas.
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Table 3.9. Energy level and hole mobility data for compounds 4c—

Compound |%¢"{*Y) (Eew? (EeL\l;;Ah% Ip (V) ©|uo, cm/vs 1] 4 (65521/(\)/55\@/16”])’
4c 280 | 498 | 218 | 554 ] il
4d 280 | 484 | 204 | 544 | 410°0 | 151050 ~10300 0
4e 280 | 487 | 207 | 525 | 2110¢ 3.35-10%

[a] The CV measurements were carried out at a glassy carbon electrode in dichloromethane
solutions containing 0.1 M tetrabutylammonium hexafluorophosphate as an electrolyte and Pt
wire as the reference electrode. Each measurement was calibrated with ferrocene (Fc).
Potentials measured vs Fc*/Fc. [b] The optical band gaps Es°" estimated from the edges of
electronic absorption spectra in solution. [c] Conversion factors: ferrocene in DCM vs SCE
0.46[162], SCE vs SHE: 0.244[163], SHE vs. vacuum: 4.43[164]. [d] ELumo calculated from
the equation ELumo = Enomo — E¢°. [€] Solid state ionization potential (I,) was measured by
the photoemission in the air method from films. [f] Mobility value at zero field strength. [g]
Mobility value at 6.4x10°% V cm™ field strength. [h] No layer suitable for the measurements
was obtained. [i] 4d mobility values were measured from the mixture of compound 4d and
PC-Z (1:1). [j] Integral method was used to obtain results.

The charge transport properties of compounds 4c—e were measured by the
XTOF technique (Figure 3.35)%. The values of charge mobility defining parameters:
zero field mobility (o), and the mobility at the electric field of 6.4x10°V cm™ for the
compounds 4c—e are given in the Table 3.9. Poor quality neat films of 4c and 4d were
obtained; therefore, a mixture of compound and polycarbonate (PC-Z) in weight ratio
1:1 was used in order to obtain uniform layers. Even so, the quality of the layer with
4c was not sufficient to obtain results. The absolute mobility results for such
composite layer of 4d are lower than that of neat material layer due to the presence of
nonconductive polymer.
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Figure 3.35. Electric field dependencies of the hole drift mobilities () in the charge-
transport layers of Troger’s base derivatives 4d—e. Mobility values of 4d were measured
from the mixture of compound 4c and PC-Z (1:1)

! Charge mobility measurements were performed at the Department of Solid State
Electronics, Vilnius University, by Dr. V. Jankauskas, E. Kamarauskas.
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Some results measured from the layer of neat 4d show decent results,
outmatching the ones of 4e, but they are not very reliable due to poor layer and used
integral method to determine results, which as well does not allow determining zero
field mobility. The hole-drift mobility of the TB derivative 4e is 3.35-10* cm?V1s?
at strong electric fields. This result is sufficient for the application in solar cells as
hole conductor and comparable to some reported HT Ms that are used for this purpose.
Even not that accurate, the measurement of neat 4d show even better results, making
it a promising candidate.

3.4.4. Testing compounds in perovskite solar cells

Although compound 4c may have its ionization potential too high to find its use
in conventional perovskite solar cells! and its charge mobility was not determined,
compounds 4d and especially 4e looks promising for this feat. For the investigation
and comparison, all three compounds have been device-tested as HTMs in the
perovskite solar cells based on an optimized architecture of FTO, TiO; blocking layer,
mesoporous TiO; layer, amorphous SnO, layer, perovskite layer, HTM, and Au.
Herein, the mixed perovskite films of [(FAPDbI3)o.s7(MAPbBI3)0.13]0.92(CsPbls)o.0s are
used as light harvester. As it was expected, the devices with 4e were the best
performing ones among the three, their power conversion efficiency reaching 18.62%.
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Figure 3.36. Best performing perovskite solar cell current density-voltage characteristics
with 4e and spiro-OMeTAD as hole transporting materials

!PSCs fabricated and tested in Group for Molecular Engineering of Functional
Materials, Institute of Chemical Sciences and Engineering, EPFL by Prof. M. K. Nazeeruddin,
R. Xia.
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Notably, the cells containing 4c and 4e performed considerably better than
spiro-OMeTAD when they were used in PSCs of a dopant-free composition, showing
enhanced short-circuit current generation (Jsc) and fill factor (FF). With dopants
added, the devices based on 4c and 4d demonstrated comparatively lower results than
spiro-OMeTAD, their PCE reaching 13.27% and 9.60%, respectively. Despite that,
the maximum power conversion efficiency of 18.62% was achieved in the best
performing perovskite devices employing 4e as HTM, comparable to that of
spiro-OMeTAD reaching 19.22% in champion-device (Figure 3.36), while the
average PCE values 18.14% in 4e devices are compared to 18.88% in spiro-OMeTAD
devices.

The device stability test of the most efficient PSCs with 4e and spiro-OMeTAD
was performed. The devices were stored in the air with a relative humidity of ~50%
(cells non-encapsulated) and regularly measured under 100 mW/cm? simulated sun
irradiation (1.5 AM). The results of this test demonstrated enhanced PCE for both
systems after the first 100 hours, but a remarkable difference after long-time periods.
Interestingly, the efficiency of 4e devices maintained >90% of the initial efficiency
after 700 hours, while that of spiro-OMeTAD dropped to 65%.

In conclusion, the molecular concept of enamine-linked Tréger’s base
derivatives proven to be efficient and allowed to easily obtain stable HTMs with
desirable properties, suitable for the optoelectronic applications. The testing in PSCs
demonstrated that the devices with 4e have high device efficiency (18.62% PCE),
rivaling spiro-OMeTAD, and superior device stability, proving its suitability. Despite
their lower efficiency in PSCs, compounds 4c and 4d can potentially find their use in
other optoelectronic applications due to their decent properties and convenient
synthesis.

3.5. Sensitizers for dye-sensitized solar cell based on Troger’s base scaffold

Among the emerging photovoltaic technologies, dye-sensitized solar cells
(DSSCs) have attracted significant attention as one of the promising energy harvesting
devices, since the report of Ru-based photosensitizers [200, 201]. After two decades
of research and development, DSSCs with iodide/triiodide (1/15) liquid electrolyte
have achieved record power conversion efficiency (PCE) over 13% based on Zn-
porphyrin complex dyes [202, 203]. Compared with them, metal-free organic dyes
have such advantages as relatively lower production cost, facile synthetic
methodologies, and high molar extinction coefficient [204—206]. An impressive cell
efficiency of 12.5% achieved by a novel metal-free alkoxysilyl carbazole dye
ADEKA-1 demonstrated that metal-free dyes could be promising sensitizers for
realizing highly efficient DSSCs [207]. Towards the realization of higher photovoltaic
performance and durability in DSSCs, the development of the sensitizing dyes is one
of the most important approaches.

It is well known that the most of the excellent sensitizers have the donor-n-
acceptor (D-n-A) structures that facilitate effective photoinduced intramolecular
charge transfer across the molecule [208-210]. However, the single 1D-n-1A
sensitizer often has a rod-shaped structure, which may cause undesirable dye
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aggregation and charge recombination [211]. In order to enhance the photovoltaic
performance in DSSCs, considerable efforts have been devoted to optimize the
structure of the organic dyes, such as increasing the amount of anchoring groups
and/or extending m-conjugation to increase the molar extinction coefficient of the
absorption band, which can improve the light harvesting ability of the dyes [204, 212].
The dye containing double/multiple anchor groups exhibited a unique advantage of
stronger bonding with the TiO; surface. Strong binding improves adsorption and leads
to red shift in absorption, efficient charge injection [204, 213], and photocurrent
generation [204, 214].

Seeking to synthesize an efficient dye, the choosing of a proper anchoring group
moiety is particularly important. In recent years, the importance of anchoring groups
for photovoltaic applications was investigated by several research groups. Jia and
Zheng reported that the PCE of the DSSC based on Y-shaped D-n-(A): type
phenthiozine dye ZJA2 (4.55%) was 67% higher than the DSSC based on single 1D-
n-1A sensitizer ZJA1 (2.72%) [211]. The designed DSSCs of Abbotto et al. yielded
power conversion efficiency up to 5.7% (4.9% with ionic liquid electrolyte) with
increased photocurrent and enhanced stability under 1 sun conditions caused by the
di-anchoring groups [215]. Sirohi and Lee concluded that the di-anchoring moiety in
dye KS-5 caused strong binding to TiO,, which forced the dye molecule to assume a
non-planar conformation, thereby minimizing aggregation [216]. This factor together
with an extended conjugated framework led to about 1.5 times higher efficiency of
KS-5 compared to parent dye L1. Recently, Cao et al., reported that the novel metal-
free organic dye is bearing two symmetric double donor-acceptor segments with an
impressive power conversion efficiency, which is 22% higher than that of the mono-
anchoring dye based counterpart [204].

One quite recent publication [217] reports a novel A-n-D-n-A metal-free
organic dye with two anchoring groups for solid state DSSC (ssDSSC) with
spiro-OMeTAD as HTM. As it was expected, this dye demonstrated the highest
extinction coefficient of all the investigated D-z-A hydrazone dyes in that study,
mostly due to the presence of two electron accepting units and larger change in the
electronic charge distribution that is occurring during excitation. The device based on
this material had the strongest and widest light absorbance from the whole series.
However, the external quantum efficiency and ssDSSC performance decreased by
more than 50% compared with analogues sensitizers, possessing one anchoring group.
It was concluded that the D-(n-A). molecule has a rod-shaped structure, which might
cause undesirable dye aggregation that is promoted by carboxylic acid moieties not
attached to the TiO; surface. The unbound anchoring group that is oriented by rod-
shaped molecule could serve as a charge recombination in site between the HTM and
dye layers, reducing the performance on the ssDSSC cell. The solution to this problem
could be found by designing a molecule with an angular core fragment, preventing
rod-shaped configuration, and Troger’s base offer such a structural feature.

This chapter is dedicated to the design and synthesis of Troger’s base scaffold-
based metal-free sensitizers 5A-C (Figure 3.37) with a triphenylamine donor group
and rhodanine-3-acetic acid unit as the acceptor/anchoring group to investigate their
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di-anchoring effect in DSSCs. The TB structure allows it to be used as a core and
provide an angle (~ 90°) orientation for the conjugated n-Systems conjoined by it [7,
218]. The non-planar structure of the TB and presence of two carboxyl groups should
ensure two separate channels for charge transfer to TiO; and increase in the overall
device efficiency. Dyes analogues 5D—F (Figure 3.37) with one anchoring group were
synthesized for comparison. These sensitizer series were as well designed to
investigate the influence of the poly[n]enic (from n = 0 to 2) backbones and their
anchoring effect in DSSCs.

The results are presented in this dissertation chapter and published in a journal
article [219].
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Figure 3.37. Molecular structures of investigated dyes 5A-F

3.5.1. Synthesis of novel Troger’s base scaffold based dyes

The new metal-free di-anchoring organic dyes based on TB scaffold 5A, 5B,
and 5C were synthesized according to a six-step reaction as described in Scheme 3.6.
Initially, Horner-Wittig condensation was made to increase the polyenic chain (from
n=0to 2). The yield of 70-80% was achieved by palladium-catalyzed cross-coupling
reaction between protected aldehydes 5c, 5d, and 3,4-dimethylaniline. The obtained
corresponding diphenylamines 5e, 5f, and 5g underwent reaction with 2,8-dibromo-
4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine (brominated
Troger's base derivative) [40] in the presence of palladium(ll) acetate, tri-tert-
butylphosphonium tetrafluoroborate, and sodium tert-butoxide to provide
intermediates based on TB scaffold 5h, 5i, and 5j. After the deprotection, the obtained
penultimate dialdehydes 5k—m were a common synthon, which were condensed with
rhodanine-3-acetic acid to give sensitizers 5A, 5B, and 5C.
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Scheme 3.6. Synthesis of di-anchoring dyes based on TB scaffold 5A-C

These new dyes were prepared in moderate to high yields, and their chemical
structures were confirmed by H and 3C NMR spectroscopy.
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Figure 3.38. *H NMR spectrum (400MHz, (CD3);SO) of compound 5A



The pattern of signals in the interval of 3.75-4.50 ppm in the *H NMR spectrum
is essential for proving the presence of the TB core. Each *H NMR spectrum of 5A—
C shows two doublets near each margin of the mentioned interval, and these two
doublets that signify the endo/exo protons in bridging methylene part (Ar-CHz-N) are
magnetically nonequivalent due to the rigid structure of the TB. For example, in
'H NMR spectrum of compound 5A (Figure 3.38), the bridging methylene protons
(Ar-CH2-N) show two doublets at 4.44 and 3.97 ppm, exo and endo hydrogens
respectively, but in this case, exo doublet overlaps with a signal of protons in H-10
position. As a contrasting example of this, the signals of two protons of the other
bridging methylene carbon (N-CH.-N) can be observed as a singlet at ca. 4.20 ppm in
this spectrum.

Dyes 5D, 5E, and 5F (Figure 3.37) that are possessing one anchoring group
were synthesized for comparison. Firstly, compound 5n was prepared according to
the reported procedure [220]. Then, the diphenylamine bearing the protected aldehyde
group has been synthesized and equipped with 3-iodotoluene by using the palladium-
catalyzed Buchwald-Hartwig C—N cross-coupling reactions to form the intermediate
aldehyde 50. The Knoevenagel condensation of the obtained aldehyde with
rhodanine-3-acetic acid in glacial acetic acid gave dye 5D. In parallel, Horner-Wittig
condensation of aldehyde 50 with 1.1 equivalents of tributyl(1,3-dioxalan-2-
ylmethyl)phosphonium bromide gave aldehyde 5p in 78% yield. Another
vinylogation and subsequent Knoevenagel condensation produced dyes 5E and 5F
(Scheme 3.7).
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Scheme 3.7. Synthesis of mono-anchoring dyes 5D—F

3.5.2. Optical properties

In order to gain an insight about the impact of the number of polymethine chains
and chain length on the optical properties of investigated dyes, UV-vis and FL studies
were performed with di-anchoring dyes SA—C and their mono-anchoring analogues
5D-3F.
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Figure 3.39. UV-vis spectra of the investigated dyes 5A—F in DMSO solutions (¢ = 10 M)

As shown in Figure 3.39, the absorption spectra of both, di-anchoring organic
dyes based on TB scaffold 5A, 5B, 5C, and mono-anchoring dyes 5D-F display two
distinct absorption bands at around 270-350 nm and 400—-670 nm, respectively. The
absorption bands in the UV region show peaks at longer wavelengths that correspond
to the m—m* electron transitions of the conjugate system. Interestingly, the sensitizers
5C and its mono analogue 5F exhibit weak but clear additional absorption band at
around 380 nm. This is a consequence of largest extended conjugation that was made
possible by two additional methine units in the present series of dyes. The strong
absorption bands in the visible region can be assigned to an intramolecular charge
transfer (ICT) between the triphenylamine-based donor and the electron accepting
rhodanine-3-acetic acid moiety, providing efficient charge separation in the excited
state. The comparison of the absorption spectra of n-extended dyes 5B, 5C and 5E,
5F with those of their lower homologues 5A and 5D, clearly demonstrates that the
extension of the polymethine chain results in 10-35 nm bathochromic shift of the
absorption band compared to that of the lower homologues. Next, the comparison of
the optical properties of di-anchoring dyes SA—C with those of their mono-anchoring
analogues 5D-F clearly demonstrates two effects. First, the organic dyes based on TB
scaffold, with the exception of 5B, exhibit approximately twice higher extinction
coefficients (Table 3.10) compared to those of the references mono-anchoring dyes.
The molar extinction coefficient of the charge transfer transition in these dyes
indicates a good ability for light harvesting. Second, only a negligible bathochromic
shift (6 nm) was observed for the di-anchoring dye 5A in comparison with mono-
anchoring sensitizer 5D. This indicates that there is no interaction at the ground state
between the two chromophores in this di-anchoring dye. However, the comparison of
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the ICT absorption bands of 5B and 5C with references 5E and 5F clearly indicates
this interaction. Probably, this is a consequence of the extended polymethine chains
that should ensure flexibility of these units and inspire the interaction between two
chromophores in TB-based dyes.
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Figure 3.40. Emission and absorption spectra of the dyes 5A—F in DMSO solution

Figure 3.40 shows the emission and absorption spectra in the visible region of
the dyes in DMSO solution. The excitation wavelength for emission was the
maximum absorption in the visible region. It can be seen that the maximum emission
wavelengths in DMSO solution follow the order 5D < 5E < 5F and 5A < 5B < 5C. In
addition, relatively large Stokes shifts of designing molecules were observed between
the absorption and emission spectral maxima. Moreover, the Stokes shifts were
calculated to lie within the range of 193-276 nm, meaning an enhanced geometrical
difference between the ground and excited state geometry and thus a good molecular
flexibility of the excited state (Table 3.10). The Stokes shifts follow the trend 5C >
5B > 5A and 5F > 5E > 5D. In this respect, it is easy to postulate that the largest
Stokes shifts found in 5C and its mono-analogue 5F are due to their hexadiene
moieties between donor and acceptor that confirms a great flexibility of these dyes.

The absorption maxima of the investigated dyes on the TiO- layer are broader
and slightly blue shifted compared to the results obtained in DMSO solutions,
indicating that the energy levels of the sensitizer molecules have somewhat changed
due to the interaction with TiO, (Figure 3.41, Table 3.10). Upon increasing the
number of double bonds from n = 0 to 2, progressive blue shifts are observed for each
additional methine unit, leading to the biggest shift of 30 nm for the V-shaped dye 5C
(from 526 to 496 nm) and 14 nm for its reference rod-shaped dye 5F (from 503 to 489
nm). It shows that H-aggregates form on the TiO, surface. The absorption spectrum
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of mono-anchoring dye 5D (n = 0) on TiO- film shows no difference in comparison
with that in DMSO solution, implying that there are no evident aggregations. It can
be attributed to the size of the molecule. This phenomenon indicates that 5D may
show the highest open-circuit photovoltage value among these six dyes, which is in
favor of a better photovoltaic performance.
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Figure 3.41. Normalized absorption of dyes 5A—F anchored on TiO; film
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Table 3.10 Optical properties of dyes 3A-F

Dve Japs®®! (Nm) & Jmax ON TiO2 Aem Stokes shift[’! Aint
y [ (Mtcm?) (nm) (nm)i (nm) (nm)

5A 307, 475 36 382, 468 694 219 528
' 71 369
56 510,

5B 298, 510 44 680 506 712 202 555
43 360,

sc | 202999 1 23040, 496 786 263 626
68 550
14 679,

5D 307, 469 37 956 469 679 208 520
13 270,

5E 304, 493 37 190 483 724 231 559
14 740,

5F 308, 503 26 190 489 789 286 610

[l Absorption spectra were measured in DMSO solution. PIStokes shift = Aem(solution) — Aabs(solution)-

[I)\ intersection obtained from the cross point of normalized absorption and emission spectra
in DMSO solution.
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3.5.3. Photoelectrical properties

In order to evaluate the thermodynamic allowed electron transfer processes from
the excited dye molecule to the conduction band of TiO,, cyclic voltammetry (CV)
measurements were performed (Table 3.11, Figure 3.42). The cyclic voltammograms
of all synthesized compounds show quasi-reversible oxidation and reduction couples.
The zero-zero excitation energy (Eo-o) values were estimated from the cross-point of
the normalized UV absorption and photoluminescence spectra [204]. Adding an
additional electron-accepting group in 5A, 5B, and 5C decreases the LUMO level by
0.09, 0.34, and 0.18 eV respectively, in comparison with their mono analogues 5D,
5E, and 5F. The LUMO energy levels for the dyes lie above the conduction band edge
of TiOz (-4.0 eV) [159, 221], ensuring favorable electron injection from the excited
state of the sensitizers to the conduction band of the semiconductor. The HOMO levels
of V-shaped dyes 5A, 5B, and 5C (-5.62, -5.58, and -5.51 eV) are more positive than
that of their counterparts 5D (-5.70 V), 5E (-5.64 eV), and 5F (-5.59 eV). Apparently,
the HOMO levels of all dyes were more negative than the iodide/triiodide potential
(-4.97 eV; -0.54 V vs SHE) [222], which implied that the thermodynamic driving force
for the regeneration of the oxidized dyes is sufficient.

When considering the use of an organic material for optoelectronic applications,
it is important to have an understanding of its solid-state ionization potential. This
understanding can help in identifying suitable organic transport and inorganic
electrode materials. The ionization potential (I,) was measured by the electron
photoemission in the air method (Figure 3.43)%, and the results are presented in Table
3.11; the measurement error is evaluated as £0.03 eV.

Table 3.11 Photoelectrical properties of dyes

opt-film
Dye | Eos (V)™ fgv) | Erowo €V)F | Eromo (6V) 1 | 15 (eV) [ | EA (eV)®
5A | 235 2.07 5.62 3.36 5.48 341
5B | 223 1.80 5,58 3.76 5.54 3.7
5C | 198 168 551 -3.65 5.45 3.77
5D | 238 2.07 5.70 3.27 5.43 3.36
5E | 222 184 5.64 3.42 5.38 354
5F 2.03 1.73 -5.59 -3.47 5.45 -3.72

The CV measurements were carried out at a glassy carbon electrode in tetrahydrofuran
solutions containing 0.1 M tetrabutylammonium hexafluorophosphate as an electrolyte and
Ag/AgNO:s as the reference electrode. Each measurement was calibrated with ferrocene (Fc).
Potentials measured vs Fc+/Fc. [a] Conversion factors: ferrocene in THF vs SCE 0.56 [162],
SCE vs SHE: 0.244 [163], SHE vs. vacuum: 4.43 [164]. [b] Eo = 1240/2 intersection.
[c] Optical band gap (E4°"+f'™) estimated from the edge of electronic absorption spectra from
thin film. [d] lonization potential (I,) was measured by the photoemission in the air method
from films. [e] Electron affinity (EA) calculated from the equation EA= I, — E¢oP+film,

! Measurements of ionization potential were performed at the Department of Solid State
Electronics, Vilnius University, by Dr. V. Jankauskas, E. Kamarauskas.
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Figure 3.42. Schematic energy level diagram for a DSSC based on dyes attached to a
nanocrystalline TiO2 film deposited on conducting FTO glass

In general, I, measurements indicate that all investigated sensitizers have very
similar energy levels that are in the range of 5.38-5.54 eV. From the data presented
in Table 3.11 and Figure 3.43, it can be stated that I, values of the dyes 5A and 5C
based on TB scaffold and possessing di-anchoring system are the same or really close
to their rod-shaped mono-analogues 5D and 5F. The ionization potential of 5B was
determined to be 5.54 eV. It has the highest I, value of all investigated dyes and the
biggest difference of 0.16 eV with his mono counterpart 5E (5.38 eV). The measured
I, values are slightly lower than the HOMO levels found in the CV experiments. The
difference may result from different measurement techniques and conditions (solution
in CV and a solid film in the photoemission method). From the ionization potential
and optical band gap (E,*"™) estimated from the edge of electronic absorption
spectra from the thin films, the electron affinity (EA) was calculated (Table 3.11). The
expansion of the methine component contributes to the higher EA value of the
investigated dyes.
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Figure 3.43. Photoemission in the air spectra of the investigated dyes

3.5.4. Quantum chemistry calculations

Itis known [7, 12, 218] that Troger’s base has a V-shaped twisted configuration
with large dihedral angle (80-104°). It displays the huge rigidity and steric hindrance,
which can restrict internal rotation. Moreover, all the protons on the poly[n]enic
backbones are in trans-geometry, as the TB scaffold-based metal-free sensitizers dye
molecules were formed by Horner-Wittig condensation, which leads to excellent E-
geometry selectivity [223]. In addition, according to the literature [224, 225], the
synthesis of rhodanine dyes results in the thermodynamically more stable Z-geometry
isomers. Taking into account the above mentioned arguments, a computational study
of TB-based di-anchoring dyes have been undertaken. Two possible rotamers were
studied for each of the TB-based dyes. One — “closed” form (Figure 3.44 a) is of the
minimal energy and employs intramolecular association between two carboxylic acid
fragments. In the other “open” form (Figure 3.44 b), the substituted diphenylamine
fragments were rotated 180° around N-C bond prior to the optimization, in order to
obtain an association-free rotamer. These geometries were optimized at the
B3LYP/def2-SVP level of Density Functional Theory. In the more stable one
(“closed” form), the rhodanine ring is slightly twisted with respect to the phenyl group
at the triphenylamine and determine the possible internal hydrogen bonding between
carboxylic acid moieties, prohibiting effective utilization of both anchoring

84



groups. The less stable conformer (“open” form) is a planar from rhodanine-acceptor
to triphenylamine-donor. Optimized geometries of the “closed” and “open” forms are
given in Table 3.12. Two rotamers differ by 14.9-16.4 kcal/mol for different dyes;
hence, the association is favorable at room temperature.

N/tN
ﬂN éD\SN Q/ s A s
HOOC/\NJ<S N S}\NACOOH
s N\ g N N
S S S Q Q
k<300H HOOC)

5A "closed" 5A"open"

Figure 3.44. Possible geometry-rotamers of TB-based dye 5A: (a) “closed”, (b) “open”

HOMO and LUMO orbital plots are shown in Table 3.12. It can be seen that
HOMO orbitals are delocalized over the whole molecule with the slight shift towards
triphenylamine fragments. LUMO orbitals are shifted towards rhodanine fragment.
This shows partial charge-transfer character of the HOMO/LUMO transition.

Table 3.12 Optimized structures and frontier molecular orbitals of di-anchoring dyes
5A-C
Dye HOMO

5A
“closed”

5A
6‘0pen7’
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5B
“closed”

5B
“Open”

5C
“closed”

5C
6‘0pen7’
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3.5.5. Photovoltaic performance in dye-sensitized solar cells

The photovoltaic performance of the investigated dyes (5A—F) was evaluated in
DSSCs based on iodide-triiodide electrolyte without any added co-adsorbent or co-
sensitizer. Figure 3.45 shows J-V characteristics of these DSSCs, and the photovoltaic
parameters are summarized in Table 3.13. The cells based on the dye 5C and its
counterpart 5F with the longest methine chains showed broader IPCEs (400-700 nm)
but lower values (around 7%) compared to the other dyes (400—-600 nm; 12-40%),
resulting in lower Jic values (1.44 and 1.12 mA/cm?).
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Figure 3.45. (a) J-V characteristics of the DSSCs based on dyes 5A-F. (b) IPCE spectra of
5A-F dye-sensitized devices
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The cells fabricated with the di-anchoring dyes, except of 5C, showed slightly
lower Vo values to those with the mono-anchoring dyes. It is obvious that Jsc-Voc
values decreased together with the increasing number of double bonds (n=0>n=1
> n = 2) between the donor and acceptor/anchoring group. As it can be assumed from
the analyzed optical properties, the best results were obtained by using dye 5D,
showing an overall conversion efficiency (i) of 2.36% (Jsc = 5.42 MA ¢cm 2, V¢ = 582
mV, FF = 0.75). It is obvious that the reduced tendency of dye aggregate formation is
the main factor influencing better DSSC characteristics. Interestingly, the additional
acceptor-anchor units in sensitizers 5A, 5B did not have a positive effect on the device
performance; overall, DSSC efficiencies are noticeably lower compared with mono-
anchoring dyes 5D, 5E.

Table 3.13 Photovoltaic performance of DSSCs based on the different dyes under
100 mW-cm™? AM1.5 G illumination

Dyes Voc (MV) Jsc (MA/cm?) FF (%) n (%)
5A 548+3 4.30+0.06 75.9+1.7 1.79+0.05
5B 468+6 1.99+0.11 73.1+£0.9 0.68+0.04
5C 460+0 1.44+0.04 74.9+0.2 0.50+0.02
5D 58243 5.42+0.15 75.3£1.5 2.36+0.05
5E 482+3 2.52+0.13 75.2+0.7 0.91+0.06
5F 448+3 1.12+0.10 72.1+£0.3 0.36+0.03
D35 775+10 11.17+0.05 73.5£1.2 6.35+0.03

N719 740+0 13.30+0.36 72.9+1.1 7.17+£0.07

To conclude this chapter, a set of novel metal-free di-anchoring organic dyes
based on a Troger’s base scaffold (5A, 5B, 5C) have been designed and synthesized.
These compounds are possessing triphenylamine donor and rhodanine-3-acetic acid
as acceptor/anchoring group linked by the poly[n]enic (from n = 0 to 2) chain. The
influence of the polymethine chain length and number of the anchoring groups on the
photophysical, electrochemical, and photovoltaic properties of these V-shape
sensitizers has been investigated, and it was found that the extended polymethine
chains ensure flexibility of these units and inspire the interaction between two
chromophores, hence promoting aggregate formation in these Troger’s base-based
dyes. Therefore, the best result of DSSCs, showing an overall conversion efficiency
of 2.36%, was obtained by using dye 5D that is possessing the shortest polymethine
chain length and one anchoring group. Evidently, if further research is aiming to create
efficient TB derivatives of similar design, the solution for chain flexibility and intra-
anchoring needs to be found, and one of such ways is the enhancement of polymethine
backbones by bulky structural moieties, which should prevent aggregate formation in
di-anchoring organic dyes based on Troger’s base scaffold.
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3.6. Improved sensitizers for dye-sensitized solar cells based on Troger’s base
scaffold

Seeking to improve the molecular design of previously investigated sensitizers
further, while avoiding the drawbacks of flexible polymethine chain and intra-
anchoring of acceptor groups it causes, an alternative interlinking conjugated
fragment needs to be found. Such fragment should be rigid, hence solving the problem
of flexibility and possibly providing some structural bulk, hence restricting the access
of acceptor groups reaching each other by bestowed sterical hindrance. These
structural modifications should solve the problem of aggregate formation, while still
providing the advantages of two anchoring groups and improved binding to titanium
dioxide layer and possibly a higher efficiency of electron injection.

As promising candidates for such fragments could be thiophene units for their
rigidity and beneficial molecular properties, they bestow to bianchoring sensitizers,
surpassing that of the regular phenyl group or some other spacers [226]; a more
sophisticated spacer option could be phenyl-branched hydrazone fragment, providing
both a longer conjugated system and an additional structural bulk.

In this chapter, novel sensitizer compounds of improved molecular design, of
both A-n-D-n-A and D-zn-A type, are synthesized and analyzed, providing further
insight into a topic of double-anchored dyes.

3.6.1. Synthesis of novel dyes based on Troger’s base scaffold

New structurally improved bianchoring organic sensitizers, containing spacer
fragments of either thiophene or phenyl-branched hydrazone, based on TB scaffold
and, likewise, their mono-anchoring counterparts, were synthesized.

Both thiophene spacer possessing compounds, bianchoring dye 6f and its
counterpart 6i, were synthesized in a six-step reaction route as described in
Scheme 3.8. Both routes have the same intermediate compounds 6a—c, and synthetic
pathway starts to differ as 6¢ is being attached to either Troger’s base or smaller
system of a single aromatic ring and proceeds by two more synthetic steps further
modifying them towards obtaining final compounds 6f and 6i respectively.

Initially, compound 6a was obtained from 3,4-dimethyl-N-phenylaniline by
bromination reaction with N-bromosuccinimide in DMF. This compound underwent
the Suzuki coupling reaction with (5-formylthiophen-2-yl)boronic acid, resulting in
aldehyde compound 6b, which was further modified by blocking its active group by
p-toluenesulfonic acid catalyzed reaction with 2,2-dimethyl-1,3-propanediol,
affording product 6c with the vyield of 68%. The obtained corresponding
diphenylamine 6c¢ underwent reaction with either 2,8-dibromo-4,10-dimethyl-
6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine  (brominated = Troger's  base
derivative) [40] or 3-iodotoluene, in the presence of palladium(ll) acetate, tri-tert-
butylphosphonium tetrafluoroborate, and sodium tert-butoxide, to provide
intermediates 6d and 6g, respectively. After deprotection, the obtained penultimate
aldehydes 6e and 6h were obtained, and they were condensed with rhodanine-3-acetic
acid, resulting in thiophene spacer possessing sensitizers 6f and 6i.
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Scheme 3.8. Synthesis of new sensitizers containing thiophene spacer

Sensitizers, having a phenyl-branched hydrazone spacers, were synthesized
(Scheme 3.9) by modifying already investigated intermediate aldehydes 5k and 5o.
Their reaction with phenylhydrazine resulted in phenylhydrazones 6j and 6n, which
were used in arylation reactions with 5n (2-(4-bromophenyl)-5,5-dimethyl-1,3-
dioxane) to obtain hydrazones with protected aldehyde functional groups 6k and 60,
respectively. After deprotection, the penultimate aldehyde compounds 61 and 6p were
obtained. Finally, the condensation of the aldehydes 61 and 6p with rhodanine-3-acetic

acid yielded sensitizers 6m and 6r. ) )
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'H and 3C NMR as well as elemental analysis data confirmed the structure of
newly synthesized dyes 6f, 6i, 6m, and 6r. The signal pattern of *H NMR spectrum in
the region between 3.7 and 4.5 ppm allows identifying the presence of the TB core,
as the pattern of the protonic signals of 6f, 6i, 6m, and 6r shows two doublets
(although sometimes overlapped with other signals) near each margin of the
mentioned interval. These two doublets signify the endo/exo protons of
methanodiazocine bridge (part Ar-CHz-N), as they are magnetically nonequivalent
due to the structural rigidity of the Troger’s base. As it is observed in 'H NMR
spectrum of compound 6m (Figure 3.46), the protons of methylene bridge show two
doublets at 3.89 and 4.38 ppm, endo and exo hydrogens, respectively, but in this case,
exo doublet overlaps with a signal of protons in H-21 position. As a contrasting
example of this, the signals of two protons located in the center of the outer corner of
TB core, attached to bridging methylene carbon (N-CH:-N), are not hindered
structurally and can be observed as a singlet at 4.20 ppm in this spectrum.
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Figure 3.46.*H NMR spectrum (400MHz, (CD3),SO) of compound 6m
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3.6.2. Optical properties

In order to examine and evaluate the impact of the thiophene and hydrazone
spacers introduced into the molecular design and the optical properties of new dyes,
the UV-vis measurements of di-anchoring dyes 6f and 6m and their mono-anchoring
analogues 6i and 6r were performed.

7.0x10" 4 —— 6f
——6i
6.0x10° 7 ——6m 503nm
] 515nm

—— 6r

Absorbance

Figure 3.47. UV-vis spectra of dyes 6f, 6i, 6m, and 6r in DMSO solutions (c = 10 M)

As shown in Figure 3.47, the absorption spectra of both, bianchoring organic
dyes based on TB scaffold, 6f and 6m, and mono-anchoring dyes, 6i and 6r, display
two distinct absorption bands at around 270-340 nm and 400—650 nm, respectively.
The bands in the UV region demonstrate higher absorption at longer wavelengths,
corresponding to the n—n* electron transitions of the conjugated system. Interestingly,
the sensitizers 6m and its mono-anchoring counterpart 6r exhibit weak but clear
additional absorption band at around 385 nm, likely due to phenyl groups branching
out of hydrazone unit that is present in these dyes. The strong absorption bands in the
visible region can be attributed to an intramolecular charge transfer (ICT) between the
triphenylamine-based donor and the electron accepting rhodanine-3-acetic acid
moiety, providing efficient charge separation at the excited state. The comparison in
between the absorption spectra of dyes 6f, 6i, 6m, and 6r clearly demonstrates that
the extension by thiophene unit results in 18 and 30 nm (in bi- and mono- sensitizers,
respectively) of bathochromic shift of the absorption band compared to that of the
hydrazone homologues. Next, the comparison of the optical properties of di-anchoring
dyes 6f and 6m with those of their mono-anchoring analogues, 6i and 6r, clearly
demonstrates that the organic dyes based on a TB scaffold exhibit significantly higher
extinction coefficients compared to that of the counterpart mono-anchoring
sensitizers. Moreover, the molar extinction coefficient of the charge transfer transition
in these dyes indicates a good ability for light harvesting, especially noticeable in
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thiophene sensitizers. However, the comparison of the ICT absorption bands of 6f and
6i clearly indicates a hypsochromic shift of 12 nm, hinting of an interaction at the
ground state between the two chromophores in this di-anchoring dye, leading to
conclusion that thiophene unit does not prevent the intra-anchoring of two sides of the
molecule. Luckily, no such shift was observed in dye 6m in comparison to its mono-
anchoring sensitizer 6r. This indicates that phenyl-branched hydrazone unit provides
the expected properties and prevents the interaction between the two chromophores
in this di-anchoring dye.

To conclude this chapter, two methods to improve the molecules of previously
investigated dyes structurally by introducing thiophene and hydrazone fragments were
offered and tested, and their synthetic pathway was discovered, resulting in sensitizers
6f, 6i, 6m, and 6r. It was found that even though a thiophene fragment bestowed the
compounds with light absorption properties surpassing that provided by hydrazone
unit, it still does not offer sufficient structural stiffness to prevent the interaction
between the two chromophores of bianchoring sensitizer. However, phenyl-branched
hydrazone unit successfully provided both the rigid structure and structural bulk,
hampering these unfavorable interactions. These dyes are promising candidates for
the DSSC applications.

3.7. Light emitting materials containing tetraphenylethenyl fragments and
Troger’s base core

One of the most important and widely investigated topics of optoelectronics is
organic light emitting diodes. Thanks to the research efforts contributed by the
scientists, OLEDs with various emission colors in high efficiencies have been
fabricated and utilized in full-color flat panel displays and solid-state white lighting
[227]. For the improvement of these devices, a development of new efficient materials
possessing desirable properties is essential. Whereas many luminophors exhibit strong
photoluminescence (PL) in dilute solutions, their light emissions are often weakened
or even completely quenched in concentrated solutions or in the solid state [228]. As
the luminogenic molecules are located in the immediate vicinity under these
circumstances, the aromatic rings of the neighboring fluorophors, especially those
with disc-like shapes, experience strong n—x stacking interactions, which promote the
formation of species that are detrimental to the light emission. The excited states of
the aggregates often decay via nonradiative relaxation pathways, which are
notoriously known as aggregation-caused quenching (ACQ) of light emission in the
condensed phase [229]. The ACQ effect has prevented many potentially effective
luminophors from finding their use in devices due to their drastically decreased
efficiency in a solid form.

A phenomenon of aggregation-induced emission (AIE), that is exactly opposite
to the ACQ effect, was as well discovered, where instead of quenching, aggregate
formation boosted the ®g values, turning them from faint fluorophores to strong
emitters [230]. Amongst various luminogens, tetraphenylethene (TPE) possesses, a
simple molecular structure shows a splendid AIE effect [231]. Its four phenyl groups
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are twisted out of the central alkene plane by ~50°, such propeller-like conformation
effectively prevents direct n—x stacking interactions that tend to induce nonradiative
recombination and red-shift as observed in normal crystals. TPE is a very attractive
and useful molecule as it can be facilely introduced to many ACQ chromophores,
generating new luminogens with AIE or aggregation-enhanced emission (AEE)
characteristics and high emission efficiency in the aggregated state for the fabrication
of efficient non-doped OLEDs [229].

In order to further inhibit the direct = stacking, an angle-oriented TB core
could be incorporated into the molecular structure of luminophors, hence potentially
resulting efficient luminogenic molecules. It is as well an interesting approach
towards the investigation and better understanding of the structure—property
relationship, as it could be compared to the previously investigated TB derivatives,
especially compounds containing triphenylethenyl fragment and, therefore, having
some structural similarities like compound 2b.

This chapter is dedicated to the synthesis and investigation of luminogenic
Troger’s base derivatives, containing tetraphenylethene moieties and possessing AIE
properties.

3.7.1. Synthesis of novel Trioger’s base compounds

Novel TB compounds containing TPE moieties, chosen for the investigation in
this chapter, were synthesized by obtaining suitable Troger’s base derivative and
expanding it with either two or four TPE moieties by employing Suzuki—Miyaura
cross-coupling or Buchwald—Hartwig amination reactions.

Firstly, the compound 4,10-dimethyl-N? N2, N8 N8-tetrakis(4-(1,2,2-
triphenylvinyl)phenyl)-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-2,8-
diamine (7a), as the most structurally related to previously investigated compound 2b,
was synthesized from amino-substituted TB derivative 4b and brominated TPE
derivative via Buchwald—Hartwig amination reaction (Scheme 3.10).

OCOO %Y,

LEO?/ el O Cﬁ%/

1,4-dioxane, A O O O O
SO 50O

Scheme 3.10. Synthesis of compound 7a

Secondly, the plan to investigate compounds having two TPE fragments

connected directly to TB with no interlinking nitrogen was created. These compounds,
namely 4,10-dimethyl-2,8-bis(4-(1,2,2-triphenylvinyl)phenyl)-6H,12H-5,11-
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methanodibenzo[b,f][1,5]diazocine  (7c) and  2,8-dimethyl-4,10-bis(4-(1,2,2-
triphenylvinyl)phenyl)-6H,12H-5,11-methanodibenzo([b,f][1,5]diazocine (7e), were
synthesized by obtaining intermediate boronic group possessing TB derivatives 7b
and 7d via metalation with n-butyllithium, and their further reaction with 1-(4-
bromophenyl)-1,2,2-triphenylethylene  via  Suzuki-Miyaura  cross-coupling
(Scheme 3.11).

O
07
O O

n-BuLi|B(OH);
-78 °C,|THF

Py

7d (43%) : X : O
Br
n-Buli, BOH); __Pd(PPha)y,
-78 °c THF KzCos (HzO)

THF, 70 °C

Scheme 3.11. Synthesis of compounds 7b—e
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-78 °C,[THF

‘ 3j, Pd(PPhgy),,
K,CO3 (H,0)
HO THF, 70 °C
°B

On T (64%)

Br

Scheme 3.12. Synthesis of compounds 7f—g

Compound 2,4,8,10-tetrakis(4-(1,2,2-triphenylvinyl)phenyl)-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine (7g), containing four TPE moieties, was
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synthesized by obtaining intermediate boronic group possessing TPE derivative 7f
and attaching it to bromine-substituted TB core 3j by employing Suzuki-Miyaura
cross-coupling reaction (Scheme 3.12). This method was chosen due to the propensity
to undergo protodeboronation that is frequently observable in boronic compounds that
are involved in metal-catalysed coupling reactions; hence, a reaction employing TB
derivative with four boronic groups would likely be susceptible to such undesirable
outcome, as a single event of protodeboronation, occurring in any of the four sites,
would be detrimental for the synthesis.

The structures of synthesized compounds were confirmed by NMR *H and **C
spectroscopy as well as elemental analysis. Signal pattern of compounds 7a, 7c, 7e,
and 7g in the 3.35-4.65 ppm in a range of 'H NMR spectrum is essential for the
identification of methanodiazocine bridge, proving the presence of the TB core
(Figure 3.48). *H NMR spectra of these compounds show two doublets at 3.38 ppm
and 3.97 ppm, endo and exo protons, respectively, signifying that the protons in
bridging methylene part (Ar-CH-N) are magnetically nonequivalent due to the rigid
structure of the TB. As a contrasting example, the signals of two protons of the other
bridging methylene carbon (N-CH>-N) are detected as a singlet at 4.22 ppm. Other
typical proton signals of aromatic part of the core unit can be observed at 6.53 and
6.88 ppm.
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Figure 3.48. *H NMR spectrum (400MHz, CDCls) of compound 7e

3.7.2. Thermal and optical properties

DSC measurements of compounds 7a, 7c, 7e, and 7g were performed, and they reveal
that the investigated TB derivatives 7c and 79 are fully amorphous (Figure 3.49),
while compounds 7a and 7e exist both in crystalline and amorphous state (Table 3.14),
as during the first heating, the melting of the crystals (Tm) was observed in their
samples. No crystallization takes place during cooling or second heating scans of
compound 7a, and only glass transition (Ty) is registered during the second heating
(Figure 3.49).
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Figure 3.49. DSC curves of 7a, 7c, and 7g indicating T4. Heating rate 10 K/min; second run

These properties can be compared to that of compound 2b due to their structural
resemblance, but as the additional phenyl group is introduced into each branch
(triphenylethenyl moieties in compound 2b, as compared to tetraphenylethene in 7a),
the fully amorphous 2b (Figure 3.10 b) is getting more crystalline as 7a. A more
interesting case is compound 7e, demonstrating the glass transition, crystallization,
and melting of crystals in both runs (Figure 3.50). These two states could be explained
by the increased planarity of the compound as TPE fragments are branching off from
the TB core to the sides of it, not being effectively oriented along the axes of V-shaped
core.

1st cooling

1st heating

EXO

2nd heating

50 100 150 200 250 300
Temperature / °C

Figure 3.50. DSC curves of compound 7e. Heating rate 10 K/min
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Thermogravimetric analysis of compounds 7a, 7c, 7e, and 7g reveals high
decomposition temperatures (Figure 3.51, Table 3.14). In general, all the compounds
within the series have demonstrated superior thermal stability with initial destruction
temperatures (corresponding to 5% weight loss) exceeding 400 °C, confirming that
their thermal stability will not be a limiting factor for the practical application in
optoelectronic devices.

100 200 300 400 500 600
Temperature (°C)
Figure 3.51. TGA curves for compounds 7a, 7c, 7e, and 7g
UV-VIS absorption spectra of Troger's base derivatives 7a, 7c, 7e, and 7g in

the THF solution (Figure 3.52) were obtained, and the emission spectra of 7c, 7e, and
79 were measured in THF and neat film (Figure 3.53, Table 3.14).

1.5xlos-_ . Q @E f@ﬁq@%@

——T7e

1.0x10° -

el M*em™

5.0x10"

0.0

T T T T ! T ! j !
300 350 400 450 500
Wavelength / nm

Figure 3.52. UV-VIS spectra of compounds 7a, 7c, 7e, and 7g in THF solutions (c=10"* M)
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Table 3.14 Thermal and optical properties of TB derivatives

Tm Tg Taec | Ama®s g THF solution Neat film
[oc] [oC] [b] [oC] [c] [nm] [d] € [M cm ]

Ae (nm) €1} &k (%) 7|4 (nm) | dr (%) [
7a |2290 187 | 455 | 304,368 | 73518;52599 511 0.03 526 4.2

Comp.

7c - 170 | 430 327 46275 507 0.06 497 27.84
7e | 338 | 325 | 413 322 36693 509 0.07 494 17.05
79 - 208 | 459 327 81514 507 0.19 500 22.15

[a] Melting point was only detected during the first heating 10 K/min. [b] Determined by DSC:
scan rate, 10 K/min; N2 atmosphere; second run. [c] Onset of decomposition determined by
TGA: heating rate, 10 K/min; N2 atmosphere. [d] UV-Vis spectra were measured in 10* M
THF solution. [e] Fluorescence maxima in THF solution, neat film. [f] Fluorescence quantum
yield in THF solution, neat film.

UV-VIS absorption spectra shows that a compound 7a have two absorption
maximums, peaking at 304 nm and 368 nm, having the most red-shifted maximum in
this group of compounds, possibly showing the interaction of TPE fragments,
surpassing that of the other compounds. The first maximum, observable at 304 nm,
could correspond to n-o* electron transitions in the proximity of nitrogen atoms, to
which TPE fragments are attached. Compound 7e have its absorption maximum at
322 nm, indicating a 5 nm hypsochromic shift compared to compounds 7¢ and 7g, a
phenomena that could be explained by possible interaction and steric hindrance
between TPE fragment and endo- hydrogens of the TB core unit. Interestingly, the
absorption of 7g look like a sum of absorptions of 7¢ and 7e, by both wave length and
absorption intensity, showing no bathochromic shift whatsoever, suggesting that these
fragments do not interact as a single conjugated n-system.
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Figure 3.53. Emission of neat layers, solution, and absorption spectra of 7a, 7c, 7e, and 79
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The emission spectra and quantum vyields of compounds 7c, 7e, and 7g
demonstrate the typical effect of AIE, while emitting poorly in dilute solutions,
emission greatly increases in a solid state (Table 3.14). This phenomenon is as well
observed in compound 7a, but it did not exhibit good light emission in either solution
or film. There should be noted that the largest difference between emission maximums
in solution and solid state is observed in 7e, indicating the formation of aggregates
and, subsequently, decreased quantum efficiency. This can be attributed to the
structure of 7e, having its TPE fragments attached to the sides, not the ends, of V-
shaped TB core: those fragments are oriented in the fashion resembling parallel lines
heading to the opposite directions out from the core unit, avoiding core-caused
orientation not making a significant angle with each other. Compound 7c have its TPE
fragments interlinked into the core unit in a way they are oriented nearly
perpendicularly towards each other: a molecular design that results in the highest
solid-state quantum efficiency in a group. Compound 7g have its two pairs of TPEs
attached in both ways, and its quantum efficiency is close to that of the arithmetical
average between the previous two molecules, suggesting that it suffers the drawbacks
of 7e, hence making two additional TPE fragments (in comparison with 7¢) more of
a disadvantage than an improvement.

3.7.3. Photoelectrical properties

The ionization potential of compounds 7a, 7c, 7e, and 7g was measured by the
PESA method (Figure 3.54, Table 3.15) %.

100 4

80

4 > o &m

60

i°® (a. u.)

209 4

Figure 3.54. Photoemission in the air spectra of Troger’s base derivatives 7a, 7¢, 7¢, and 79

! Measurements of ionization potential were performed at the Department of Solid State
Electronics, Vilnius University, by Dr. V. Jankauskas, E. Kamarauskas.
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Table 3.15 Energy level data for compounds 7a, 7c, 7e, and 7g ¥

Compound Eg (eV) [P Erowmo (eV)) ELumo (eV) Ip (eV)L]
7a 2.77 -4.90 -2.13 5.49
7c 3.12 -5.57 -2.45 5.82
7e 3.14 -5.36 -2.22 5.84
79 3.11 -5.47 -2.36 5.76

[a] The CV measurements were carried out at a glassy carbon electrode in dichloromethane
solutions containing 0.1 M tetrabutylammonium hexafluorophosphate as an electrolyte and Pt
wire as the reference electrode. Each measurement was calibrated with ferrocene (Fc).
Potentials measured vs Fc*/Fc. [b] The optical band gaps E,°" estimated from the edges of
electronic absorption spectra in solution. [c] Conversion factors: ferrocene in DCM vs SCE
0.46 [143], SCE vs SHE: 0.244 [166], SHE vs. vacuum: 4.43 [167]. [d] ELuwmo calculated from
the equation ELumo = Enomo — E¢. [€] Solid state ionization potential (I,) was measured by
the photoemission in the air method from films.

I, value of 5.49 eV for 7a is comparable with 5.45 eV of compound 2b, as having
four additional unsubstituted phenyl groups (tetraphenylethenyl branches compared
to triphenylethenyl ones) increase the ionization potential by 0.04 eV. The ionization
potentials of compounds 7c, 7e, and 7g are comparatively high, having their values of
5.82 eV, 5.84 eV, and 5.76 eV, respectively. This can be attributed to the absence of
donor group substituents, interlinking nitrogen atoms, binding TPE fragments
together, or conjugated n-system that is not sufficiently large.

The ground-state oxidation potentials of compounds 7a, 7c, 7e, and 7g were
measured employing the cyclic voltammetry technique (Table 3.15). All measured
derivatives undergo reversible oxidation in their CV scans, indicating the
electrochemical stability of the compounds. The observed CV results in the solution
correlate reasonably with the ionization potential measurement data that was obtained
from films, indicating limited intermolecular interaction in the solid state.

To conclude this chapter, four novel Troger’s base compounds possessing TPE
side arms were synthesized and investigated. These compounds are thermally stable,
soluble, and possess AIE properties, allowing them to be used in forming solid-state
layer in devices. The quantum efficiency values of these compounds were not as high
as expected, but the research results revealed some structure-properties relations that
allow further improvement and optimization in the molecular design of future
compounds. It was discovered as well that the highest quantum efficiency were
obtained by molecules where TPE moieties are attached to the TB core in 2,8-
position, hence allowing to be oriented angle-wise towards each other. Other
molecular designs resulted in decreased quantum efficiency, even when the number
of attached TPE fragments was doubled. These findings suggest the conclusion that
the TB core (preferably being substituted to 2,8- positions) could be useful in the
synthesis of functional luminogenic molecules that are possessing AIE properties.
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4. EXPERIMENTAL PART

4.1. Instrumentation

Measurements

'H NMR spectra were recorded at 400 MHz on a Bruker Avance IlI
spectrometer with a 5 mm double resonance broad band BBO z-gradient room
temperature probe and at 700 MHz on a Bruker Avance Il spectrometer equipped
with a 5mm TCI 1H-13C/15N/D z-gradient cryoprobe. *C NMR spectra were
collected by using the same instruments at 100 and 176 MHz, respectively. The
chemical shifts, expressed in ppm, were relative to tetramethylsilane (TMS). The
compounds were dissolved in deuterated solvents as indicated for each compound. All
the experiments were performed at 25 °C.

The course of the reaction products was monitored by TLC on ALUGRAM SIL
G/UV254 plates and developed with I, or UV light. Silica gel (grade 62, 60—200 mesh,
150 A, Aldrich) was used for column chromatography.

The elemental analysis was performed with an Exeter Analytical CE-440
Elemental.

IR-spectroscopy was performed on Perkin Elmer Spectrum BX Il FT-IR
System, using KBr pellets. The fluorescence emission and excitation spectra were
recorded with a Hitachi MPF-4 luminescence spectrometer. All the data are given as
shifts in v (cm™).

The melting points were determined in capillary tubes by using Electrothermal
MEL-TEMP capillary melting point apparatus.

Differential scanning calorimetry (DSC) was performed on a Q10 calorimeter
(TA Instruments) at a scan rate of 10 K min in the nitrogen atmosphere. The glass
transition temperatures for the investigated compounds were determined during the
second heating scan.

Thermogravimetric analysis (TGA) was performed on a Q50 thermogravimetric
analyzer (TA Instruments) at a scan rate of 10 K min in the nitrogen atmosphere.

The absorption spectra of the dilute THF solutions were recorded on a UV~
VIS-NIR spectrophotometer Lambda 950 (Perkin Elmer). The microcells with an
internal width of 1 mm were used.

X-ray crystallography measurements were made in the Department of Polymer
Chemistry and Technology, KTU, on a Rigaku XtaLAB mini diffractometer by using
graphite monochromated Mo-Ka radiation. The data were collected and processed by
using CrystalClear (Rigaku). All calculations were performed by using the
CrystalStructure 4.0 crystallographic software package, except for refinement, which
was performed by using SHELXL-97.

Cyclic voltammetry (CV) measurements were carried out by a three-electrode
assembly cell from Bio-Logic SAS potentiostat-galvanostat. The measurements were
carried out at a glassy carbon electrode in dichlormethane solutions containing 0.1 M
tetrabutylammonium hexafluorophosphate as an electrolyte, Pt as the reference, and
counter electrodes at a scan rate of 50 mV s*. Each measurement was calibrated with
ferrocene (Fc). The oxidation potential was obtained as an average value between
anodic and cathodic potentials: E12"¥**= 1/2(Epc + Epa).
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The fluorescence of the investigated compounds in dilute toluene solutions was
measured by using an Edinburgh Instruments Fluorescence Spectrometer FLS920.
The fluorescence quantum yields (®¢) of the solutions were estimated by using the
integrated sphere method [232].

The fluorescence and phosphorescence of compounds 3f-3h were measured in
the Institute of Applied Research, Vilnius University. The fluorescence of the
investigated compounds in dilute THF solutions, PS, and neat films were measured
by using excitation at 350 nm from a Xe lamp (FWHM<10 meV), using a back-
thinned CCD spectrometer PMA-11 (Hamamatsu). The samples of dilute solutions
were prepared by dissolving investigated materials in a spectral grade THF at
1 x 10 M concentration. The PS films with the dispersed compounds with 0.1 wt %
concentration were prepared by mixing the dissolved compounds and PS in the THF
solutions at appropriate ratios and casting the solutions on quartz substrates under the
ambient conditions. For phosphorescence measurements, Zeonex (polyolefin)
polymer and spectral grade chlorobenzene as a solvent with dispersed compounds of
1 % w.t. in wet-cast films under ambient conditions were used. The neat films of the
compounds were cast from 1 x 10 M THF solutions under ambient conditions. The
fluorescence quantum yields (@x) of the solutions, PS, and neat films were estimated
by using the integrated sphere method with integrating sphere (Sphere Optics) coupled
to the CCD spectrometer via optical fiber using 350 nm excitation wavelength.
Quinine sulfate in 0.1 M H,SO4 with ®¢ 0.53 £+ 0.023 was used as a reference.
Fluorescence transients were measured by using a time-correlated single photon
counting system PicoHarp 300 (PicoQuant) utilizing a semiconductor diode
(repetition rate 1 MHz, pulse duration 70 ps, emission wavelength 350 nm) as an
excitation source. Radiative (zr) and nonradiative (zn) decay time constants were
calculated by using the following relations: zr = te/®r, 7r = 7e/(1-®f), where the term
mr takes into account all the possible nonradiative decay pathways. Phosphorescence
measurements of 1% w.t. Zeonex (polyolefin) films were performed by using
nanosecond (z = 7 ns) Ekspla NT 242 laser with 350 nm excitation (laser fluence
200 wJ) and Andor Sr-303i-A iCCD camera at 5 x 10" mbar vacuum by closed-cycle
helium cryostat (293 K) with 1 ms delay time after the excitation.

Photoelectrical measurements

The solid state ionization potential (1) of layers of the synthesized compounds
was measured by the electron photoemission in the air method at the Department of
Solid State Electronics, Vilnius University. The samples for the ionization energy
measurement were prepared by dissolving materials in THF, and these solutions were
coated on Al plates that were pre-coated with ~0.5 um thick methylmethacrylate and
methacrylic acid copolymer adhesive layer. The thickness of the transporting material
layer was 0.5-1 um. Usually, the photoemission experiments are carried out in a
vacuum, and high vacuum is one of the main requirements for these measurements. If
the vacuum is not high enough, the sample surface oxidation and gas adsorption are
influencing the measurement results. In this case, however, the organic materials that
were investigated were stable enough to oxygen, and the measurements could be
carried out in the air. The samples were illuminated with monochromatic light from
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the quartz monochromator with deuterium lamp. The power of the incident light beam
was (2-5)-10® W. The negative voltage of —300 V was supplied to the sample
substrate. The counter-electrode with the 4.5x15 mm? slit for illumination was placed
at 8 mm distance from the sample surface. The counter-electrode was connected to
the input of the BK2-16 type electrometer, working in the open input regime, for the
photocurrent measurement. The 10" ~10-*2 A strong photocurrent was flowing in the
circuit under illumination. The photocurrent | is strongly dependent on the incident
light photon energy hv. The 1°5 =f(hv) dependence was plotted. Usually, the
dependence of the photocurrent on incident light quanta energy is well described by a
linear relationship between 1°% and hv near the threshold [233, 234]. The linear part of
this dependence was extrapolated to the hv axis, and I, value was determined as the
photon energy at the interception point.

The hole drift mobility was measured by xerographic time of flight technique
(XTOF) [235, 236] at the Department of Solid State Electronics, Vilnius University.
The samples for the hole mobility measurements were prepared by spin-coating the
solutions of the synthesized compounds or compositions of synthesized compounds
with bisphenol-Z polycarbonate (PC-Z) (lupilon Z-200 from Mitsubishi Gas
Chemical Co.) in weight ratio 1:1 on the polyester films with conductive Al layer. The
layer thickness was in the range 5-11 um. The electric field was created by positive
corona charging. The charge carriers were generated at the layer surface by
illumination with pulses of nitrogen laser (pulse duration was 2 ns, wavelength 337
nm). The layer surface potential decreases as a result of pulse illumination that was
up to 1-5% of initial potential before the illumination. The capacitance probe that was
connected to the wide frequency band electrometer measured the speed of the surface
potential decrease dU/dt. The transit time t; was determined by the kink on the curve
of the dU/dt transient in double logarithmic scale. The drift mobility was calculated
by the formula z=d?/Uot;, where d is the layer thickness, Uy is the surface potential at
the moment of illumination.

Perovskite Device Fabrication and Measurements

The method that was used for the measurement of TB derivatives 2a-c,
performed in the Department of Physics, Clarendon Laboratory, University of Oxford.
FTO-coated glass sheets (TEC 7, 7€/sheet, Pilkington) were etched with zinc powder
and 2M HCl to obtain the required electrode pattern. The sheets were washed with 2%
Hellmanex in water, deionized water, acetone, ethanol, and iso-propanol. The last
traces of organic residues were removed by oxygen plasma cleaning for 10 min. The
FTO sheets were subsequently coated with a TiO, compact layer with 40 mM
Aquarius TiCls solution at 70 °C for 60 min, then washed with DI-water and ethanol.
The coated FTO substrate was heated at 500 °C for 30 min. Cgo self-assembled
monolayer (SAM) (10 mg/ml in 1,2-dichlorobenzene) was coated on TiO, compact
layer at 3000 rpm for 30 sec. Ceo-SAM between the perovskite and the TiO, contact
is needed to shift the perovskite valence band to lower binding energies [237]. 38wt%
perovskite precursor solutions were made by 3 molar of CHsNHsl (MAI) and 1 molar
of PbCl, dissolving in dimethylformamide (dehydrate DMF). The Perovskite
precursor solution was coated onto the TiO2/Ce by a consecutive two-step spin-
104



coating process at 1300 rpm for 25 sec and 3000 rpm for 10 sec under low humidity
(15-20% at 20 °C) condition with a dry compressed air parching in dry box. The
perovskite films were quickly dried by the compressed air blowing for 30 sec for
drying the film surface. The perovskite films were drying at 20-25 °C for 15 min and
then 70 °C for 15 min on the hot plate. The dried films were annealing at 100 °C for
90 min, then ramp up to 120 °C for 10 min in the box oven without controlling
humidity. 32 mg HTMs containing TB core (2a—C) was solved in 800 ul cholobenzene
with  additives of 9 pul tert-  butylpyridine, 22 pl lithium
bis(trifluoromethylsulfonyl)imide salt in acetonitrile (170 mg ml™*) and 17 ul and
8.8 ul Co[t-BuPyPz]s[TFSI]s in acetonitrile (40 mg ml?). The HTM solution was
coated on the perovskite with spin-coating at 4000 rpm for 30 sec. film 96 mg 2,2(7,7(-
tetrakis-(N,N-di-pmethoxyphenylamine)9,9(-spirobifluorene))) (spiro-OMeTAD) as
areference was solved in 1 ml cholobenzene with additives of 15 ul tert-butylpyridine
and 35 pl lithium bis(trifluoromethylsulfonyl)imide salt in acetonitrile (170 mg ml?).
Ag metal contact layer was deposited as the counter electrode on the HTM layer by
thermal evaporation. The spiro-OMeTAD solution was coated on the perovskite with
spin-coating at 2000 rpm for 45 sec. 50-80 nm Au metal contact layer was deposited
as the counter electrode on the HTM layer by thermal evaporation.

The cell performance was evaluated by the current—voltage (J-V) measurements
under simulated solar light (AAB ABET technologies Sun 2000 solar simulator) with
its light intensity, 100 mW cm (AM 1.5), calibrated against a standard amorphous-
silicon PV cell (NREL-calibrated KG5 filtered silicon reference cell). The J-V curves
were measured by short circuit (0.1V) to forward bias (-1.4V) and forward bias
(-1.4V) to short circuit (0.1V). The cell aperture area of light incidence was set to
0.0913 cm? photoactive area.

The method used for the measurement of TB derivatives 3g and 3h was
performed in the Department of Physics, Clarendon Laboratory, University of Oxford.
FTO-coated glass sheets (TEC 15, 15Q/sheet, Pilkington) were etched with zinc
powder and 2M HCI to obtain the required electrode pattern. The sheets were washed
with 2% Hellmanex in water, deionized water, acetone, ethanol, and iso-propanol. The
last traces of organic residues were removed by oxygen plasma cleaning for 10 min.
The FTO sheets were subsequently coated with a SnO, compact layer with 40 mM
aqueous SnCl, - 5H20 solution at 70 °C for 60 min, then washed with DI-water and
ethanol. The coated FTO substrate was heated at 180 °C for 60 min. Ceo (10 mg/ml in
1,2-dichlorobenzene) was coated on SnO, compact layer at 2000 rpm for 40 sec. Ceo
between the perovskite and the TiO, contact is needed to shift the perovskite valence
band to lower binding energies [237]. 1.2 M perovskite precursor solutions were made
by using formamidinium iodide, Csl, Pbl,, and PbBr», dissolved in anhydrous DMF,
to obtain a stoichiometric solution with desired composition, i.e.,
FA0.53Cslo17Pbl2ssBross. 70 pl of HI and 30 ul of HBr were added into 1 ml of
perovskite solution. After the addition of acids, the solution was stirred for 40 h.
Perovskite precursor solution was coated onto the SnO,/Cgo by a consecutive two-step
spin-coating process at 1300 rpm for 20 sec and 3000 rpm for 20 sec under low
humidity (7—12% at 20 °C) condition with a dry compressed air parching in dry box.
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The perovskite films were quickly treated with the compressed air blowing for 30 sec
to dry the film surface. The perovskite films were dried at 20-25 °C for 15 min and
then at 70 °C for 15 min on the hotplate. The dried films were annealed at 180 °C for
90 min in the box oven without controlling humidity. 40 mg of 3g or 3h was dissolved
in 1 ml of cholobenzene. 30 pl tert-butylpyridine, 10 pl lithium bis(trifluoromethyl-
sulfonyl)imide salt in acetonitrile (510mg ml?), and 17pul or 20 pl
Co[t-BuPyPz]s[TFSI]s in acetonitrile (50 mg mlt) were added. The HTM solution
was coated on the perovskite with spin-coating at 3500 rpm for 30 sec. 87 mg spiro-
OMeTAD as a reference was solved in 1 ml cholobenzene with additives of 30 pl
tert-butylpyridine and 10 pl lithium bis(trifluoromethylsulfonyl)imide salt in
acetonitrile (510 mg ml?). The spiro-OMeTAD solution was coated on the perovskite
with spin-coating at 2500 rpm for 45 sec. 50-80 nm Ag metal contact layer was
deposited as the counter electrode on the HTM layer by thermal evaporation.

The cell performance was evaluated by the current—voltage (J-V) measurements
under simulated solar light (AAB ABET technologies Sun 2000 solar simulator) with
its light intensity, 100.6 £ 0.6 mW cm? (AM 1.5), calibrated against a standard
amorphous-silicon PV cell (NREL-calibrated KG5 filtered silicon reference cell). The
mismatch factor was estimated to be M=1.035405, and the lamp intensity changes to
account for this mismatch. The J-V curves were measured by short circuit (0 V) to
forward bias (1.4 V) and forward bias (1.4 V) to short circuit (0 V) in 15 mV s scan
rate. The cell aperture area of light incidence was set to 0.0913 cm? photoactive area
by employing an opaque mask. The “stabilized power output” of the devices versus
time was measured under load near the maximum power point at the same conditions.
The external quantum efficiency (EQE) was measured by using Fourier transform
photocurrent spectroscopy. The EQE was measured in short-circuit (Jsc) configuration
following a 1.4 V prebias for 20s, using a simulated airmass (AM) 1.5 100 mW ¢m™
sun light as illumination source.

The method used for measurement of TB derivatives 3l, 4c, 4d, and 4e,
performed in the Institute of Chemical Sciences and Engineering, Ecole
Polytechnique Fédérale de Lausanne. Fluorine doped tin oxide (FTO) glass (Nippon
Sheet Glass) was sequentially cleaned in deionized water, acetone, and isopropanol
by using sonication for 15 min, followed by a 15 min UV-ozone treatment. The spray
pyrolysis method was applied for the fabrication of TiO- blocking layer. A solution
containing 0.9 ml of titanium diisopropoxide bis(acetylacetonate) (TAA) (Sigma-
Aldrich) in 15 ml of ethanol was sprayed at 450 °C. The mesoporous TiO- layer was
prepared by spin-coated 40 pl of a solution made of 1 g of commercially available
TiO, paste (Dyesol 30NRD) in 6 ml of ethanol at 2000 rpm (the acceleration is 1000
rpm/s) for 20 s followed by 500 °C of heat treatment for 30 min. Then, a SnO- layer
was deposited on the top of UV-ozone treated mesoporous TiO; layer by spin-coating
30 pl of the precursor solution containing 12 pl SnCls (Acros) dissolved in 988 ul of
water at 3000 rpm (the acceleration is 1000 rpm/s) for 30 s, followed by sintering at
190 °C for 1 h. Before the deposition of the perovskite layer, the samples needed
another 15 min UV-ozone treatment. The triple cation perovskite layer was prepared
based on 1.3 M of [(FAPbIs)o.s7(MAPbBIs3)0.13]0.92(CsPbls)o.0s, cOntaining 178.94 mg
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of FAI, 17.41 mg of MABr, 57.06 mg of PbBr,, 27.02 mg of Csl, and 548.60 mg of
Pbl; into 0.78 ml of DMF and 0.22 ml of DMSO (molar ratio of Pbl,: MAI is 1.05:
1). Then, 50 pl of perovskite solution were spin coated at 2000 rpm for 12 s
(acceleration 200 rpm/s), followed by 5000 rpm for 30 s (acceleration 3000 rpm/s).
15 s before the end of the process, 110 ul of chlorobenzene were dropped. The sample
was annealed at 100 °C for 1 h in the glovebox. For depositing the HTM, 20 mM of
the material was dissolved in chlorobenzene. Tert-butylpyridine (TBP), tris(2-(1H-
pyrazol-1-yl)-4-tert-butylpyridine) cobalt(11) (FK209) solution, and
tris(bis(trifluoromethylsulfon-yl)imide) (Li-TFSI) solution were applied as dopants
(330 mol%, 50 mol%, and 3 mol% respectively). The solution was spin-coated at
4000 rpm for 30 s. Finally, 70 nm of gold was thermal evaporated on the HTM as an
electrode.

The morphology of the sample was analyzed by a high-resolution scanning
electron microscopy (SEM, ZEISS Merlin). Photoluminescence (PL) spectra were
acquired by using a Perkin LS-55 fluorescence spectrometer excited at 600 nm.
Photocurrent-photovoltage (J-V) curves were measured by using a Keithley 2400
source-measurement-unit under AM1.5G, 100 mW cm2 illumination and certified by
a Class AAA, 450 W solar simulator (ORIEL, 94023A). The active area is 0.16 cm?,
and the scan rate is 100 mV s™. Incident photon-to-electron conversion efficiency
(IPCE) spectra was recorded with a Newport 150 W xenon lamp coupled to an Oriel
Cornerstone 260 motorized 1/4 m monochromator as the light source, and a 2936-R
Power Meter to measure the short-circuit current.

Fabrication and characterization of dye sensitized solar cells

TiO, photo-electrodes were prepared on fluorine-doped tin oxide (FTO) glass,
which initially was cleaned in an ultrasonic bath with detergent, water, acetone, and
ethanol for 30 min respectively. Then, a screen printing technique was used to prepare
mesoporous TiO; films with an area of 5 x 5 mm?. The film consists of one transparent
layer (8 um), which was printed with colloidal TiO> paste (Dyenamo GPS-30TS) and
one 4 um light-scattering layer (Dyenamo paste DN-GPS-220S). Before printing the
second layer, the film was dried at 125 °C for 6 min. Afterwards, the electrodes were
sintered in an oven (Nabertherm Controller P320) in an air atmosphere using a
temperature gradient program with four levels at 180 °C (15 min), 320 °C (15 min),
390 °C (15 min), and 500 °C (30 min). Prior to the dye-sensitization, the electrodes
were post treated with 40 mM TiCl, solution for 30 min, followed by heating at 500 °C
for 30 min. At a temperature of 90 °C, the electrodes were immersed in a dye bath for
18 h containing either 5D (0.5 mM), 5E (0.5 mM), 5F (0.5 mM) in DCM and 5A
(0.5 mM), 5B (0.5 mM), 5C (0.5 mM) in DCM:MeOH (4:1 v/v), or N719 (0.3 mM)
and D35 (0.2 mM) in tert-butanol: acetonitrile (1:1 v/v). Any non-attached dye was
removed with solvent used for the dye bath. The counter electrodes were prepared by
depositing 10 uL of a H2PtCls solution in ethanol (5 mM) to FTO glass substrates
followed by heating in the air at 400 °C for 30 min. The solar cells were assembled
by sandwiching the photoelectrode and the counter electrode by using a 25 pum thick
thermoplastic Surlyn frame. An electrolyte solution was injected through a hole
predrilled in the counter electrode by vacuum back filling, and the cell was sealed

107



with thermoplastic Surlyn cover and a microscope glass coverslip. The electrolyte
consists of Lil (0.1 M), I> (0.05 M), 1-butyl-3-methylimidazolium iodide (BMII,
0.6 M), and 4-tert-butylpyridine (TBP, 0.5 M) in acetonitrile. Three solar cells were
made with every dye.

Current-voltage (IV) characteristics were determined by using a combination of
a source measurement unit (Keithley 2400) and a solar simulator (Newport, model
91160). The solar simulator provided light with AM 1.5 G spectral distribution and
was calibrated to an intensity of 100 mW cm2 by using a certified reference solar cell
(Fraunhofer ISE). On the top of the DSC, a black metal mask with an aperture of 5 x
5 mm? was applied. Incident photon-to-current conversion efficiency (IPCE) spectra
were measured with a computer-controlled setup comprising a xenon light source
(Spectral Products ASB-XE-175), a monochromator (Spectral Products CM110), and
a Keithley multimeter (model 2700). The IPCE spectra were calibrated by using a
certified reference solar cell (Fraunhofer ISE).

Computational Details

The theoretical calculations were performed by using TURBOMOLE version
7.0 software [238]. The molecular structure of the investigated compounds was
optimized by using Becke’s three parameter functional, B3LYP [239, 240], and the
def2-SVP [241, 242] basis set in vacuum. The optimized structures and the molecular
orbitals were visualized with TmoleX version 4.1 software [243].

4.2. Materials

All chemicals were purchased from Aldrich or TCI Europe and used as received

without further purification. Diatomaceous earth (Celite® 500 fine, Sigma-Aldrich)
was used for filtering where mentioned.
Bis(4-methoxyphenyl)amine [154], 4-methoxy-N-(4-methoxyphenyl)-3-
methylaniline [144], and 4-methoxy-N-(p-tolyl)aniline [155] were synthesized
according to the procedures reported earlier. 2,2-Bis(4-methoxyphenyl)acetaldehyde
and 2,2-bis(4-methylphenyl)acetaldehyde were synthesized according to the
published procedure [244]. The intermediate compounds 3a-e were synthesized
according to the modified procedures reported in the literature [245-247]. The
brominated TB cores 3i and 3j were prepared by the reported method [248]. 2,8-
Dinitro-4,10-dimethyl-6H,12H-5,11-methanodibenzo[1,5]-diazocine (4a) and 2,8-
diamino-4,10-dimethyl-6H,12H-5,11-methanodibenzo[1,5]-diazocine  (4b)  were
synthesized according to the procedure reported earlier [44]. 2-(4-Bromophenyl)-5,5-
dimethyl-1,3-dioxane (5n) [220] was synthesized according to the earlier reported
procedure. Boronic acid TB derivative 7b was synthesized based on the literature [71].
1,2,2-Triphenylethenyl-(4'-phenylene) boronic acid (7f) was synthesized according to
the literature [249].
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2,8-Dibromo-4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f]- diazocine (1°)

CHz 1 12 TFA (50 ml) was slowly poured into a stirring mixture of

10l 10aN—y2o.1 2 gr the 4-bromo-2-methylaniline (4.65 g, 25 mmol) and 37%

° 13 formaldehyde agueous solution (3.72 ml, 50 mmol), the
Br 8 e\ N4V, 3 temperature was slowly raised to 60 °C, and stirring was
6 5  CH, continued for 2h. TFA was removed under reduced

pressure; the water (25 ml) was added followed by the
addition of a saturated aqueous solution of NHz (25 ml). The aqueous layer was
extracted with ethyl acetate. The organic layer was dried over anhydrous Na>SOs,
filtered; the solvent was removed under reduced pressure, resulting in slightly
yellowish solid, which was used without further purification. Yield: 4.3 g (85%).
'H NMR (400 MHz, CDCls): & 7.18 (d, J = 1.6 Hz, 2H, H-3, and H-9), 6.90 (d,
J=1.6 Hz, 2H, H-1, and H-7), 4.51 (d, J = 16.9 Hz, 2H, H-6exo, and H-12ex0), 4.24
(s, 2H, H-13), 3.89 (d, J = 17.0 Hz, 2H, H-6endo, and H-12endo), 2.35 (s, 6H, 2%
CHg).
13C NMR (101 MHz, CDCls) & 144.82, 135.34, 131.78 (C-3 and C-9), 129.90, 127.09
(C-1and C-7), 116.81, 67.27 (C-13), 54.63 (C- 6 and C-12), 16.79 (2x CHa).
Anal. calcd. for Ci7H16BroN2: C 50.03, H 3.95, N 6.86; found: C 50.09, H 3.93, N
6.75.

4,10-Dimethyl-N? N? N8 N&-tetraphenyl-6H,12H-5,11-methanodibenzo-
[b,fl[1,5]diazocine-2,8-diamine (1a)
2,8-Dibromo-4,10-dimethyl-6H,12H-5,11-

o © methanodibenzo[b,f][1,5]-diazocine (1°) (2.03 g,

10l 105 N—20.!_ 2 N 5 mmol) and diphenylamine (2.539 g, 15 mmol) were

@\ m © dissolved in toluene (11 ml per gram of 1°) and stirred
N"8 7 ea y“acﬁ under argon atmosphere for 30 min; tri-tert-
@ : butylphosphonium  tetrafluoroborate  (0.039 g,
0.135 mmol) (0.027 equiv.), palladium (lI) acetate

(0.0225 g, 0.1 mmol), and sodium tert-butoxide (1.4415 g, 15 mmol) were added, and
the mixture was heated at reflux for 5 hours. After the termination of the reaction
(TLC: acetone/ n-hexane, 3:22, v/v), the mixture was diluted with THF and filtered
through Celite. The solvent was partially removed until ~30 ml of mixture remained,;
~4 ml of acetone was added, and the mixture slowly evaporated further until the
crystallization started. The mixture was left to cool down; the crystals were filtered
and washed with acetone, resulting in 2.38 g of crystals. The product was further
purified by recrystallization from THF and acetone mixture (10:1) to give fine white
crystals (67%, 1.95 g). M.p. 158 °C.

'H NMR (400 MHz, CDCl3) & 7.28-7.20 (m, 8H, Ar), 7.06 (d, J = 7.6 Hz, 8H, Ar),
7.00 (t, J=7.3 Hz, 4H, p-Ph), 6.85 (d, J = 2.2 Hz, 2H, H-3, and H-9), 6.55 (d, J = 2.3
Hz, 2H, H-1, and H-7), 4.48 (d, J = 16.9 Hz, 2H, H-6exo, and H-12ex0), 4.32 (s, 2H,
H-13), 3.89 (d, J = 17.0 Hz, 2H, H-6endo, and H-12endo), 2.29 (s, 6H, 2x CHj3).

13C NMR (101 MHz, CDCls): & 147.97, 143.28, 141.54, 133.99, 129.13, 128.89,
125.33, 123.78, 122.25, 120.23, 67.64 (C-13), 54.94 (C-6 and C-12), 17.08 (2x CHas).
Anal. calcd. for Ca1H3zsN4: C 84.21, H 6.21, N 9.58; found: C 84.33, H 6.08, N 9.59.
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N?,N? N8 N-tetrakis(4-methoxyphenyl)-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diamine (1b)
2,8-Dibromo-4,10-dimethyl-6H,12H-5,11-
methanodibenzol[b,f][1,5]-diazocine (1°)
o 11 12 (0325 g, 08 mmol) and bis(4-
HyCO , 1losN e 2 N methoxyphenyl)amine (0.55 g, 2.4 mmol)
@ m O were dissolved in toluene (5 ml) and stirred
SRS " under argon atmosphere for 30 min.; tri-tert-
butylphosphonium tetrafluoroborate (0.0063
g, 0.0216 mmol), palladium (Il) acetate
(0.0036 g, 0.016 mmol), and sodium tert-
butoxide (0.23 g, 2.4 mmol) were added, and the mixture was heated at reflux for 6
hours. After the termination of the reaction (TLC: acetone/ n-hexane, 3:22, v/v), the
mixture was diluted with THF and filtered through Celite. The water was added, and
the mixture was extracted with ethyl acetate. The organic layer was dried over
anhydrous Na,SOg, filtered, and the solvent was removed under reduced pressure. The
material was purified by column chromatography (acetone/n-hexane 1:20) to give
slightly grayish solid (73%, 0.41 g).
'H NMR (400 MHz, CDCls)  6.98 (d, J = 8.8 Hz, 8H, Ar), 6.79 (d, J = 8.8 Hz, 8H,
Ar), 6.67 (s, 2H, H-3, and H-9), 6.34 (d, J = 1.5 Hz, 2H, H-1, and H-7), 4.44 (d, J =
16.5 Hz, 2H, H-6exo, and H-12ex0), 4.31 (s, 2H, H-13), 3.80 (m, 14H, 4x OCHs, H-
6endo, and H-12endo), 2.24 (s, 6H, 2x TB-CH).
13C NMR (101 MHz, CDCl3) & 155.52, 144.77, 143.09, 141.24, 133.60, 128.77,
126.20, 122.08, 116.50, 114.62, 67.95, 55.48, 55.02, 17.18.
Anal. calcd. for C4sH44N4O4: C 76.68, H 6.29, N 7.95; found: C 76.71, H 6.28, N 7.88.

OCH,

OCH,

N?,N8-bis(4-methoxy-3-methylphenyl)-N2,N8-bis(4-methoxyphenyl)-4,10-dimethyl-
6H,12H-5,11-methanodibenzolb,f][1,5]diazocine-2,8-diamine (1c)

OCHj 2,8-Dibromo-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]-diazocine (1)

CH3 11 12 (1.015 g, 2.5 mmol) and 4-methoxy-N-(4-

HSCOJ@ ff@:j/’“\@[c“s methoxyphenyl)-3-methylaniline (1.824 g,
HaC NS oy ocH, 7.5 mmol) were dissolved in toluene (14 ml)
Toes chy and stirred under argon atmosphere for 30

min; tri-tert-butylphosphonium

OCHs tetrafluoroborate (0.020 g, 0.07 mmol),

palladium (1) acetate (0.012 g, 0.05 mmol),
and sodium tert-butoxide (0.721 g, 7.5 mmol) were added, and the mixture was heated
at reflux for 6 hours. After the termination of the reaction (TLC: acetone/ n-hexane,
3:22, viIv), the mixture was diluted with THF and filtered through Celite. The organic
layer was dried over anhydrous Na,SOs, filtered, and the solvent was removed under
reduced pressure. The material was purified by column chromatography (THF/n-
hexane 1:16). The material (1.13 g, 62%) still had some impurities, and it was noticed
that it tends to crystallize. A recrystallization form THF and acetone mixture (10:1)
was performed, but minor impurities remained. The material was further purified by
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column chromatography (acetone /n-hexane 2:23) to give 480 mg of pure material as
white solid; moreover, 280 mg of pure material were recovered from the part that
crystallized within the column by washing removed silica gel with hot THF, overall
resulting in 0.76 g of pure product (41%).

'H NMR (400 MHz, CDCls) & 7.07-6.95 (m, 4H, Ar), 6.94-6.77 (m, 8H, Ar), 6.77—
6.65 (m, 4H, Ar), 6.37 (d, J = 2.3 Hz, 2H, H-1, and H-7), 4.44 (d, J = 16.9 Hz, 2H, H-
6exo, and H-12ex0), 4.30 (s, 2H, H-13), 3.88-3.75 (m, 14H, 4x OCH3;, H-6endo, and
H-12endo), 2.25 (s, 6H, 2x TB-CHj3), 2.17 (s, 6H, 2% Ph-CH3).

3C NMR (101 MHz, CDCls) & 155.22, 153.85, 144.60, 141.57, 140.79, 139.58,
133.51, 128.67, 127.87, 127.53, 125.94, 123.46, 121.98, 116.57, 114.50, 110.59,
68.01, 55.53, 55.48, 55.12, 17.13, 16.34.

Anal. calcd. for C47H4sN4O4: C 77.02, H 6.60, N 7.64; found: C 76.92, H 6.63, N 7.56.

N2 N8-bis(4-methoxyphenyl)-4,10-dimethyl-N? Né-di-p-tolyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diamine (1d)

OCH; 2,8-Dibromo-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]-diazocine (1°)

CHyti 12 (1.015 g, 25 mmol) and 4-methoxy-N-

H30\©\ %12 2 N\©\ (p-tolylaniline (1.6 g, 7.5 mmol) were
NOSCONIN cu, dissolved in toluene (14 ml) and stirred under

®° CHy argon atmosphere for 30 min, tri-tert-
butylphosphonium tetrafluoroborate (0.020 g,

OCHj 0.07 mmol), palladium (Il) acetate (0.012 g,

0.05 mmol), and sodium tert-butoxide (0.721 g, 7.5 mmol) were added, and the
mixture was heated at reflux for 5 hours. After the termination of the reaction (TLC:
acetone/ n-hexane, 3:22, v/v), the mixture was diluted with THF and filtered through
Celite. Some crystals were observed; thus, the solvent was removed until ~20 ml of
mixture remained; ~1 ml of methanol was slowly added, and the mixture slowly
evaporated further until the crystallization intensified. The mixture was left to cool
down; the crystals were filtered and washed with ethanol. The material was further
purified by column chromatography (THF/n-hexane 2:23) to give slightly grayish
solid (62%, 1.05 g).

'H NMR (400 MHz, CDCls) & 7.08-6.76 (m, 16H, Ar), 6.73 (s, 2H, H-3, and H-9),
6.41 (s, 2H, H-1, and H-7), 4.44 (d, J = 15.3 Hz, 2H, H-6exo, and H-12ex0), 4.31 (s,
2H, H-13), 3.90-3.73 (m, 8H, 4x OCHs, H-6endo, and H-12endo), 2.38-2.18 (m,
12H, 4x CHa).

13C NMR (101 MHz, CDCls) & 155.80, 145.69, 142.85, 141.02, 135.37, 133.67,
131.56, 130.73, 129.75, 129.60, 126.84, 123.45, 123.19, 114.66, 68.02, 55.47, 54.95,
20.76, 17.15.

Anal. calcd. for C4sHasN4O,: C 80.33, H 6.59, N 8.33; found: C 80.31, H 6.62, N 8.19.

4,10-Dimethyl-N? N? N8 N-tetrakis(4-((E)-2-phenylprop-1-en-1-yl)phenyl)-6H,12H-
5,11-methanodibenzo[b,f][1,5]diazocine-2,8-diamine (2a)
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4,10-Dimethyl-N? N? N8 N&-tetrapheny!-

) 6H,12H-5,11-methanodibenzo-
[b,f][1,5]diazocine-2,8-diamine (1a)
CHs (0.702 g, 1.20 mmol) and (+/-)-camphor-
10-sulfonic acid (0.753 g, 3.24 mmol) were
dissolved in toluene (3.5 ml + volume of
i ? O cHy the Dean-Stark trap) and stirred at 80 °C for

15 min. 2-Phenylpropionaldehyde
O (1.288 g, 9.60 mmol) was added, and the

reaction mixture was refluxed 18 hours by
using Dean-Stark trap (TLC THF/ n-hexane, 1:24, v/v). After the termination of the
reaction, the solution was mixed with water and extracted with ethyl acetate. The
organic layer was dried over anhydrous Na,SQg, filtered; the solvent was removed
under reduced pressure, and the residue purified by column chromatography
(acetone/n-hexane 1:35 and ethyl acetate/toluene/n-hexane 1:19:30, v/v) to give bright
yellow powder (39%, 0.49 g).
'H NMR (700 MHz, CDClg) 6 7.53-7.46 (m, 6H, Ar), 7.40-7.17 (m, 22H, Ar), 7.10—-
7.02 (m, 6H, Ar), 6.98 (d, J = 8.5 Hz, 2H, Ar), 6.91-6.86 (m, 2H, Ar), 6.82-6.71 (m,
6H, Ar), 4.49 (d, J = 17.0 Hz, 2H, H-6exo, and H-12ex0), 4.32 (s, 2H, H-13), 3.91 (d,
J =17.0 Hz, 2H, H-6endo, and H-12endo), 2.39-2.22 (m, 18H, 6x CHz).
3C NMR (176 MHz, CDCls) & 146.09, 144.31, 142.53, 136.26, 134.15, 132.39,
130.04, 129.93, 129.57, 128.53, 128.31, 128.25, 128.08, 127.33, 127.31, 126.98,
126.95, 126.83, 125.95, 125.65, 123.21, 67.97, 54.96, 17.74, 17.72.
Anal. calcd. for C77HgsN4: C 88.13, H 6.53, N 5.34; found: C 88.27, H 6.32, N 5.41.

N2 N2 N8 N8-Tetrakis(4-(2,2-diphenylvinyl)phenyl)-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diamine (2b)
4,10-Dimethyl-N? N? N8 Né-tetraphenyl-
Oy 9, 6H,12H-5,11-methanodibenzo-
— [b,f][1,5]diazocine-2,8-diamine (1a) (0.503
O O 9 1o 1 O O g, 0.86 mmol) and (+/-)-camphor-10-
N/sqﬂ} a1 sulfonic acid (0.539 g, 2.32 mmol) were
7 & 42/3 f” dissolved in toluene (2.5 ml + volume of the
LA O Dean-Stark trap) and stirred at 80 °C for 15
== min. Diphenylacetaldehyde (1.013 g, 5.16
O O mmol) was added, and the reaction mixture
was refluxed for 40 hours by using Dean-
Stark trap (TLC: THF/n-hexane, 3:22, v/v). After the termination of the reaction, the
solution was mixed with water and extracted with ethyl acetate. The organic layer was
dried over anhydrous Na;SO., filtered; the solvent was removed under reduced
pressure, and the residue purified by column chromatography (THF/n-hexane 3:22,
v/v) to give bright yellow powder (42%, 0.47 g).
IH NMR (700 MHz, CDCls) § 7.43-7.13 (m, 40H, Ar), 6.95-6.78 (m, 12H, Ar), 6.78—
6.65 (m, 10H, Ar), 6.43 (s, 2H, H-1, and H-7), 4.38 (d, J = 17.0 Hz, 2H, H-6exo, and
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H-12ex0), 4.21 (s, 2H, H-13), 3.79 (d, J = 17.0 Hz, 2H, H-6endo, and H-12endo), 2.22
(s, 6H, 2x CHb).

13C NMR (176 MHz, CDCls) & 146.14, 143.53, 142.45, 142.00, 140.77, 140.69,
134.00, 131.27, 130.27, 128.86, 128.73, 128.17, 127.56, 127.33, 127.21, 125.78,
122.71, 120.80, 67.97, 54.80, 16.97.

Anal. calcd. for Co7H76N4: C 89.78, H 5.90, N 4.32; found: C 89.95, H 5.93, N 4.12.

N2 N2 N8 N8-Tetrakis(4-(2,2-bis(4-methoxyphenyl)vinyl)phenyl)-4,10-dimethyl-
6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-2,8-diamine (2c)

OCH, 4,10-Dimethyl-N? N? N& N8-tetraphenyl-
H3°° 6H,12H-5,11-methanodibenzo-

OCH, [b,f][1,5]diazocine-2,8-diamine (1a) (1.11 g,
ohe O 1.90 mmol) and (+/-)-camphor-10-sulfonic
10N O ocH, acid (1.54 g, 6.65 mmol) were dissolved in

. NC{ bN toluene (2.5 ml + volume of the Dean-Stark
Ha 6 ~N72a H .

O O trap) and stirred at 80°C for 15 min.
_ Bis(4-methoxyphenyl)acetaldehyde
HACO O O (2.922 g, 11.40 mmol) was added, and the
oo, reaction mixture was refluxed for 20 hours by
HaCO using Dean-Stark trap (TLC acetone: n-
hexane, 2:23, v/v). After the termination of the reaction, the solution was mixed with
water and extracted with ethyl acetate. The organic layer was dried over anhydrous
Na,SQ,, filtered; the solvent was removed under reduced pressure, and the residue
purified by column chromatography (acetone/n-hexane 1/16 and acetone/toluene/n-
hexane 3/10/12, v/v) to give bright yellow powder (41%, 1.21 g).
'H NMR (700 MHz, CDCls) & 7.32-7.26 (m, 2H, Ar), 7.25-7.21 (m, 4H, Ar), 7.19—
7.08 (m, 8H, Ar), 7.07-6.72 (m, 38H, Ar), 6.71-6.62 (m, 4H, Ar), 4.43 (d, J = 9.3 Hz,
2H, H-6exo, and H-12exo0), 4.25 (s, 2H, H-13), 3.90-3.70 (m, 26H, 8x OCHs, H-
6endo, and H-12endo), 2.26 (s, 6H, 2x CHa).
13C NMR (176 MHz, CDCl3) & 159.02, 158.86, 158.10, 140.01, 139.66, 136.59,
132.99, 131.54, 131.47, 131.42, 130.62, 130.20, 130.04, 128.64, 128.61, 128.57,
125.69, 114.11, 114.07, 113.63, 113.53, 113.41, 55.31, 55.19, 55.14, 29.69, 17.04.
Anal. calcd. for C10sH92N4Os: C 82.00, H 6.03, N 3.64; found: C 81.88, H 6.05, N
3.73.

N*,N*-di-p-tolyl-(1,1'-biphenyl)-4,4'-diamine (3a)

HeG - 2-D|cyclohexylphosph|no-2’,6'-d|methoxyp|phenyl
(SPhos) (0.099 g, 0.240 mmol) and palladium (1)
acetate (0.018 g, 0.080 mmol) were dissolved in

HNNH anhydrous dioxane (16.3 ml, 5 ml per gram of

4,4'-diiodobiphenyl) and stirred under argon
atmosphere at 80 °C for 10 min. 4,4'-Diiodobiphenyl (3.248 g, 8 mmol), p-toluidine
(1.757 g, 16.4 mmol) and sodium tert-butoxide (2.153 g, 22.40 mmol) were added,
and the mixture was heated at reflux for an hour. After the termination of the reaction,
the mixture was diluted with THF and filtered through Celite. The solvent was
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removed, the residue was dissolved in hot THF, and n-hexane was added. The mixture
was left to cool down, and the formed solid was filtered and washed with n-hexane to
give fine white crystals (75%, 2.2 g), m.p. 232 °C.

'H NMR (400 MHz, DMSO+CDClIs) 6 7.38 (d, J = 6.8 Hz, 4H, Ar), 7.21-6.75 (m,
12H, Ar), 2.23 (s, 6H, 2x CHa). NH protonic signals are not observed.

13C NMR (101 MHz, DMSO+CDCl3) & 140.37, 139.77, 129.80, 129.13, 126.73,
126.60, 117.92, 116.79, 20.77.

Anal. calcd. for CxsH24N2: C 85.68, H 6.64, N 7.69; found: C 85.86, H 6.52, N 7.62.

N* N*-bis(4-methoxyphenyl)-(1,1'-biphenyl)-4,4'-diamine (3b)
2-Dicyclohexylphosphino-2',4",6'-
HsCO O triisopropylbiphenyl (XPhos) (0.229 g, 0.480 mmol)
Q G and palladium (Il) acetate (0.036 g, 0.160 mmol)

HNHNH were dissolved in anhydrous dioxane (32.8 ml, 6.5 ml
Q O per gram of 4,4'-dibromobiphenyl) and stirred under
argon atmosphere at 80 °C for 10 min. 4,4'-Dibromobiphenyl (4.992 g, 16 mmol),
p-anisidine (4.040 g, 32.8 mmol), and sodium tert-butoxide (4.305 g, 44.80 mmol)
were added, and the mixture was heated at reflux for 3 hours. After the termination of
the reaction, the mixture was diluted with THF and filtered through Celite passivated
with 2% triethylamine solution in THF. The solvent was removed, the residue
dissolved in hot THF, and ethyl acetate was added. The mixture was left to cool down,
and the formed solid was filtered and washed with n-hexane to give fine white crystals
(72%, 4.54 g), m.p. 227 °C.

'H NMR (400 MHz, DMSO+CDCl3) 8 7.75 (s, 2H, NH), 7.36 (d, J = 8.3 Hz, 4H, Ar),
7.14-6.89 (m, 8H, Ar), 6.89-6.73 (m, 4H, Ar), 3.72 (s, 6H, 2x OCHa).

13C NMR (101 MHz, DMSO+CDCl3) & 154.17, 143.99, 136.67, 131.07, 126.71,
120.60, 115.77, 114.80, 55.57.

Anal. calcd. for Ca6H24N202: C 78.76, H6.10, N 7.07; found: C 78.97, H5.93, N 7.02.

N*-(4-methoxyphenyl)-N* N*-diphenyl-(1,1'-biphenyl)-4,4'-diamine (3c)
2-Dicyclohexylphosphino-2',6'-dimethoxybiphenyl
Q (SPhos) (0.055 g, 0.135 mmol) and palladium (1)
in—{ ) acetate (0.010 g, 0.045 mmol) were dissolved in
anhydrous dioxane (9 ml, 3 ml per gram of
N,N-diphenylbenzidine) under argon atmosphere and
stirred at 80 °C for 5 min, N,N-diphenylbenzidine
(3.028 g, 9 mmol), 4-iodoanisole (2.106 g, 9 mmol), and sodium tert-butoxide
(1.211 g, 12.6 mmol) were added, and the mixture was heated at reflux for 3 hours.
After the termination of the reaction, the solution was mixed with water and extracted
with ethyl acetate. The organic layer was dried over anhydrous Na,SO., filtered; the
solvent was removed, and the residue purified by column chromatography (THF/n-
hexane 1/24, v/v) to give slightly gray solid product (45%, 1.78 g).
IH NMR (400 MHz, CDCl3) & 7.40 (d, J = 8.1 Hz, 4H, Ar), 7.25-7.18 (m, 4H, Ar),
7.14-6.91 (m, 12H, Ar), 6.90-6.77 (m, 2H, Ar), 3.80 (s, 3H, OCHs). NH protonic
signals are not observed.
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13C NMR (101 MHz, CDCls) & 156.24, 147.06, 140.65, 127.36, 127.15, 123.08,
122.85, 114.80, 55.50.
Anal. calcd. for Cs1H26N20: C 84.13, H 5.92, N 6.33; found: C 84.41, H 6.10, N 6.45.

N N*,N*-tri-p-tolyl-(1,1'-biphenyl)-4,4'-diamine (3d)

HiG cH, 2-Dicyclohexylphosphino-2',6'-dimethoxybiphenyl
(SPhos) (0.046 g, 0.111 mmol) and palladium (I1)

O acetate (0.008 g, 0.037 mmol) were dissolved in

anhydrous dioxane (15 ml, 5.5 ml per gram of 3a)

Q under argon atmosphere and stirred at 80 °C for
5 min; N*N*-di-p-tolyl-[1,1'-biphenyl]-4,4'-diamine

(3a) (2.697 g, 7.4 mmol), 4-iodtoluene (1.613 g,

7.4 mmol), and sodium tert-butoxide (1.00 g, 10.36 mmol) were added, and the

mixture was heated at reflux for 5 hours. After the termination of the reaction, the

mixture was diluted with THF and filtered through Celite; the solvent was removed,

and the residue was purified by column chromatography (acetone/n-hexane 1/24, v/v)

to give light gray powder (38%, 1.27 g).

'H NMR (400 MHz, CDCls) 6 7.39 (d, J = 8.6 Hz, 4H, Ar), 7.13-6.90 (m, 16H, 8H,

Ar), 2.30 (s, 18H, 6x CHs). NH protonic signals are not observed.

13C NMR (101 MHz, CDCls) & 145.33, 141.25, 136.64, 133.93, 132.43, 129.94,

129.88, 127.07, 124.87, 124.55, 123.20, 122.94, 119.59, 20.83.

Anal. calcd. for CssHzoN2: C 87.19, H 6.65, N 6.16; found: C 87.02, H 6.90, N 6.08.

N* N* N*-tris(4-methoxyphenyl)-(1,1'-biphenyl)-4,4'-diamine (3e)

oo ocn 2-Dicyclohexylphosphino-2’,6'-dimethoxybiphenyl

’ * (SPhos) (0.068 g, 0.165 mmol) and palladium (l1)
Q O acetate (0.012 g, 0.055 mmol) were dissolved in

HNN anhydrous dioxane (35 ml, 8 ml per gram of 3b) under

Q argon atmosphere and stirred at 80 °C for 5 min;
N* N*-bis(4-methoxyphenyl)-[1,1'-biphenyl]-4,4'-
diamine (3b), (4.361 g, 11 mmol), 4-iodoanisole
(2.574 g, 11 mmol), and sodium tert-butoxide (1.480 g, 15.4 mmol) were added, and
the mixture was heated at reflux for 3 hours. After the termination of the reaction, the
mixture was diluted with THF and filtered through Celite passivated with 2%
triethylamine solution in THF; the solvent was removed, and the residue was purified
by the column chromatography (THF/n-hexane 1/30, v/v) (silica gel in column was
passivated with 2% triethylamine solution in THF beforehand) to give light gray
powder (41%, 2.27 g).
IH NMR (400 MHz, CDCls) & 7.49-7.30 (m, 4H, Ar), 7.07 (d, J = 8.5 Hz, 6H, Ar),
6.97 (d, J = 7.6 Hz, 4H, Ar), 6.90-6.79 (m, 6H, Ar), 3.79 (s, 9H, 3x OCHs). NH
protonic signals are not observed.
13C NMR (101 MHz, CDCl3) & 155.71, 147.36, 141.14, 126.85, 126.80, 126.37,
121.23, 114.76, 114.68, 55.61, 55.52.
Anal. calcd. for Cs3H3oN203: C 78.86, H 6.02, N 5.57; found: C 78.59, H 6.15, N 5.46.
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N* N*-(4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-2,8-diyl)bis-
N*-(4-methoxyphenyl)-N*N*-diphenyl-(1,1'-biphenyl)-4,4'-diamine (3f)

2,8-Dibromo-4,10-dimethyl-6H,12H-

511-

. <~J methanodibenzo[b,f][1,5]diazocine
HECOQ NQ@NX;( o (0.2842 g, 0.7 mmol) and N*-(4-
@ o N methoxyphenyl)-N* N*-diphenyl-[1,1"-
@ biphenyl]-4,4'-diamine (3c) (0.929 g,
2.1 mmol) were dissolved in anhydrous
toluene (6 ml) and stirred under argon atmosphere for 30min. Tri-tert-
butylphosphonium tetrafluoroborate (0.006 g, 0.019 mmol) and palladium (I1) acetate
(0.003 g, 0.014 mmol) were added, and the mixture was stirred for another 10 minutes.
Finally, sodium tert-butoxide (0.202 g, 2.100 mmol) was added, and the mixture was
heated at reflux for 6 hours. After the termination of the reaction, the mixture was
diluted with THF and filtered through Celite; the solvent was removed, and the residue
was purified by column chromatography (THF/toluene/n-hexane 1:19:30, v/v) to give
light gray powder (61%, 0.483 g).
'H NMR (400 MHz, CDCls) & 7.40 (d, J = 8.1 Hz, 8H, Ar), 7.25-7.18 (m, 8H, Ar),
7.14-6.91 (m, 24H, Ar), 6.90-6.77 (m, 6H, Ar), 6.55 (d, J = 2.2 Hz, 2H, H-1, and H-
7), 4.47 (d, J = 16.9 Hz, 2H, H-6exo, and H-12exo0), 4.31 (s, 2H, H-13), 3.87 (d, J =
17.1 Hz, 2H, H-6endo, and H-12endo), 3.80 (s, 6H, 2x OCHz), 2.27 (s, 6H, 2x CHz).
3C NMR (101 MHz, CDCls) § 156.23, 148.02, 147.83, 147.05, 146.71, 140.64,
134.05, 133.91, 129.19, 129.12, 127.35, 127.16, 127.14, 125.34, 123.99, 123.82,
123.07, 122.84, 122.45, 122.00, 120.21, 114.80, 55.50, 54.94, 29.72, 17.11.
Anal. calcd. for C7HgsNsO2: C 83.86, H 5.88, N 7.43; found: C 83.94, H 6.07, N 7.13.

N* N*-(4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-2,8-
diyl)bis(N*,N* N*-tri-p-tolyl-[1,1'-biphenyl]-4,4'-diamine) (3g)
oMy 2,8-Dibromo-4,10-dimethyl-6H,12H-
© e 5,11-methanodibenzolb,f][1,5]diazocine
ON a N © (0.365 g, 0.90 mmol) and N* N* N*-tri-p-
e N N tolyl-[1,1'-biphenyl]-4,4'-diamine  (3d)
' N@ﬂg 7™ (1228 g, 2.70 mmol) were dissolved in
© 3 i anhydrous toluene (8 ml) and stirred
© under argon atmosphere for 30 min. Tri-
o tert-butylphosphonium tetrafluoroborate
(0.007 g, 0.024 mmol) and palladium (I1) acetate (0.004 g, 0.018 mmol) were added,
and the mixture was stirred for another 10 minutes. Finally, sodium tert-butoxide
(0.259 g, 2.70 mmol) was added, and the mixture was heated at reflux for 6 hours.
After the termination of the reaction, the mixture was diluted with THF and filtered
through Celite; the solvent was removed, and the residue was purified by column
chromatography (ethyl acetate/toluene/n-hexane 1:30:19, v/v) to give light gray
powder (43%, 0.441 g).
'H NMR (400 MHz, CDCls) 8 7.39 (d, J = 8.6 Hz, 8H, Ar), 7.13-6.90 (m, 32H, 8H,
Ar), 6.83 (s, 2H, H-3, and H-9), 6.53 (d, J = 2.0 Hz, 2H, H-1, and H-7), 4.46 (d, J =
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15.2 Hz, 2H, H-6exo, and H-12exo), 4.31 (s, 2H, H-13), 3.87 (d, J = 16.8 Hz, 2H, H-
6endo, and H-12endo), 2.31 (s, 18H, 6x CHs), 2.27 (s, 6H, 2x TB-CHj).

13C NMR (101 MHz, CDCl3) & 147.06, 145.31, 145.13, 134.08, 134.03, 133.92,
133.85, 132.62, 132.42, 129.93, 129.86, 129.82, 127.09, 127.06, 124.86, 124.54,
123.17, 122.93, 65.71, 54.93, 20.87, 20.83, 17.13.

Anal. calcd. for CgsH74Ne: C 86.27, H 6.46, N 7.27; found: C 86.19, H 6.76, N 7.05.

N* N*-(4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-2,8-
diyl)bis(N*,N* N*-tris(4-methoxyphenyl)-[1,1'-biphenyl]-4,4'-diamine) (3h)
2,8-Dibromo-4,10-dimethyl-6H,12H-
9cHs 5,11-methanodibenzol[b,f][1,5]diazocine
© (0.727 g, 1.78 mmol) and N*N*N*-

o N e tris(4-methoxyphenyl)-[1,1'-biphenyl]-
e J NJ@JXE (™" A4-diamine (3e) (2.237 g, 4.45 mmol)
© ) i were dissolved in anhydrous toluene (15
© ml) and stirred under argon atmosphere
octs for 30 min. Tri-tert-butylphosphonium
tetrafluoroborate (0.014 g, 0.048 mmol) and palladium (11) acetate (0.008 g, 0.036
mmol) were added, and the mixture was stirred for another 10 minutes. Finally,
sodium tert-butoxide (0.428 g, 4.45 mmol) was added, and the mixture was heated at
reflux for 6 hours. After the termination of the reaction, the mixture was diluted with
THF and filtered through Celite passivated with 2% triethylamine solution in THF;
the solvent was removed, and the residue was purified by column chromatography
(ethyl acetate/toluene/n-hexane 1:5:6 followed by ethyl acetate/toluene 1:24, v/v)
(silica gel in the column was passivated with 2% triethylamine solution in THF
beforehand) to give light gray powder (34%, 0.733 g).
'H NMR (400 MHz, CDCl3) 6 7.42-7.29 (m, 8H, Ar), 7.12-6.89 (m, 20H, Ar), 6.88—
6.69 (m, 14H, Ar), 6.49 (d, J = 2.2 Hz, 2H, H-1, and H-7), 4.46 (d, J = 16.5 Hz, 2H,
H-6exo, and H-12exo0), 4.30 (s, 2H, H-13), 3.85 (d, J = 16.9 Hz, 2H, H-6endo, and H-
12endo), 3.79 (d, J = 1.6 Hz, 18H, 6x OCHs), 2.26 (s, 6H, 2x CHz).
13C NMR (101 MHz, CDCl3) & 156.06, 155.74, 147.54, 146.97, 141.04, 140.70,
133.84, 132.87, 132.84, 131.13, 128.35, 127.26, 126.94, 126.42, 126.03, 124.13,
122.39, 121.27, 121.04, 119.01, 114.74, 114.67, 108.78, 67.74, 55.51, 55.48, 54.99,
17.14.
Anal. calcd. for CgzsH7aNgOs: C 79.65, H 5.96, N 6.72; found: C 79.74, H 6.21, N 6.47.

OCH;

4,10-dibromo-2,8-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine (3i)
Br 11 1o 2-Bromo-4-methylaniline (3.721 g, 20 mmol) were mixed
o 1%0sN wat 2 cH, With paraformaldehyde (1.261 g, 42 mmol) and added
;j;:fs portionwise to trifluoroacetic acid that was cooled to -15 °C
HsC™8 ean—N™aTs (40 ml). After the addition was complete, the mixture was
allowed to slowly reach r.t. and stir for 34 h in the dark.

Then, the reaction mixture was slowly poured on ice with ammonia solution (97 ml,
25%). The mixture was extracted with dichloromethane (3x180 ml), washed with

6 5
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water and brine. The organic layer was dried over anhydrous Na,SO,, filtered; the
solvent was removed under reduced pressure, resulting in white solid (91%, 3.7 g).
'H NMR (400 MHz, DMSO) & 7.30 (s, 2H, H-3, and H-9), 6.86 (s, 2H, H-1, and H-
7), 4.49 (d, J = 17.2 Hz, 2H, H-6exo, and H-12exo0), 4.25 (s, 2H, H-13), 4.12 (d, J =
17.3 Hz, 2H, H-6endo, and H-12endo), 2.16 (s, 6H, 2x CH3).

13C NMR (101 MHz, DMSO) & 142.34, 135.48, 131.85, 131.12, 127.44, 119.27,
67.33, 55.41, 20.41.

Anal. calcd. for C17H16Br2N2: C 50.03, H 3.95, N 6.86; found: C 49.87, H 4.10, N
6.77.

2,4,8,10-tetrabromo-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine (3j)
2-Bromo-4-methylaniline (3.10 g, 12.36 mmol) were mixed

B
o9 s Real gr With paraformaldehyde (0.78 g, 26 mmol) and added
13 ,  Pportionwise to trifluoroacetic acid that was cooled to -15 °C
Brs yea—Ne g (25 ml). After the addition was complete, the mixture was
r

allowed to slowly reach r.t. and stir for 34 h in the dark. Then,
the reaction mixture was slowly poured on ice with ammonia solution (60 ml, 25%)
while mixing.

The precipitate was filtered off and washed well with water, resulting in product as
white powder (90%, 3 g).

'H NMR (400 MHz, CDCl3) 6 7.60 (d, J = 2.0 Hz, 2H, H-3, and H-9), 7.10 (d, J = 2.0
Hz, 2H, H-1, and H-7), 4.55 (d, J = 17.6 Hz, 2H, H-6exo, and H-12exo0), 4.35-4.20
(m, 4H, H-13, H-6endo, and H-12endo).

13C NMR (101 MHz, CDCl3) & 143.64,133.97, 132.10, 129.13, 120.68, 117.68, 67.40,
55.00.

Anal. calcd. for CisH10BrsN2: C 33.50, H 1.87, N 5.21; found: C 33.75, H 1.63, N
5.13.

N* N*-(2,8-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-4,10-
diyl)bis(N* N* ,N*-tris(4-methoxyphenyl)-[1,1'-biphenyl]-4,4'-diamine) (3k)
ocH, 4,10-dibromo-2,8-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine (3i) (0.408 g,
1 mmol) and N*N#*N*-tris(4-methoxyphenyl)-[1,1'-
Haco @ biphenyl]-4,4'-diamine (3e) (1.257 g, 2.5 mmol) were
\CL °* dissolved in anhydrous toluene (10 ml) and stirred
under argon atmosphere for 30 min. Tri-tert-
butylphosphonium  tetrafluoroborate  (0.008 g,
oo ’/‘ Q 0.028 mmol) and palladium (1) acetate (0.005 g,
\CL %" 0.02 mmol) were added, and the mixture was stirred
for another 10 minutes. Finally, sodium tert-butoxide
(0.24 g, 2.5 mmol) was added, and the mixture was
OCHS heated at reflux for 6 hours. After the termination of
the reaction, the mixture was diluted with THF and filtered through Celite passivated
with 2% triethylamine solution in THF; the solvent was removed under reduced
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pressure. The residue was purified by column chromatography (ethyl
acetate/toluene/n-hexane 1:5:6 followed by DCM/n-hexane 1:3, v/v) (silica gel in the
column was passivated with 2% triethylamine solution in THF beforehand) to give
white powder (32%, 0.39 g).

'H NMR (400 MHz, CDCls) 6 7.43-7.29 (m, 8H, Ar), 7.12-6.88 (m, 20H, Ar), 6.88—
6.72 (m, 14H, Ar), 6.54 (s, 2H, Ar), 4.16 (d, J = 5.7 Hz, 2H, CH>), 3.85-3.73 (m, 20H,
CHa, 6x OCHs), 3.67 (s, 2H, CHy), 2.16 (s, 6H, 2x CHs).

13C NMR (101 MHz, CDCls) & 157.14, 155.69, 155.25, 149.47, 147.54, 147.37,
146.84, 143.59, 141.14, 140.98, 133.20, 132.72, 132.70, 127.69, 126.86, 126.66,
126.42, 126.34, 124.89, 124.20, 121.25, 120.35, 114.67, 114.21, 67.22, 55.52, 55.49,
55.41, 20.81.

Anal. calcd. for Cg3H74NeOs: C 79.65, H 5.96, N 7.67; found: C 79.87, H 5.85, N 7.62.

N2 N* N8 N*°-tetrakis(4'-(bis(4-methoxyphenyl)amino)-[1,1'-biphenyl]-4-yl)-
N2 N* N8 N*-tetrakis(4-methoxyphenyl)-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,4,8,10-tetraamine (3I)
2,4,8,10-tetrabromo-6H,12H-5,11-
7@ @/Ow methanodibenzo[b,f][1,5]diazocine (3))
(0.7g, 1.3mmol) and N*N*N*-tris(4-

OCH; HiCO

Hm@ methoxyphenyl)-[1,1"-biphenyl]-4,4'-
/@ocm diamine (3e) (3.4 g, 6.76 mmol) were

HiCO dissolved in anhydrous toluene (22 ml) and

7@ /@ﬁ?j stirred under argon atmosphere for 30 min.

OCHs Tri-tert-butylphosphonium

Ham@/ ‘\‘ tetrafluoroborate (0.021 g, 0.07 mmol) and

palladium (1) acetate (0.012 g, 0.052 mmol)

/@ were added, and the mixture was stirred for
Hico @ another 10 minutes. Finally, sodium tert-
Hico butoxide (0.65¢g, 6.76 mmol) was added,
and the mixture was heated at reflux for 7 hours. After the termination of the reaction,
the mixture was diluted with THF and filtered through Celite passivated with 2%
triethylamine solution in THF; the solvent was removed under reduced pressure; the
residue was purified by column chromatography (ethyl acetate/toluene/n-hexane
1:3:3, v/v) (silica gel in the column was passivated with 2% triethylamine solution in
THF beforehand) to give grayish solid (43%, 1.25 g). The product was further purified
by column chromatography (THF/toluene 3:14 followed by THF/DCM/n-hexane
1:6:9, v/v) (silica gel in the column was passivated with 2% triethylamine solution in
THF beforehand) to give lightly grayish powder (17%, 0.5 g).
!H NMR (400 MHz, CDCls) § 7.36-7.26 (m, 16H, Ar), 7.13-6.69 (m, 66H, Ar), 6.40
(s, 2H, Ar), 4.06 (s, 2H, -CH»-), 3.82-3.62 (m, 40H, 2x -CH>-, 12x OCHjs).
13C NMR (101 MHz, CDCls) & 155.69, 155.66, 147.51, 147.36, 144.11, 141.13,
141.09, 140.26, 136.08, 135.63, 134.01, 133.14, 132.87, 130.38, 126.99, 126.91,
126.85, 126.65, 126.31, 124.80, 123.91, 122.15, 121.28, 121.24, 114.75, 114.67,
114.24, 68.00, 55.49, 55.47, 55.44.

OCH;
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Anal. calcd. for Ci147H126N10012: C 79.36, H 5.71, N 6.30; found: C 79.46, H 5.70, N
6.22.

2,8-Dinitro-4,10-dimethyl-6H,12H-5,11-methanodibenzo[1,5]-diazocine (4a)
CHs 11 12 2-methyl-4-nitroaniline (5 ¢, 32.86 mmol) and
ENCL sl 2 N0, paraformaldehyde (2.07 g, 69.01 mmol) were dissolved in
13 trifluoroacetic acid (66 ml) resulting in a black colored
O2N"8 6a 6?;?/ reaction mixture, which was stirred for 48 h and poured
CHs into 165 ml H,O, afterwards yielding an intensively
yellow precipitate. NaOH (6N) solution was added to this suspension until pH 9 was
reached; the precipitate was filtered off and suspended in 120 ml of refluxing acetone
for 20 min. The mixture was cooled down, stored at —20 °C for 16 h, and the yellow
colored product was filtered off. Yield: 4.50 g (80%).
'H NMR (400 MHz, DMSO-ds) 5 7.96 (s, 2H, H-3, H-9), 7.81 (s, 2H, H-1, H-7), 4.68
(d, 2H, H-6exo, H-12exo, J = 17.0 Hz), 4.36 (s, 2H, H-13), 4.30 (d, 2H, H-6endo,
H-12endo, J = 17.0 Hz), 2.47 (s, 6H, 2x CHa).
13C NMR (101 MHz, DMSO-ds) & 153.0, 142.7, 134.5, 129.3, 123.4, 120.3, 66.1,
54.0, 16.8.
Anal. calcd. for C17H16N4O4: C 60.00, H 4.74, N 16.46; found: C 59.89, H 4.91, N
16.42.

2,8-Diamino-4,10-dimethyl-6H,12H-5,11-methanodibenzo[ 1,5]-diazocine (4b)
CHy 11 1 2,8-Dinitro-4,10-dimethyl-6H,12H-5,11-
10 40sN—~2a L 2 NH, Methanodibenzo[1,5]-diazocine (4a) (4.08 g, 12 mmol)
° a;j/ and iron powder (9.05 g, 0.16 mol) were suspended in a
- y“a 2 mixture of 18.2 ml acetic acid and 184.5 ml ethanol. The
CHs reaction mixture was refluxed for 12 h, poured into water;
the excessive iron was filtered off, and the aqueous layer extracted with
dichloromethane (5 times). The combined organic layers were washed with sat.
NaHCOs solution and dried over Na.SO.. The crude product was pure according to
TLC; thus, it was used in the next step without further purification. Yield: 2.84 g
(84%).
IH NMR (400 MHz, CDCls) & 6.26 (s, 2H, H-3, H-9, J = 1.6 Hz), 5.94 (s, 2H, H-1,
H-7,J = 1.6 Hz), 4.55 (s, 4H, 2x NH>), 4.26 (d, 2H, H-6exo, H-12exo, J = 16.5 Hz),
4.06 (s, 2H, H-13), 3.62 (d, 2H, H-6endo, H-12endo, J = 16.5 Hz), 2.18 (s, 6H, 2x
CHa).
3C NMR (101 MHz, CDCl3) & 144.1, 135.4, 132.2, 128.4, 114.9, 108.8, 67.9, 54.9,
16.7.
Anal. calcd. for C17H20N4: C 72.83, H 7.19, N 19.98; found: C 72.63, H 7.36, N 20.01.

3
H2N 8 6a
7

N?,N? N8 N8-tetrakis(2,2-diphenylvinyl)-4,10-dimethyl-6H,12H-5,11-
methanodibenzol[b,f][1,5]diazocine-2,8-diamine (4c)

120



2,8-Diamino-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[1,5]-diazocine (4b) (0.294 g,
1.05 mmol) and (+)-camphor-10-sulfonic acid

/@ (0.366 g, 1.58 mmol) were dissolved in THF (1.5
é/. ml + volume of the Dean-Stark trap), and 2,2-

Q

QO

diphenyl-acetaldehyde (1.082 g, 5.51 mmol) was
O added, and the reaction mixture was refluxed by

using Dean-Stark trap with some anhydrous
Na>SOq4 in it for 3 hours (TLC acetone/ n-hexane, 3:22, v/v). After the termination of
the reaction, the solution was mixed with water and extracted with ethyl acetate. The
organic layer was dried over anhydrous Na,SOj, filtered; the solvent was removed,
and the residue was dissolved in acetone. The solvent was partially removed until ~10
ml of mixture remained, ~2 ml of methanol was added, and the mixture was slowly
evaporated further until the crystallization started. The mixture was left to cool down;
the crystals were filtered and washed with methanol to give fine yellow crystals (61%,
0.64 g).
'H NMR (400 MHz, CDCls) 6 7.34-7.17 (m, 12H, Ar), 7.15-6.93 (m, 20H, Ar), 6.80
(s, 2H, Ar), 6.51 (s, 2H, Ar), 6.47-6.34 (m, 8H, Ar), 5.77 (s, 4H, N-CH=C), 4.52 (d,
J =17.0 Hz, 2H, H-6exo, and H-12ex0), 4.27 (s, 2H, H-13), 3.91 (d, J = 17.0 Hz, 2H,
H-6endo, and H-12endo), 2.34 (s, 6H, 2x CHs).
13C NMR (101 MHz, CDCls) & 141.67, 141.39, 141.00, 140.10, 134.23, 131.41,
129.64,129.12, 129.05, 128.56, 127.72, 127.10, 126.71, 118.13, 112.75, 68.03, 55.49,
17.35.
Anal. calcd. for C7sHegoN4: C 88.27, H 6.09, N 5.64; found: C 88.34, H 6.19, N 5.47.

N2 N? N8 Né-tetrakis(2,2-di-p-tolylvinyl)-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diamine (4d)

CH, 2,8-Diamino-4,10-dimethyl-6H,12H-5,11-

O methanodibenzo[1,5]-diazocine (4b) (0.28 g,

1 mmol) and (%)-camphor-10-sulfonic acid

e e = " (0354, 1.5 mmol) were dissolved in THF (1.

6 mmol) was added, and the reaction mixture

Q T O ml + volume of the Dean-Stark trap);
- @?Q/ ' bis(4-methylphenyl)acetaldenyde (1.346 g,
O C

\ O - n, was refluxed by using Dean-Stark trap with
some anhydrous Na,SOs in it for 15 hours

O (TLC acetone/ n-hexane, 3:22, v/v). After the
HyC termination of the reaction, the solution was

mixed with water and extracted with ethyl acetate. The organic layer was dried over
anhydrous Na,SO., filtered; the solvent was removed, and the residue was dissolved
in acetone, concentrated, and precipitated into methanol. The filtered solid product
was purified by column chromatography (THF/n-hexane 2:23, v/v) to give bright
yellow powder (38%, 0.42 g).

'H NMR (400 MHz, CDCl3) 6 7.09 (d, J = 7.9 Hz, 8H, Ar), 6.97-6.86 (m, 16H, Ar),
6.83 (d, J=2.2 Hz, 2H, Ar), 6.55 (d, J = 2.2 Hz, 2H, Ar), 6.37 (d, J = 8.0 Hz, 8H, Ar),
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5.72 (s, 4H, N-CH=C), 4.56 (d, J = 17.1 Hz, 2H, H-6ex0, and H-12exo), 4.32 (s, 2H,
H-13), 3.97 (d, J = 17.1 Hz, 2H, H-6endo, and H-12endo), 2.42 (s, 12H, 4x CHs),
2.35 (s, 6H, 2x TB-CHg), 2.27 (s, 12H, 4% CHa).

13C NMR (101 MHz, CDCls) & 142.04, 140.64, 138.95, 137.23, 136.78, 136.29,
134.23,130.90, 129.50, 129.05, 128.30, 128.02, 127.68, 117.87, 112.49, 67.90, 55.30,
29.74, 21.29, 21.08, 17.18.

Anal. calcd. for CeHrNa: C 88.00, H 6.93, N 5.07; found: C 87.93, H 6.90, N 5.17.

N2 N? N8 N8-tetrakis(2,2-bis(4-methoxyphenyl)vinyl)-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diamine (4e)

OCH, 2,8-Diamino-4,10-dimethyl-6H,12H-5,11-

O methanodibenzo[1,5]-diazocine (4b) (0.280 g,

o . O ocw, 1 mmol) and (i)-camphor-_lo-sulfon_ic acid
’ ? ) (0.349 g, 1.5 mmol) were dissolved in THF

&, & &Y, (1.8 ml + volume of the Dean-Stark trap);
= /@Qg — bis(4-methoxyphenyl)acetaldehyde (1.2815 g,
O N CHy O 5 mmol) was added, and the reaction mixture
HyCO > )—ooH, oo, was refluxed by using Dean-Stark trap with
O some anhydrous Na;SQOyin it for 4 hours (TLC
acetone/ n-hexane, 3:22, v/v). After the
termination of the reaction, the solution was
mixed with water and extracted with ethyl acetate. The organic layer was dried over
anhydrous Na,SO, filtered; the solvent was removed, and the residue was dissolved
in acetone. The solvent was partially removed until ~10 ml of mixture remained, ~2
ml of methanol was added, and the mixture was slowly evaporated further until the
crystallization started. The mixture was left to cool down; the crystals were filtered
and washed with methanol to give fine yellow crystals (45%, 0.55 Q).
'H NMR (400 MHz, DMSO) & 6.96-6.78 (m, 16H, Ar), 6.71 (s, 2H, Ar), 6.61 (d,
J=8.8 Hz, 8H, Ar), 6.50 (s, 2H, Ar), 6.32 (d, J = 8.7 Hz, 8H, Ar), 5.56 (s, 4H,
N-CH=C), 4.44 (d, J = 17.4 Hz, 2H, H-6exo, and H-12ex0), 4.20 (s, 2H, H-13), 3.97
(d, J = 17.0 Hz, 2H, H-6endo, and H-12endo), 3.81 (s, 12H, 4x OCHs), 3.67 (s, 12H,
4x OCHs), 2.28 (s, 6H, 2x CHa).
3C NMR (101 MHz, DMSO) & 159.16, 159.16, 158.81, 141.69, 141.69, 140.89,
140.89, 136.85, 136.61, 134.18, 134.18, 134.14, 132.47, 132.47, 130.59, 129.92,
129.85, 128.73, 126.76, 126.73, 123.75, 120.62, 117.22, 114.44, 114.44, 113.48,
113.48, 112.29, 65.68, 58.70, 55.73, 55.73, 55.48, 55.48, 17.28.
Anal. calcd. for Cg1H76N4Os: C 78.87, H 6.21, N 4.54; found: C 79.06, H 6.19, N 4.39.

HsCO

E-3-(4-Bromophenyl)-2-propenal (5a)
gr 4-bromobenzaldehyde (2 g, 10.8 mmol) and tributyl(1,3-dioxalan-2-
ylmethyl)phosphonium bromide (4.39 g, 11.89 mmol) were dissolved in
anhydrous THF (30 ml) under argon gas atmosphere; NaH (60% dispersed
in mineral oil, 1.30 g, 32.5 mmol) was added in portions, and the resulting
) turbid solution was stirred at room temperature for 12 h. After the completion
of the reaction (TLC 3:1:21 v/v ethyl acetate/toluene/n-hexane), the excess

O/
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NaH was quenched by using 10% aq. HCI solution under cooling, and the reaction
mixture was brought to acidic pH. The reaction mixture was stirred further at room
temperature for 1 hour. The mixture was poured into distilled water and extracted with
ethyl acetate. The organic layer was dried over anhydrous Na;SOy, filtered off, and
the solvent evaporated under reduced pressure. The product was purified by column
chromatography (ethyl acetate/toluene/n-hexane 3:1:21, v/v), resulting in light yellow
crystals (92%, 2.1 g).

'H NMR (400 MHz, CDCl3) § 9.71 (d, J = 7.6 Hz, 1H, CHO), 7.60-7.54 (m, 2H, Ar),
7.49-7.37 (m, 3H, CH, Ar), 6.71 (dd, J = 16.0, 7.6 Hz, 1H, CH).

13C NMR (101 MHz, CDCl;) & 193.46, 151.19, 132.86, 132.39, 129.79, 128.98,
125.70.

Anal. calcd. for CoH;/BrO: C 51.22, H 3.34; found: C 51.23, H 3.22.

(2E,4E)-5-(4-bromophenyl)penta-2,4-dienal (5b)

sr E-3-(4-Bromophenyl)-2-propenal (5a) (0.31 g, 1.48 mmol) and tributyl(1,3-
dioxalan-2-ylmethyl)phosphonium bromide (0.60 g, 1.63 mmol) were
dissolved in anhydrous THF (3.5 ml) under argon gas atmosphere; NaH
(60% dispersed in mineral oil, 0.178 g, 4.44 mmol) was added in portions,

\ and the resulting turbid solution was refluxed for 5 h. After the completion

N\ of the reaction (TLC ethyl acetate/toluene/n-hexane 3:1:2, v/v), the excess
\ NaH was quenched by using 10% ag. HCI solution under cooling, and the
o

reaction mixture was brought to acidic pH. The reaction mixture was stirred
further at room temperature for 1 hour. The mixture was poured into distilled water
and extracted with ethyl acetate. The organic layer was dried over anhydrous Na,SOs,
filtered off, and the solvent evaporated under reduced pressure. The crude product was
purified by column chromatography (ethyl acetate/toluene/n-hexane 3:1:21, v/v),
resulting in light yellow crystals (73%, 0.26 g). The obtained data of product are in
good agreement with the reported data [250].
'H NMR (400 MHz, CDCls) 6 9.64 (d, J = 7.9 Hz, 1H, CHO), 7.53 (d, J = 8.5 Hz, 2H,
Ar), 7.38 (d, J = 8.5 Hz, 2H, Ar), 7.32-7.20 (m, 1H, CH), 7.07-6.91 (m, 2H, CH),
6.30 (dd, J =15.2, 7.9 Hz, 1H, CH).
13C NMR (101 MHz, CDCls) & 193.57, 151.54, 140.91, 134.50, 132.17, 132.07,
128.91, 126.81, 123.79.
Anal. calcd. for C11H9BrO: C 55.72, H 3.83; found: C 55.69, H 3.80.

(E)-2-(4-bromostyryl)-5,5-dimethyl-1,3-dioxane (5c)
Br E-3-(4-Bromophenyl)-2-propenal (5a) (1.79 g, 8.49 mmol), 2-dimethyl-1,3-
propanediol (1.06 g, 10.19 mmol), and p-toluenesulfonic acid monohydrate
(0.17 g, 0.93 mmol) were dissolved in benzene (17 ml) and stirred at 80 °C
for 3.5 h. After cooling to room temperature, the reaction was quenched by
N adding distilled water and was extracted with ethyl acetate. The organic layer
o~ Was dried over anhydrous Na,SOs, filtered, and the solvent evaporated. The
product was purified by column chromatography (ethyl acetate/toluene/
% n-hexane 3:1:21, v/v) resulting in whitish crystals (80%, 2.0 g).
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'H NMR (400 MHz, CDCls) & 7.43 (d, J = 8.5 Hz, 2H, Ar), 7.26 (d, J = 8.5 Hz, 2H,
Ar), 6.72 (d, J = 16.2 Hz, 1H, CH), 6.21 (dd, J = 16.2, 4.7 Hz, 1H, CH), 5.02 (d, J =
4.2 Hz, 1H, O-CH-0), 3.69 (d, J = 11.2 Hz, 2H, O-CH>-C), 3.55 (d, J = 10.8 Hz, 2H,
O-CH-C), 1.24 (s, 3H, CHs3), 0.76 (s, 3H, CHs).

3C NMR (101 MHz, CDCl;) & 135.08, 132.19, 131.70, 128.36, 126.39, 122.03,
100.57, 30.24, 23.01, 21.93.

Anal. calcd. for C14H17BrO,: C 56.58, H 5.77; found: C 56.60, H 5.74.

2-((1E,3E)-4-(4-bromophenyl)buta-1,3-dien-1-yl)-5,5-dimethyl-1,3-dioxane (5d)
(2E,4E)-5-(4-Bromophenyl)penta-2,4-dienal (5b) (1.84 g, 7.76 mmol),
2-dimethyl-1,3-propanediol (0.97 g, 9.31 mmol), and p-toluenesulfonic acid
monohydrate (0.16 g, 0.85 mmol) were dissolved in benzene (16 ml), and the
mixture was stirred at 80 °C for 3 h. After cooling to room temperature, the
¢ reaction was quenched by adding distilled water and was extracted with ethyl
Y acetate. The organic layer was dried over anhydrous Na,SOs, filtered, and the
solvent evaporated. The product was purified by column chromatography
0\7% (ethyl acetate/toluene/n-hexane 3:1:21, v/v) obtaining yellow crystals (64%,
1.6 9).

'H NMR (400 MHz, CDCl3) § 7.43 (d, J=8.4 Hz, 2H, Ar), 7.25 (d, J = 7.6 Hz,
2H, Ar), 6.81-6.68 (m, 1H, CH), 6.62—6.48 (m, 2H, CH), 5.83 (dd, J = 15.3, 4.6 Hz,
1H, CH), 4.96 (d, J = 4.6 Hz, 1H, O-CH-0), 3.68 (d, J = 11.1 Hz, 2H, O-CH>-C), 3.53
(d, J =10.8 Hz, 2H, O-CH>-C), 1.23 (s, 3H, CH3), 0.76 (s, 3H, CHj3).
13C NMR (101 MHz, CDCls) & 135.91, 133.23, 133.15, 131.74, 129.86, 128.47,
128.02, 121.59, 100.37, 30.22, 22.99, 21.93.

Anal. calcd. for C16H19BrO,: C 59.45, H 5.93; found: C 59.41, H 5.89.

Br

N-(4-(5,5-dimethyl-1,3-dioxan-2-yl)phenyl)-3,4-dimethylaniline (5e)
The mixture of dioxane (35 ml) and water (0.03 ml) was purged with argon
g for 20 minutes. Pd(OAc), (0.02 g, 0.09 mmol) and SPhos (0.11 g, 0.27
mmol) were added, and the mixture was heated to 80 °C for 2 min.
HN 2-(4-Bromophenyl)-5,5-dimethyl-1,3-dioxane (5n) (59, 18.44 mmol),
3,4-dimethylaniline (2.68 g, 22.13 mmol), and NaOt-Bu (2.48 g, 25.81
mmol) were added, and the solution was refluxed for 30 min under Ar
o @ atmosphere. After the termination of the reaction, the mixture was filtered
\7% through Celite, the distilled water was added, and the mixture was
extracted with ethyl acetate. The organic layer was dried over anhydrous
Na,SO,, filtered, and the solvent evaporated under reduced pressure. The crude
product was purified by column chromatography (ethyl acetate/toluene/ n-hexane
0.5:14.5:10, v/v) and was further purified by the crystallization from 2-propanol to
obtain the product as white crystals (80%, 4.62 g).
'H NMR (400 MHz, CDCl3) & 7.36 (d, J = 8.5 Hz, 2H, Ar), 7.03-6.95 (m, 3H, Ar),
6.87 (d, J=2.2 Hz, 1H, Ar), 6.82 (dd, J = 8.0, 2.4 Hz, 1H, Ar), 5.60 (s, 1H, NH), 5.32
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(s, 1H, O-CH-0), 3.75 (d, J = 11.2 Hz, 2H, O-CH-C), 3.63 (d, J = 10.6 Hz, 2H,
O-CH3-C), 2.20 (s, 6H, 2x Ar-CHs), 1.29 (s, 3H, C-CHs3), 0.78 (s, 3H, C-CHj).

13C NMR (101 MHz, CDCls) & 144.52, 140.53, 137.54, 130.47, 130.36, 129.76,
127.25, 120.33, 116.65, 116.33, 101.92, 30.22, 23.11, 21.94, 19.96, 19.02.

Anal. calcd. for C,0H2sNO,: C 77.14, H 8.09, N 4.50; found: C 77.03, H 8.00, N 4.52.

(E)-N-(4-(2-(5,5-dimethyl-1,3-dioxan-2-yl)vinyl)phenyl)-3,4-dimethylaniline (5f)
The mixture of dioxane (15 ml) and water (0.02 ml) was purged with argon
for 20 minutes. Pd(OAc); (0.007 g, 0.03 mmol) and SPhos (0.04 g, 0.10
mmol) were added, and the mixture was heated to 80 °C for 2 min. (E)-2-
HN (4-bromostyryl)-5,5-dimethyl-1,3-dioxane (5¢c) (2.02 g, 6.81 mmol),
3,4-dimethylaniline (1.00 g, 8.17 mmol), and NaOt-Bu (0.92 g, 9.53
mmol) were added, and the solution was stirred at reflux for 30 min under
Ar atmosphere. After the termination of the reaction, the mixture was
filtered through Celite, the distilled water was added, and the mixture was
o O extracted with ethyl acetate. The organic layer was dried over anhydrous
\7< Na,SOQq, filtered, and the solvent evaporated under reduced pressure. The
product was purified by column chromatography (ethyl acetate/toluene/
n-hexane 3:1:21, v/v) and further purified by the crystallization from 2-propanol,
resulting in pale yellow crystals (70%, 1.60 g).
'H NMR (400 MHz, CDCls) 6 7.27 (d, J = 8.6 Hz, 2H, Ar), 7.04 (d, J = 8.0 Hz, 1H,
Ar), 6.94-6.84 (m, 4H, Ar), 6.70 (d, J = 16.1 Hz, 1H, Ar), 6.08 (dd, J = 16.1, 5.1 Hz,
1H, Ar), 5.65 (s, 1H, NH), 5.02 (d, J = 4.9 Hz, 1H, O-CH-0), 3.69 (d, J = 11.2 Hz,
2H, O-CH-C), 3.56 (d, J = 10.9 Hz, 2H, O-CH»-C), 2.22 (s, 3H, Ar-CHs), 2.21 (s,
3H, Ar-CHjs), 1.25 (s, 3H, C-CHs), 0.76 (s, 3H, C-CHj).
13C NMR (101 MHz, CDCls) & 144.20, 139.90, 137.63, 133.37, 130.37, 130.21,
128.05, 127.90, 122.34, 120.95, 116.89, 116.06, 101.47, 30.23, 23.05, 21.99, 20.00,
19.08.
Anal. calcd. for C,2H27NO,: C 78.30, H 8.06, N 4.15; found: C 78.28, H 8.06, N 4.05.

N-(4-((1E,3E)-4-(5,5-dimethyl-1,3-dioxan-2-yl)buta-1,3-dien-1-yl)phenyl)-3,4-
dimethylaniline (5g)
The mixture of dioxane (10 ml) and water (0.01 ml) was purged with argon
@ for 20 minutes. Pd(OAc) (0.005 g, 0.02 mmol) and SPhos (0.03 g,
0.07 mmol) were added, and the mixture was heated to 80 °C for 2 min.
HN 2-((1E,3E)-4-(4-Bromophenyl)buta-1,3-dien-1-yl)-5,5-dimethyl-1,3-
dioxane (5d) (1.58 g, 4.90 mmol), 3,4-dimethylaniline (0.71 g, 5.89
mmol), and NaOt-Bu (0.66 g, 6.87 mmol) were added, and the solution
Vi was refluxed for 1 h under Ar atmosphere. After the termination of the
reaction, the mixture was filtered through Celite, the distilled water was
4 added, and the mixture was extracted with ethyl acetate. The organic layer
o 9 was dried over anhydrous Na,SO., filtered, and the solvent evaporated
\7< under reduced pressure. The product was purified by column
chromatography (ethyl acetate/toluene/ n-hexane 3:1:21, v/v) and further
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purified by the crystallization from 2-propanol, resulting in yellow crystals (69%, 1.23
9).

'H NMR (400 MHz, CDCls) 6 7.28 (d, J = 8.6 Hz, 2H, Ar), 7.04 (d, J = 8.0 Hz, 1H,
Ar), 6.93 (d, J= 8.6 Hz, 2H, Ar), 6.91-6.82 (m, 2H, Ar), 6.68-6.49 (m, 3H, Ar), 5.77
(dd, J=15.2, 4.9 Hz, 1H, Ar), 5.67(s, 1H, NH), 4.95 (d, J = 5.1 Hz, 1H, O-CH-0),),
3.67 (d, J=11.1 Hz, 2H, O-CH-C), 3.53 (d, J = 10.9 Hz, 2H, O-CH,-C), 2.22 (s, 3H,
Ar-CHjs), 2.21 (s, 3H, Ar-CHs), 1.23 (s, 3H, C-CHs), 0.75 (s, 3H, C-CHy).

3C NMR (101 MHz, CDCls) & 143.84, 139.87, 137.60, 134.42, 134.19, 130.34,
130.13, 128.84, 127.73, 127.35, 124.80, 120.71, 116.67, 116.30, 100.85, 30.17, 22.98,
21.93, 19.95, 19.03.

Anal. calcd. for C24H29NO-: C 79.30, H 8.04, N 3.85; found: C 79.20, H 8.08, N 3.86.

N? N8-bis(4-(5,5-dimethyl-1,3-dioxan-2-yl)phenyl)-N2 N&-bis(3,4-dimethylphenyl)-
4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-2,8-diamine (5h)

Y A mixture of N-(4-(5,5-dimethyl-1,3-dioxan-2-

) yl)phenyl)-3,4-dimethylaniline (5e¢) (2.18 g, 7.00
@/\@ mmol), 2,8-dibromo-4,10-dimethyl-6H,12H-5,11-
ﬂ” N@\/ methanodibenzo[b,f][1,5]diazocine (1°) (1.14 g,
2.80 mmol), and anhydrous toluene (20 ml) was

purged with argon for 30 minutes. Pd(OAC),

I o, (0.012 g, 0.05 mmol), [P(t-Bu)sH]BF. (0.023 g,

5{ 55 0.07 mmol), and NaOt-Bu (0.81 g, 8.39 mmol)

were added, and the mixture was heated at reflux
for 2.5 h under Ar atmosphere. After the termination of the reaction, the mixture was
filtered through Celite, the distilled water was added, and the mixture was extracted
with ethyl acetate. The organic layer was dried over anhydrous Na,SO., filtered, and
the solvent evaporated under reduced pressure. The product was purified by column
chromatography (ethyl acetate/toluene/ n-hexane 3:1:21, v/v), resulting in yellow
solid (76%, 1.8 g).
'H NMR (400 MHz, CDCls) 4 7.32 (d, J = 8.5 Hz, 4H, Ar), 6.98 (d, J = 8.5 Hz, 6H,
Ar), 6.86-6.74 (m, 6H, Ar), 6.48-6.44 (m, 2H, Ar), 5.33 (s, 2H, O-CH-0), 4.40 (d, J
= 17.0 Hz, 2H, H-6exo, and H-12ex0), 4.27 (s, 2H, H-13), 3.82 (d, J = 17.0 Hz, 2H,
H-6endo, and H-12endo), 3.76 (d, J = 11.1 Hz, 4H, O-CH,-C), 3.63 (d, J = 10.9 Hz,
4H, O-CH»-C), 2.24 (s, 6H, Ar-CHs), 2.21 (s, 6H, Ar-CHs), 2.15 (s, 6H, Ar-CHs), 1.30
(s, 6H, C-CHs), 0.79 (s, 6H, C-CHs).
3C NMR (101 MHz, CDCls) & 148.98, 145.48, 143.42, 141.19, 137.49, 133.78,
131.61, 131.33, 130.34, 129.07, 128.83, 128.27, 126.94, 126.11, 124.74, 122.93,
122.43, 119.66, 101.93, 77.77, 67.70, 54.99, 30.25, 23.13, 21.94, 19.87, 19.18, 17.03.
Anal. calcd. for Cs;HgsN4O4: C 78.77, H 7.42, N 6.45; found: C 78.78, H 7.39, N 6.45.

N? N8-bis(4-((E)-2-(5,5-dimethyl-1,3-dioxan-2-yl)vinyl)phenyl)-N? N2-bis(3,4-

dimethylphenyl)-4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-
2,8-diamine (51)
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A A mixture of (E)-N-(4-(2-(5,5-dimethyl-1,3-
% dioxan-2-yl)vinyl)phenyl)-3,4-dimethylaniline (5f)
@/\@ (1.57 g, 4.67 mmol), 2,8-dibromo-4,10-dimethyl-
ﬂ“ N@\/ 6H,12H-5,11-methanodibenzol[b,f][1,5]diazocine
(0.76 g, 1.87 mmol), and anhydrous toluene (34 ml)
was purged with argon for 30 minutes. Pd(OAC)
) N (0.008 g, 0.04 mmol), [P(t-Bu)sH]BF, (0.015 g,
o o 0.05 mmol), and NaOt-Bu (0.54 g, 5.60 mmol) were
052 geo added, and the mixture was heated at reflux for 1 h
under Ar atmosphere. After the termination of the
reaction, the mixture was filtered through Celite, the distilled water was added, and
the mixture was extracted with ethyl acetate. The organic layer was dried over
anhydrous Na.SO, filtered, and the solvent evaporated under reduced pressure. The
product was purified by column chromatography (ethyl acetate/toluene/ n-hexane
3:1:21, v/v), resulting in light yellow crystals (80%, 1.37 g).
'H NMR (400 MHz, CDCls) & 7.28-7.12 (m, 9H, Ar), 7.02 (d, J = 8.1 Hz, 2H, Ar),
6.90-6.78 (m, 5H, Ar), 6.69 (d, J = 16.1 Hz, 2H, CH), 6.49 (d, J = 2.3 Hz, 2H, Ar),
6.07 (dd, J = 16.1, 4.9 Hz, 2H, CH), 5.01 (d, J = 4.7 Hz, 2H, O-CH-0), 4.44 (d, J =
17.0 Hz, 2H, H-6exo, and H-12exo), 4.28 (s, 2H, H-13), 3.85 (d, J = 17.0 Hz, 2H, H-
6endo, and H-12endo), 3.69 (d, J = 11.1 Hz, 4H, O-CH»-C), 3.55 (d, J = 10.9 Hz, 4H
O-CH3-C), 2.25 (s, 6H, Ar-CHs), 2.22 (s, 6H, Ar-CHs), 2.17 (s, 6H, Ar-CHz), 1.24 (s,
6H, C-CHg), 0.76 (s, 6H, C-CHa).
13C NMR (101 MHz, CDCl;) & 148.32, 145.08, 143.01, 141.50, 137.63, 133.90,
133.06, 131.86, 130.41, 128.88, 128.81, 127.54, 126.60, 125.23, 123.11, 122.92,
121.62, 120.16, 101.24, 67.57, 54.87, 30.18, 22.99, 21.94, 19.88, 19.20, 17.03.
Anal. calcd. for Ce1HgsN4O4: C 79.53, H 7.44, N 6.08; found: C 79.53, H 7.40, N 6.05.

N2,N8-bis(4-((1E,3E)-4-(5,5-dimethyl-1,3-dioxan-2-yl)buta-1,3-dien-1-yl)phenyl)-
N2,N8-bis(3,4-dimethylphenyl)-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diamine (5j)
'\ A mixture of N-(4-((1E,3E)-4-(5,5-dimethyl-1,3-
) dioxan-2-yl)buta-1,3-dien-1-yl)phenyl)-3,4-
@/\@ dimethylaniline (5g) (1.20 g, 3.30 mmol), 2,8-
ﬂN NQ dibromo-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine (1°) (0.54 g,
1.32 mmol), and anhydrous toluene (30 ml) was
4 \ purged with argon for 30 minutes. Pd(OAc)
) \ (0.006 g, 0.03 mmol), [P(t-Bu)sH]BF4 (0.011 g,
o o 0.03 mmol), and NaOt-Bu (0.38 g, 3.96 mmol)
OH% %0 were added, and the mixture was heated at reflux
for 3.5 h under Ar atmosphere. After the
termination of the reaction, the mixture was filtered through Celite, the distilled water
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was added, and the mixture was extracted with ethyl acetate. The organic layer was
dried over anhydrous Na,SO,, filtered, and the solvent evaporated under reduced
pressure. The crude product was purified by column chromatography (acetone/n-
hexane 3:22, v/v), yielding product as yellow solid (45%, 1.4 g).

'H NMR (400 MHz, CDCls): 6 = 7.25 (d, J = 8.6 Hz, 4H, Ar), 7.05 (d, J = 8.1 Hz,
2H, Ar), 6.96-6.30 (m, 11H, Ar), 6.71-6.49 (m, 7H, Ar), 5.79 (dd, J = 15.0, 4.9 Hz,
2H, CH), 4.98 (d, J = 4.9 Hz, 2H, O-CH-0), 4.52 (d, J = 16.8 Hz, 2H, H-6exo, and H-
12ex0), 4.38 (s, 2H, H-13), 3.90 (d, J = 17.0 Hz, 2H, H-6endo, and H-12endo), 3.70
(d, J =10.7 Hz, 4H, O-CH-C), 3.56 (d, J = 11.0 Hz, 4H, O-CH-C), 2.30 (s, 6H, Ar-
CHa), 2.26 (s, 6H, Ar-CHs), 2.20 (s, 6H, Ar-CHz), 1.26 (s, 6H, C-CHs), 0.78 (s, 6H,
C-CHs).

13C NMR (101 MHz, CDCls): & = 147.92, 144.96, 137.75, 134.23, 134.11, 133.98,
130.50, 127.81, 127.35, 126.62, 125.70, 125.05, 122.95, 122.25, 100.82, 54.84, 30.22,
23.02, 21.97, 19.93, 19.25, 17.14.

Anal. calcd. for CesH72N4O4: C 80.21, H 7.46, N 5.76; found: C 80.15, H 7.43, N 5.71.

4,4'-((4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5] diazocine-2,8-
diyl)bis((3,4-dimethylphenyl)azanediyl))dibenzaldehyde (5k)
~ The protected aldehyde compound 5h (1.74 g, 2
NN mmol) was dissolved in THF (10 ml), 12% ag. HCI
@/\S solution (4 ml) was added, and the mixture was
\QN N/Q\/ stirred at 40 °C for 1 hour. The reaction mixture was
poured into the saturated NaHCO; solution and
Q extracted with ethyl acetate. The organic layer was
o % dried over anhydrous Na,SOs, filtered, and the
solvent evaporated under reduced pressure. The
crude product was purified by column chromatography (acetone/n-hexane 1:4, v/v),
resulting in yellow crystals (46%, 0.66 Q).
'H NMR (400 MHz, CDCl3) 8 9.76 (s, 2H, CHO), 7.61 (d, J = 8.8 Hz, 4H, Ar), 7.11
(d, J=8.0 Hz, 2H, Ar), 6.98-6.78 (m, 10H, Ar), 6.61 (d, J = 2.1 Hz, 2H, Ar), 4.50 (d,
J =17.0 Hz, 2H, H-6exo, and H-12exo), 4.29 (s, 2H, H-13), 3.90 (d, J = 17.1 Hz, 2H,
H-6endo, and H-12endo), 2.32 (s, 6H, 2x CHa), 2.26 (s, 6H, 2x CHs), 2.22 (s, 6H,
2% CH3).
13C NMR (101 MHz, CDCl3) & 190.32, 153.90, 143.49, 143.46, 141.46, 138.30,
134.71, 134.24, 131.32, 130.94, 129.39, 128.08, 128.02, 126.98, 124.40, 122.16,
117.78, 67.44,54.78, 26.93, 19.91, 19.36, 17.11.
Anal. calcd. for C47H44N4O,: C 81.00, H 6.36, N 8.04; found: C 81.02, H 6.36, N 8.00.
(2E,2'E)-3,3'-(((4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5] diazocine-

2,8-diyl)bis((3,4-dimethylphenyl)azanediyl))bis(4,1-phenylene))diacrylaldehyde (51)
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The protected aldehyde compound 5i (1.37 g,
1.5 mmol) was dissolved in THF (8 ml), 12% agq.
HCI solution (3 ml) was added, and the mixture

N(\N
\QN@/ @N /@\/ was stirred at 40 °C for 1 hour. The reaction
mixture was poured into the saturated NaHCO;
solution and extracted with ethyl acetate. The
) S organic layer was dried over anhydrous Na;SOs,
filtered, and the solvent evaporated under reduced
Y N\ . g
d o pressure. The crude product was purified by
column chromatography (acetone/n-hexane 1:4, v/v), yielding product as yellow
crystals (78%, 0.86 Q).
'H NMR (400 MHz, CDCls;) § 9.61 (d, J = 7.8 Hz, 2H, CHO), 7.40-7.32 (m, 6H, Ar),
7.09 (d, J=8.1 Hz, 2H, Ar), 6.96-6.92 (m, 2H, Ar), 6.90-6.84 (m, 8H, Ar), 6.60-6.50
(m, 4H, CH), 4.49 (d, J = 17.0 Hz, 2H, H-6exo, and H-12exo0), 4.29 (s, 2H, H-13),
3.89 (d, J=17.1 Hz, 2H, H-6endo, and H-12endo), 2.30 (s, 6H, 2x CHs), 2.26 (s, 6H,
2x CHg), 2.21 (s, 6H, 2x CHa).
13C NMR (101 MHz, CDCl;) & 193.78, 153.01, 151.36, 143.88, 142.83, 141.86,
138.11, 134.45, 133.59, 130.76, 129.82, 129.21, 127.57, 126.42, 125.34, 125.30,
123.94, 121.53, 119.31, 67.45, 54.77, 19.91, 19.32, 17.09.
Anal. calcd. for Cs1HisN4O2: C 81.79, H 6.46, N 7.48; found: C 87.78, H 6.45, N 7.50.

(2E,2'E,4E,4'E)-5,5'-(((4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diyl)bis((3,4-
dimethylphenyl)azanediyl))bis(4,1-phenylene))bis(penta-2,4-dienal) (5m)

The protected aldehyde compound 5j (1.38 g,

NN 1.42 mmol) was dissolved in THF (8 ml), 12%
@/\S ag. HCI solution (3 ml) was added, and the
\QN . /@\/ mixture was stirred at 40 °C for 1 hour. The
reaction mixture was poured into the saturated
NaHCO; solution and extracted with ethyl
S acetate. The organic layer was dried over
anhydrous Na»SOs, filtered, and the solvent
evaporated under reduced pressure. The crude
g o product was purified by column chromatography
(THF/n-hexane 1:4, v/v), yielding product as
orange crystals (70%, 0.8 g).
'H NMR (400 MHz, CDCls) § 9.57 (d, J = 8.0 Hz, 2H, CHO), 7.34-7.18 (m, 5H, Ar),
7.06 (d, J = 8.1 Hz, 2H, Ar), 6.95-6.79 (m, 15H, Ar), 6.55 (d, J = 2.1 Hz, 2H, CH),
6.20 (dd, J =15.1, 8.0 Hz, 2H, CH), 4.47 (d, J = 17.0 Hz, 2H, H-6exo, and H-12ex0),
4.29 (s, 2H, H-13), 3.87 (d, J = 16.7 Hz, 2H, H-6endo, and H-12endo), 2.28 (s, 6H,
2x CHs), 2.25 (s, 6H, 2x CHs), 2.20 (s, 6H, 2x CHa).
13C NMR (101 MHz, CDCls) & 193.57, 153.00, 149.94, 144.38, 142.56, 142.38,
137.94, 134.27, 132.96, 130.66, 130.04, 129.11, 128.61, 127.62, 127.21, 125.94,
123.57,123.37, 120.96, 120.47, 114.15, 67.55, 54.88, 19.90, 19.28, 17.08.
Anal. calcd. for CssHsaN4O2: C 82.47, H 6.54, N 6.99; found: C 82.45, H 6.56, N 7.01.
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2,2'-((52,5'2)-((((4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5] diazocine-
2,8-diyl)bis((3,4-dimethylphenyl)azanediyl))bis(4,1-
phenylene))bis(methanylylidene))bis(4-oxo-2-thioxothiazolidin-3-yl-5-
ylidene))diacetic acid (5A)

. Aldehyde compound 5k (0.73 g, 1.05 mmol),
NN rhodanine-3-acetic acid (0.48 g, 2.52 mmol), and
@/\@ AcONHs (0.05 g, 0.63 mmol) were refluxed in
ﬂ“ N@( anhydrous toluene (3 ml) for 12 h. After the
termination of the reaction, the distilled water was
added, and the mixture was extracted with ethyl
ol \ ¢ acetate. The organic layer was dried over anhydrous
s\ A0 - Na,SO;, filtered, and the solvent evaporated under
oo Lcoon  reduced pressure. The crude product was purified by
column chromatography (acetone/n-hexane 7:18,
acetone/n-hexane 2:3 and methanol/toluene 3:22, v/v) to obtain dye 5A as a red solid
(34%, 0.37 g), m.p. > 400 °C.
'H NMR (400 MHz, DMSO-ds) 6 7.63 (s, 2H, Ar), 7.42 (d, J = 8.9 Hz, 4H, Ar), 7.15
(d, J = 8.2 Hz, 2H, Ar), 7.00-6.83 (m, 6H, Ar), 6.75 (d, J = 8.9 Hz, 4H, Ar), 6.70—
6.62 (m, 2H, Ar), 4.48-4.37 (m, 6H, H-6exo, and H-12exo, N-CH,-COOH), 4.21 (s,
2H, H-13), 3.97 (d, J = 17.6 Hz, 2H, H-6endo, and H-12endo), 2.28 (s, 6H, 2x CH3),
2.21 (s, 6H, 2x CH3), 2.17 (s, 6H, 2x CHa).
3C NMR (101 MHz, DMSO-ds) 207.04, 193.22, 167.40, 167.33, 150.97, 143.68,
143.50, 141.12, 138.54, 134.81, 134.42, 133.40, 133.08, 131.45, 130.09, 128.14,
126.79, 124.77, 124.10, 122.39, 118.51, 117.73, 67.49, 54.50, 47.63, 31.16, 19.92,
19.38, 17.26.
IR (KBr, cm?): v =3394 (OH); 3016 (aromatic CH); 2950, 2916, 2883 (aliphatic CH);
1698 (2xC=0); 1575 (C=C); 1505 (C-C); 1324 (C=S); 1200, 1181 (C-N).
Anal. calcd. for Cs7HsoNgOsSa: C 65.62, H 4.83, N 8.06; found: C 65.60, H 4.85, N
8.06.

2,2'-((52,5'2)-((2E,2'E)-((((5R)-4,10-dimethyl-6H,12H-5,11-
methanodibenzol[b,f][1,5]diazocine-2,8-diyl)bis((3,4-
dimethylphenyl)azanediyl))bis(4,1-phenylene))bis(prop-2-en-3-yl-1-ylidene))bis(4-
oxo-2-thioxothiazolidin-3-yl-5-ylidene))diacetic acid (5B)
A mixture of aldehyde compound 51 (0.29 g,

AN

NN 0.38 mmol), rhodanine-3-acetic acid (0.18 g,
@/\@ 0.93 mmol), and AcONH, (0.01 g, 0.11 mmol) was
\QN N@\/ refluxed in anhydrous toluene (8 ml) for 12 h. At
the end of the reaction, the mixture was cooled to

room temperature. Dark red crystals, formed upon

) N\ standing, were filtered off and washed with water
p S (50 ml), toluene (50 ml), and finally with diethyl
Y e ether (25 ml) to give dye 5B (96%, 0.41 g), m.p.
"o W 232-934°C
J S :
HOOC COOH



'H NMR (400 MHz, DMSO-ds) 6 7.62-7.39 (m, 3H, Ar), 7.36-6.97 (m, 10H, Ar),
6.95-6.55 (m, 11H, Ar), 4.65 (s, 2H, N-CH»-COOH), 4.54 (s, 2H, N-CH,-COOH),
4.40 (d, J =17.0 Hz, 2H, H-6exo, and H-12exo0), 4.19 (s, 2H, H-13), 3.94 (d, J = 17.5
Hz, 2H, H-6endo, and H-12endo), 2.25 (s, 6H, 2x CHz), 2.20 (s, 6H, 2x CHa), 2.16
(s, 6H, 2x CH3s).

13C NMR (101 MHz, DMSO-dg) §203.31, 192.94, 174.26, 167.86, 167.80, 166.11,
152.26, 151.52, 150.49, 146.89, 144.09, 143.13, 143.02, 138.31, 137.82, 135.66,
131.32, 129.92, 129.37, 128.68, 127.65, 125.79, 119.60, 45.49, 36.41, 21.52, 19.92,
19.35, 17.26.

IR (KBr, cm™): v =3430 (OH); 3033 (aromatic CH); 2966, 2922, 2850 (aliphatic CH);
1735 (2xC=0); 1600, 1563 (C=C); 1505 (C-C); 1327 (C=S); 1192, 1162 (C-N).
Anal. calcd. for Ce1HsaNsOsSa: C 66.89, H 4.97, N 7.67; found: C 66.89, H 4.95, N
7.67.

2,2'-((52,5'2)-((2E,2'E,4E,4'E)-(((4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diyl)bis((3,4-
dimethylphenyl)azanediyl))bis(4,1-phenylene))bis(penta-2,4-dien-5-yl-1-
ylidene))bis(4-oxo-2-thioxothiazolidin-3-yl-5-ylidene))diacetic acid (5C)

A mixture of aldehyde compound 5m (0.25 g, 0.31

/ mmol), rhodanine-3-acetic acid (0.14 g, 0.74 mmol),

@/\s and AcONH, (0.01 g, 0.10 mmol) was refluxed in
ﬂ“ NQ anhydrous toluene (8 ml) for 12 h. At the end of the
reaction, the mixture was cooled to room

temperature. Dark violet crystals, formed upon

% N standing, were filtered off and washed with water (50
Vi \ ml), methanol (50 ml), and finally diethyl ether (25

s/ \_s ml), yielding dye 5C (76%, 0.27 g), m.p. > 400 °C.
= Ao oA =s  *HNMR (400 MHz, DMSO-ds) & 7.51 (d, J = 11.9
Hooc” Neoon HZ,2H, Ar), 7.35 (d, J = 8.5 Hz, 4H, Ar), 7.28-7.12

(m, 8H, Ar), 7.09 (d, J = 8.2 Hz, 2H, Ar), 6.93-6.64
(m, 8H, Ar), 6.56 (s, 2H, Ar), 6.51-6.39 (m, 2H, Ar), 4.61 (s, 4H, N-CH,-COOH),
4.38 (d, J =17.0 Hz, 2H, H-6exo, and H-12exo0), 4.18 (s, 2H, H-13),3.90 (d, J=17.4
Hz, 2H, H-6endo, and H-12endo), 2.23 (s, 6H, 2x CHa), 2.18 (s, 6H, 2x CHa), 2.13
(s, 6H, 2x CHb).
13C NMR (101 MHz, DMSO-dg) & 192.51, 174.28, 167.77, 166.05, 149.46, 147.93,
144.46, 142.66, 142.07, 140.42, 138.14, 137.75, 134.68, 134.43, 133.17, 131.23,
129.81,129.37,129.08, 128.67, 127.37,126.19, 125.81, 121.45, 120.33, 54.53, 45.89,
21.52,19.92,19.31, 17.25.
IR (KBr, cm™): v = 3433 (OH); 3033 (aromatic CH); 2946, 2916 (aliphatic CH); 1698
(2xC=0); 1600, 1545 (C=C); 1502 (C-C); 1309 (C=S); 1197, 1154 (C-N).
Anal. calcd. for CesHssNsOsS4: C 68.04, H 5.10, N 7.32; found: C 68.00, H 5.12, N
7.34.
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2-(4-bromophenyl)-5,5-dimethyl-1,3-dioxane (5n)

4-Bromobenzaldehyde (6.18 g, 7.76 mmol), 2,2-dimethyl-1,3-propanediol

(4.18 g, 40.11 mmol), and p-toluenesulfonic acid monohydrate (0.70 g, 3.67

mmol) were dissolved in benzene (55 ml) and stirred at 80 °C for 3 h. After

the reaction, its mixture was poured into distilled water (150 ml), and the

o” o product was extracted with ethyl acetate. The solvent was removed under
reduced pressure, resulting in white crystalline solid (86%, 7.8 g) that matches
the described in literature and was sufficiently clean (based on TLC) to be

used without further purification.

'H NMR (400 MHz, CDCls)  7.50 (d, J = 8.5 Hz, 2H, Ar), 7.38 (d, J = 8.4 Hz, 2H,

Ar), 5.34 (s, 1H, O-CH-0), 3.76 (d, J = 11.2 Hz, 2H, O-CH,-C), 3.63 (d, J = 10.6 Hz,

2H, O-CH-C), 1.27 (s, 3H, CH3), 0.79 (s, 3H, CHs).

13C NMR (101 MHz, CDCls) § 137.57, 131.41, 127.95, 122.88, 100.94, 30.23, 23.03,

21.88.

Anal. calcd. for C12H15BrO2: C 53.16, H 5.58; found: C 53.21, H 5.78.

Br

4-((3,4-dimethylphenyl)(m-tolyl)amino)benzaldehyde (50)
A mixture of dioxane (10 ml) and water (0.01 ml) was purged with
1L argon for 20 minutes. Pd(OAC), (0.009 g, 0.03 mmol), SPhos (0.04
N

g, 0.09 mmol) were added, and the mixture was heated to 80 °C for
2 min. N-(4-(5,5-dimethyl-1,3-dioxan-2-yl)phenyl)-3,4-
dimethylaniline (5e) (2 g, 6.42 mmol), 3-iodotoluene (1 ml, 7.71
~o mmol), and NaOt-Bu (0.86 g, 8.99 mmol) were added, and the

solution was refluxed for 2 h under Ar atmosphere. After the termination of the
reaction, the mixture was filtered through Celite, the distilled water was added, and
the mixture was extracted with ethyl acetate. The organic layer was dried over
anhydrous Na,SO, filtered, and the solvent evaporated under reduced pressure. The
crude product was purified by column chromatography (THF/n-hexane 0.5:24.5, v/v)
yielding product as light brown oil. Subsequently, it was dissolved in THF (15 ml),
12% aq. HCI solution (7 ml) was added, and the mixture was stirred at 40 °C for 1
hour. The reaction mixture was poured into the saturated NaHCO3 solution and
extracted with ethyl acetate. The organic layer was dried over anhydrous Na,SOs,
filtered, and the solvent evaporated under reduced pressure, resulting in yellow solid
(55%, 1.04 g).

'H NMR (400 MHz, CDCl3) 8 9.77 (s, 1H, CHO), 7.64 (d, J = 8.8 Hz, 2H, Ar), 7.26—
7.18 (m, 1H, Ar), 7.10 (d, J = 8.1 Hz, 1H, Ar), 7.01-6.85 (m, 7H, Ar), 2.30 (s, 3H,
CHa), 2.26 (s, 3H, CHs), 2.21 (s, 3H, CHs).

13C NMR (101 MHz, CDCIs) & 190.41, 153.77, 146.08, 143.70, 139.65, 138.21,
133.99, 131.31, 130.86, 129.46, 128.43, 127.86, 126.87, 125.91, 124.20, 123.40,
118.52, 21.40, 19.89, 19.33.

Anal. calcd. for C2H1NO: C 83.78, H 6.71, N 4.44; found: C 83.73, H 6.76, N 4.45.
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(E)-3-(4-((3,4-dimethylphenyl)(m-tolyl)amino)phenyl)acrylaldehyde (5p)
4-((3,4-dimethylphenyl)(m-tolyl)amino)benzaldehyde (50) (0.60 g,
5 191 mmol) and tributyl(1,3-dioxalan-2-ylmethyl)phosphonium
NO bromide (0.78 g, 2.10 mmol) were dissolved in anhydrous THF (7 ml)
under argon gas atmosphere; NaH (60% dispersed in mineral oil, 0.23 g,
5.73 mmol) was added in portions, and the resulting turbid solution was
X stirred at room temperature for 3 h. After the completion of the reaction
[ (TLC ethyl acetate/toluene/n-hexane 3:1:21, v/v), the excess NaH was
0 guenched by using 10% ag. HCI solution under cooling, and the reaction
mixture was brought to acidic pH. The reaction mixture was stirred further at room
temperature for 1 hour. The mixture was poured into the distilled water and extracted
with ethyl acetate. The organic layer was dried over anhydrous Na,SOs, filtered off,
and the solvent evaporated under reduced pressure. The product was purified by
column chromatography (ethyl acetate/toluene/n-hexane 3:1:21, v/v), yielding a
yellow solid (78%, 0.51 g).
'H NMR (400 MHz, CDCls;) § 9.64 (d, J = 7.8 Hz, 1H, CHO), 7.43-7.36 (m, 3H, Ar),
7.31-7.25 (m, 1H, Ar), 7.25-7.16 (m, 2H, Ar), 7.12 (d, J = 8.0 Hz, 1H, Ar), 7.02—6.88
(m, 5H, Ar), 6.60 (dd, J=15.8, 7.8 Hz, 1H, CH), 2.32 (s, 3H, CH3), 2.28 (s, 3H, CHa),
2.23 (s, 3H, CHs).
13C NMR (101 MHz, CDCl;) & 193.82, 153.03, 151.24, 146.51, 144.12, 139.48,
138.07, 133.39, 130.74, 129.85, 129.32, 127.45, 126.25, 125.80, 125.53, 125.22,
123.79, 122.79, 120.13, 21.44, 19.93, 19.33.
Anal. calcd. for C24H23sNO: C 84.42, H 6.79, N 4.10; found: C 84.38, H 6.76, N 4.10.

(2E,4E)-5-(4-((3,4-dimethylphenyl)(m-tolyl)amino)phenyl)penta-2,4-dienal (5r)
(E)-3-(4-((3,4-dimethylphenyl)(m-tolyl)amino)phenyl)acrylaldehyde
(bp) (062 g, 181 mmol) and (tributyl(1,3-dioxalan-2-
ylmethyl)phosphonium bromide (0.74 g, 1.99 mmol) were dissolved in
NO anhydrous THF (6 ml) under argon gas atmosphere; NaH (60%
dispersed in mineral oil, 0.22 g, 5.45 mmol) was added in portions, and
the resulting turbid solution was stirred at room temperature for 1 h.
After the completion of the reaction (TLC 3:1:21 v/v ethyl
§ acetate/toluene/n-hexane), the excess NaH was quenched by using 10%
ag. HCI solution under cooling, and the reaction mixture was brought
to acidic pH. The reaction mixture was stirred further more at room
temperature for 1 hour. The mixture was poured into distilled water and extracted with
ethyl acetate. The organic layer was dried over anhydrous Na,SOs, filtered off, and
the solvent evaporated under reduced pressure. The product was purified by column
chromatography (ethyl acetate/toluene/ n-hexane 3:1:21, v/v), yielding a yellow solid.
Yield: 0.56 g (84%).
'H NMR (400 MHz, CDCls) 8 9.57 (d, J = 8.0 Hz, 1H, CHO), 7.32 (d, J = 8.6 Hz, 2H,
Ar), 7.28-7.12 (m, 4H, Ar), 7.06 (d, J = 8.0 Hz, 1H, Ar), 6.98-6.80 (m, 7H, Ar), 6.20
(dd, J = 15.1, 8.0 Hz, 1H, CH), 2.27 (s, 3H, CHs), 2.24 (s, 3H, CHs), 2.19 (s, 3H,
CHg).

\
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13C NMR (101 MHz, CDCI3) & 193.70, 153.15, 149.80, 146.93, 144.53, 142.62,
139.32, 137.92, 132.84, 130.64, 130.10, 129.21, 128.64, 127.98, 127.12, 125.76,
124.65, 123.53, 123.44, 122.32, 121.13, 21.45, 19.93, 19.30.

Anal. calcd. for CxH2sNO: C 84.98, H 6.86, N 3.81; found: C 84.94, H 6.88, N 3.84.

2-(5-(4-((3,4-dimethylphenyl)(m-tolyl)amino)benzylidene)-4-oxo-2-
thioxothiazolidin-3-yl)acetic acid (5D)
A mixture of 4-((3,4-dimethylphenyl)(m-
/@\ @i tolyl)amino)benzaldehyde (50) (0.47 g, 1.50 mmol), rhodanine-
N 3-acetic acid (0.34 g, 1.80 mmol), and AcONH4 (0.03 g,
0.45 mmol) was refluxed in anhydrous toluene (2 ml) for 12 h.
After the termination of the reaction, the distilled water was

S#S = added, and the mixture was extracted with ethyl acetate. The
NN organic layer was dried over anhydrous Na,SOs, filtered, and the
HooC solvent evaporated under reduced pressure. The crude product

was purified by column chromatography (acetone/n-hexane 7:18, acetone/n-hexane
2:3, and methanol/toluene 3:22, v/v) yielding dye 5D as a red solid (43%, 0.31 g),
m.p. 193-195 °C.

'H NMR (400 MHz, DMSO-dg) 8 7.65 (s, 1H, Ar), 7.47 (d, J = 9.0 Hz, 2H, Ar), 7.32—
7.22 (m, 1H, Ar), 7.18 (d, J = 8.1 Hz, 1H, Ar), 7.06-6.88 (m, 5H, Ar), 6.85 (d, J =8.9
Hz, 2H, Ar), 4.47 (s, 2H, N-CH,-COOH), 2.26 (s, 3H, CHs), 2.22 (s, 3H, CH3), 2.18
(s, 3H, CHs).

13C NMR (101 MHz, DMSO-ds) 5 193.31, 167.36, 150.71, 146.04, 143.64, 139.83,
138.54, 134.31, 133.31, 133.06, 131.40, 130.15, 128.01, 126.81, 126.35, 124.58,
124.54, 123,53, 119.19, 118.10, 67.49, 47.74, 21.40, 19.91, 19.37.

IR (KBr, cm™): v = 3423 (OH); 3033 (aromatic CH); 2919, 2850 (aliphatic CH); 1711
(2xC=0); 1574 (C=C); 1506 (C-C); 1320, 1308 (C=S); 1200, 1180 (C-N).

Anal. calcd. for C»7H24N»03S,: C 66.37, H 4.95, N 5.73; found: C 66.35, H 4.94, N
5.74.

2-((2)-5-((E)-3-(4-((3,4-dimethylphenyl)(m-tolyl)amino)phenyl)allylidene)-4-oxo-2-
thioxothiazolidin-3-yl)acetic acid (5E)
A mixture of (E)-3-(4-((3,4-dimethylphenyl)(m-
%:; tolyl)amino)phenyl)acrylaldenyde (5p) (0.22 g, 0.66 mmol),
N rhodanine-3-acetic acid (0.15 g, 0.79 mmol), and AcONH,4 (0.02 g,
Q 0.19 mmol) was refluxed in glacial acetic acid (2 ml) for 2.5 h. After
the termination of the reaction, the distilled water was added, and the
mixture was extracted with ethyl acetate. The organic layer was dried
over anhydrous Na,SOs, filtered, and the solvent evaporated under
A4 reduced pressure. The crude product was purified by column
A ~=o chromatography (methanol/toluene 2:23, v/v) yielding dye 5E as a
red solid (71%, 0.27 g), m.p. 239-240 °C.
'H NMR (400 MHz, DMSO-dg) & 7.57-7.42 (m, 3H, Ar), 7.31-7.08
(m, 3H, Ar), 6.97-6.76 (m, 8H, Ar), 4.39 (s, 2H, N-CH,-COOH), 2.23 (s, 3H, CH3),
2.20 (s, 3H, CHs), 2.16 (s, 3H, CHa).
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13C NMR (101 MHz, DMSO-ds) & 192.94, 166.60, 149.96, 146.72, 145.61, 144.29,
138.27, 134.08, 133.42, 131.23, 130.02, 129.94, 129.37, 128.67, 128.35, 127.41,
125.96, 125.78, 123.90, 122.70, 122.26, 121.29, 120.43, 48.22, 21.42, 19.91, 19.32.
IR (KBr): v = 3412 (OH); 3033 (aromatic CH); 2918, 2850 (aliphatic CH); 1704
(2xC=0); 1600, 1565 (C=C); 1498 (C-C); 1316, 1300 (C=S); 1197, 1160 (C-N).
Anal. calcd. for C2H26N203S2: C 67.68, H 5.09, N 5.44; found: C 67.65, H 5.10, N
5.47.

2-((2)-5-((2E,4E)-5-(4-((3,4-dimethylphenyl)(m-tolyl)amino)phenyl)penta-2,4-dien-
1-ylidene)-4-oxo-2-thioxothiazolidin-3-yl)acetic acid (5F)
A mixture of (2E,4E)-5-(4-((3,4-dimethylphenyl)(m-
gj tolyl)amino)phenyl)penta-2,4-dienal (5r) (0.25 g, 0.69 mmol),
rhodanine-3-acetic acid (0.16 g, 0.83 mmol), and AcONH, (0.02 g,
QN 0.20 mmol) was refluxed in glacial acetic acid (2.5 ml) for 45 min.
The crude product was purified by column chromatography
(methanol/toluene 2:23, v/v) resulting in dye 5F as a red solid (54%,
/" 0.20 g), m.p. 199-200 °C.
/  HNMR (700 MHz, DMSO-dg) & 7.48-7.39 (m, 3H, Ar), 7.23-7.10
/ (m, 4H, Ar), 7.08-7.00 (m, 1H, Ar), 6.94-6.78 (m, 7H, Ar), 6.50—
i 6.43 (m, 1H, CH), 4.38 (s, 2H, N-CH,-COOH), 2.23 (s, 3H, CHs),
S )N 2.20 (s, 3H, CHs3), 2.16 (s, 3H, CH3).

HOOC 13C NMR (176 MHz, DMSO-ds) § 192.55, 166.50, 149.05, 147.03,
146.92, 144.58, 139.69, 139.44, 138.19, 131.20, 129.89, 129.37, 128.98, 128.68,
127.26, 126.59, 125.79, 125.59, 125.38, 125.01, 123.74, 122.74, 122.33, 121.14,
48.20, 21.52, 21.45, 19.93, 19.30.

IR (KBr): v = 3423 (OH); 3033 (aromatic CH); 2916, 2866 (aliphatic CH); 1703
(2xC=0); 1600, 1566, 1545 (C=C); 1503 (C-C); 1314 (C=S); 1197, 1154 (C-N).
Anal. calcd. for C3H2sN>03S,: C 68.86, H 5.22, N 5.18; found: C 68.85, H 5.23, N
5.15.

3,4-dimethyl-N-phenylaniline (6°)

A mixture of dioxane (52 ml) and water (0.03 ml) was purged with argon
for 20 minutes. Pd(OACc), (0.045 g, 0.2 mmol), XPhos (0.286 g, 0.6 mmol)
were added, and the mixture was heated to 80 °C for 2 min. 3,4-dimethyl-
N-phenylaniline (4.85 g, 40 mmol), bromobenzene (7.1 ml, 52 mmol), and
NaOt-Bu (5.38 g, 56 mmol) were added, and the solution was refluxed for
2 h under Ar atmosphere. After the termination of the reaction, the mixture
was filtered through Celite, the distilled water was added, and the mixture was
extracted with ethyl acetate. The organic layer was dried over anhydrous Na,SOs.,
filtered, and the solvent removed under reduced pressure. The crude product was
purified by column chromatography (THF/n-hexane 0.5:24.5, v/v) yielding white
solid (85%, 6.7 Q).

'H NMR (400 MHz, CDCls): 7.21 (t, 2H, J = 7.8 Hz, Ar), 7.02-6.97 (m, 3H, Ar),
6.86—6.81 (m, 3H, Ar), 5.51 (s, 1H, NH), 2.20 (s, 3H, CH3), 2.19 (s, 3H, CHs).
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13C NMR (101 MHz, CDCls): 144.1, 140.7, 137.7, 130.5, 129.8, 129.4, 120.4, 120.3,
116.9, 116.3, 20.1, 19.2.
Anal. calcd. for C14H1sN: C 85.24, H 7.66, N 7.1; found: C 85.29, H 7.66, N 7.05.

N-(4-bromophenyl)-3,4-dimethylaniline (6a)
3,4-dimethyl-N-phenylaniline (6°) (5.6 g, 28.4 mmol) was dissolved in
Q DMF (48 ml), cooled down to 0 °C in the ice bath, and N-bromosuccinimide
(5.05 g, 28.4 mmol) was dissolved in 24 ml and added dropwise to the
mixture while cooling. The stirring mixture was allowed to reach r.t. and
Q was kept stirring for 1 hour. Afterwards, the water was added, and the
B extraction was done with ethyl acetate. The organic layer was dried over
anhydrous Na,SOa, filtered, and the solvent evaporated. The crude product was
purified by column chromatography (THF/n-hexane 1:24, v/v) yielding yellowish
solid (85%, 6.7 g).
'H NMR (400 MHz, CDCls)  7.54 (d, J = 8.5 Hz, 2H, Ar), 7.09 (d, J = 8.0 Hz, 1H,
Ar), 7.03-6.88 (m, 4H, Ar), 5.81 (s, 1H, NH), 2.25 (s, 3H, CHs), 2.24 (s, 3H, CHs).
13C NMR (101 MHz, CDCls) & 140.78, 138.99, 137.89, 131.25, 130.50, 127.69,
124.26, 122.22, 121.82, 115.82, 19.96, 19.11.
Anal. calcd. for C14H14BrN: C 60.89, H 5.11, N 5.07; found: C 61.1, H 4.92, N 4.89.

5-(4-((3,4-dimethylphenyl)amino)phenyl)thiophene-2-carbaldehyde (6b)
A solution of N-(4-bromophenyl)-3,4-dimethylaniline (6a) (2 g,
Q 7.25 mmol) and 5-formyl-2-thiopheneboronic acid (2.52 g, 16.17 mmol)
in THF (18 ml) was mixed with argon-purged 2N aqueous K,COs3
solution (7 ml) and was stirred under argon atmosphere. After 20 min,
Pd(PPhs), (0.838 g, 0.725 mmol) was added, and the solution was
s refluxed for 12 hours. The solution was allowed to cool to room
P temperature, the water was added, and the organic layer was extracted
6 with ethyl acetate. The organic layer was dried over anhydrous Na,SOs,
filtered, and the solvent was removed under reduced pressure. The crude product was
purified by column chromatography (acetone/n-hexane 1:24, v/v) yielding a yellow
solid (55%, 1.23 g).
'H NMR (400 MHz, CDCl3) § 9.84 (s, 1H, CHO), 7.69 (d, J = 3.9 Hz, 1H, Ar), 7.54
(d, J =8.5 Hz, 2H, Ar), 7.27 (d, J = 4.0 Hz, 1H, Ar), 7.09 (d, J = 8.0 Hz, 1H, Ar),
7.03-6.88 (m, 4H, Ar), 5.81 (s, 1H, NH), 2.25 (s, 3H, CH3), 2.24 (s, 3H, CHj3).
3C NMR (101 MHz, CDCls) & 182.58, 155.26, 145.82, 140.78, 138.99, 137.89,
137.82,131.25, 130.50, 127.69, 124.26, 122.22,121.82,117.81, 115.82, 19.96, 19.11.
Anal. calcd. for C19H17NOS: C 74.24, H 5.57, N 4.56; found: C 74.47, H5.73, N 4.32.

N-(4-(5-(5,5-dimethyl-1,3-dioxan-2-yl)thiophen-2-yl)phenyl)-3,4-dimethylaniline
(6c)
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5-(4-((3,4-dimethylphenyl)amino)phenyl)thiophene-2-carbaldehyde
(6b) (1.23 g, 4 mmol), 2-dimethyl-1,3-propanediol (0.5 g, 4.8 mmol),
HN and p-toluenesulfonic acid monohydrate (0.084 g, 0.44 mmol) were
dissolved in benzene (8 ml), and the mixture was stirred at 80 °C for
3 h. After cooling to room temperature, the reaction was quenched
J~s by adding distilled water and then was extracted with ethyl acetate.
Lo The organic layer was dried over anhydrous Na SO, filtered, and the
OJT solvent evaporated. The product was purified by column
chromatography (acetone/n-hexane 1:24, v/v) obtaining yellow solid
(68%, 1.07 g).
'H NMR (400 MHz, CDCls) 4 7.45 (d, J = 8.4 Hz, 2H, Ar), 7.14-6.74 (m, 7H, Ar),
5.80-5.47 (m, 2H, O-CH-O, NH), 3.70 (dd, J = 49.5, 10.9 Hz, 4H, O-CH,-C), 2.23
(d, J =4.2 Hz, 6H, Ar-CHj3), 1.29 (s, 3H, C-CHzs), 0.80 (s, 3H, C-CHa).
13C NMR (101 MHz, CDCl3) & 145.12, 143.78, 140.02, 139.01, 137.66, 130.41,
130.17, 126.99, 125.94, 120.95, 120.85, 116.80, 116.59, 98.45, 77.58, 30.24, 23.02,
21.87,19.97, 19.05.
Anal. calcd. for C,4H27NO,S: C 73.25, H 6.92, N 3.56; found: C 73.29, H 6.68, N 3.6.

N2,N8-bis(4-(5-(5,5-dimethyl-1,3-dioxan-2-yl)thiophen-2-yl)phenyl)-N? N2-bis(3,4-
dimethylphenyl)-4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-
2,8-diamine (6d)
NN A mixture of N-(4-(5-(5,5-dimethyl-1,3-dioxan-2-
@/\@ ylthiophen-2-yl)phenyl)-3,4-dimethylaniline (6¢)
(0.72g, 1.83 mmol), 2,8-dibromo-4,10-dimethyl-
6H,12H-5,11-methanodibenzolb,f][1,5]diazocine (1)
(0.298 g, 0.73 mmol), and anhydrous toluene (6 ml) was
purged with argon for 30 minutes. Pd(OAc), (0.004 g,
0.016 mmol), [P(t-Bu)sH]BF4 (0.0057 g, 0.02 mmol),
and NaOt-Bu (0.175 g, 1.83 mmol) were added, and the
mixture was heated at reflux for 5 h under Ar
atmosphere. After the termination of the reaction, the
water was added, and the mixture was extracted with ethyl acetate. The organic layer
was dried over anhydrous Na;SOs, filtered, and the solvent evaporated under reduced
pressure. The product was purified by column chromatography (ethyl acetate/toluene/
n-hexane 2:5:18, v/v), resulting in orange solid (73%, 0.55 Q).
IH NMR (400 MHz, CDCls) & 7.40 (d, J = 8.5 Hz, 4H, Ar), 7.09-6.80 (m, 16H, Ar),
6.53 (d, J = 1.6 Hz, 2H, Ar), 5.62 (s, 2H, O-CH-0), 4.70-4.15 (m, 4H, H-13, H-6exo,
and H-12exo), 3.91 (d, J = 16.7 Hz, 2H, H-6endo, and H-12endo), 3.70 (dd, J = 49.2,
11.0 Hz, 8H, O-CH,-C), 2.31 (s, 6H, Ar-CHgs), 2.23 (s, 6H, Ar-CHs), 2.19 (s, 6H,
Ar-CHa), 1.29 (s, 6H, C-CHa), 0.80 (s, 6H, C-CHa).
13C NMR (101 MHz, CDCls) & 144.73, 144.32, 141.77, 139.54, 139.50, 137.84,
137.83, 134.04, 130.58, 129.05, 128.24, 126.75, 126.60, 125.97, 125.32, 123.10,
123.05, 121.48, 121.46, 98.41, 77.58, 57.64, 54.78, 30.24, 23.01, 21.86, 21.47, 19.91,
19.22.
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Anal. calcd. for CesHssN4O4S2: C 75.55, H 6.63, N 5.42; found: C 75.52, H 6.84, N
5.4.

5,5'-(((4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-2,8-
diyl)bis((3,4-dimethylphenyl)azanediyl))bis(4,1-phenylene))bis(thiophene-2-
carbaldehyde) (6e)
VN Protected aldehyde compound 6d (0.56 g, 0.55 mmol)
@/\@ was dissolved in THF (5 ml), 12% aq. HCI solution (2
\QN N/Q/ ml) was added, and the mixture was stirred at 40 °C for
1 hour. The reaction mixture was poured into the
saturated NaHCO3 solution and extracted with ethyl
acetate. The organic layer was dried over anhydrous
Na,SO,, filtered, and the solvent was removed under
reduced pressure. The crude product was purified by
column chromatography (acetone/n-hexane 2:23, v/v), resulting in yellow solid (87%,
0.412 g).
'H NMR (400 MHz, CDCls) § 9.83 (s, 2H, CHO), 7.69 (d, J = 3.9 Hz, 2H, Ar), 7.46
(d, J=8.7 Hz, 4H, Ar), 7.26 (d, J = 4.2 Hz, 2H, Ar), 7.07 (d, J = 8.0 Hz, 2H, Ar),
6.99-6.80 (m, 10H, Ar), 6.56 (s, 2H, Ar), 4.48 (d, J = 17.0 Hz, 2H, H-6exo, and H-
12ex0), 4.29 (s, 2H, H-13), 3.88 (d, J = 17.0 Hz, 2H, H-6endo, and H-12endo), 2.29
(s, 6H, 2x CHs), 2.25 (s, 6H, 2x CHs), 2.20 (s, 6H, 2x CHb).
13C NMR (101 MHz, CDCls) & 182.59, 154.98, 149.73, 144.46, 142.45, 142.33,
140.97, 137.96, 134.31, 132.87, 130.68, 129.14, 127.12, 125.93, 125.32, 124.86,
123.48, 122.50, 120.94, 120.78, 67.57, 54.91, 19.92, 19.28, 17.10.
Anal. calcd. for CssHigN4O2S,: C 76.71, H 5.62, N 6.51; found: C 76.76, H 5.76, N
6.21.

2,2"-((((((4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f] [1,5] diazocine-2,8-
diyl)bis((3,4-dimethylphenyl)azanediyl))bis(4,1-phenylene))bis(thiophene-5,2-
diyl))bis(methanylylidene))bis(4-oxo-2-thioxothiazolidin-3-yl-5-ylidene))diacetic
acid (6f)
W\ A mixture of aldehyde compound 6e (0.198 g,
) 0.23 mmol), rhodanine-3-acetic acid (0.132 g,
@\@ /d/ 0.69 mmol), and AcONH, (0.011 g, 0.14 mmol)
\QN N was refluxed in anhydrous toluene (1.5 ml) for 10

h. After the termination of the reaction, the
distilled water was added, and the mixture was

s 8 extracted with ethyl acetate. The organic layer

S Sy S S was dried over anhydrous Na,SOg, filtered, and

Hooc N N coon thesolvent was removed under reduced pressure.
o O

The crude product was purified by column
chromatography (acetone/n-hexane 6:19, and methanol/toluene 2:23, v/v) to obtain
dye 6f as a red solid (86%, 0.24 g).

'H NMR (400 MHz, DMSO) & 7.72 (s, 2H, Ar), 7.50 (d, J = 5.2 Hz, 6H, Ar), 7.26—
6.65 (M, 14H, Ar), 6.56 (s, 2H, Ar), 4.53 (s, 4H, N-CH,-COOH), 4.38 (d, J = 17.0 Hz,
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2H, H-6exo, and H-12exo0), 4.20 (s, J = 21.6 Hz, 2H, H-13), 3.90 (d, J = 16.1 Hz, 2H,
H-6endo, and H-12endo), 2.22 (s, 6H, 2x CHzs), 2.18 (s, 6H, 2x CHs), 2.13 (s, 6H,
2% CH3).

13C NMR (101 MHz, DMSO) § 189.65, 189.59, 153.00, 151.80, 143.89, 142.73,
140.95, 140.52, 140.25, 139.35, 138.20, 137.13, 135.54, 134.83, 134.48, 133.03,
131.22, 130.77, 129.89, 128.16, 127.33, 124.82, 124.80, 122.88, 121.25, 118.10,
117.65, 113.53, 110.72, 95.50, 31.18, 22.51, 19.92, 19.31, 17.25.

Anal. calcd. for CesHs4NsOsSs: C 64.65, H 4.51, N 6.96; found: C 64.77, H 4.43, N
6.76.

N-(4-(5-(5,5-dimethyl-1,3-dioxan-2-yl)thiophen-2-yl)phenyl)-3,4-dimethyl-N-(m-
tolylaniline (6g)
A mixture of dioxane (2.5 ml) and water (0.01 ml) was purged with
/@NJ@i argon for 20 minutes. Pd(OAc), (0.001 g, 0.05 mmol), XPhos
(0.286 g, 0.6 mmol) were added, and the mixture was heated to 80 °C
for 2 min. N-(4-(5-(5,5-dimethyl-1,3-dioxan-2-yl)thiophen-2-
e yl)phenyl)-3,4-dimethylaniline (6¢) (0.3 g, 0.75 mmol), 3-iodotoluene
= (0.22 g, 1 mmol), and NaOt-Bu (0.1 g, 1 mmol) were added, and the
OHZ solution was refluxed for 2 h under Ar atmosphere. After the
termination of the reaction, the distilled water was added, and the
mixture was extracted with ethyl acetate. The organic layer was dried over anhydrous
Na,SQ,, filtered, and the solvent evaporated under reduced pressure. The crude
product was purified by column chromatography (acetone/n-hexane 1:24, v/v)
yielding yellow solid (77%, 0.28 g).
'H NMR (400 MHz, CDCl3) & 7.41 (d, J = 8.6 Hz, 1H, Ar), 7.19-6.77 (m, 12H, Ar),
5.62 (s, 1H, O-CH-0O), 3.70 (dd, J = 49.3, 10.9 Hz, 4H, O-CH,-C), 2.26 (s, 3H,
Ar-CHs), 2.23 (s, 3H, Ar-CHgs), 2.18 (s, 3H, Ar-CHs), 1.29 (s, 3H, C-CHs), 0.80 (s,
3H, C-CHj).
13C NMR (101 MHz, CDCl3) & 147.62, 145.19, 144.85, 139.40, 139.07, 137.68,
131.92, 130.47, 129.01, 127.63, 127.15, 126.59, 126.55, 125.95, 124.87, 123.64,
122.90, 122.77, 121.46, 121.39, 98.43, 77.58, 30.24, 23.02, 21.87, 21.44, 19.88,
19.20.
Anal. calcd. for Cs1H3sNO,S: C 76.98, H 6.88, N 2.9; found: C 76.81, H 6.68, N 3.06.

5-(4-((3,4-dimethylphenyl)(m-tolyl)amino)phenyl)thiophene-2-carbaldehyde (6h)
N-(4-(5-(5,5-dimethyl-1,3-dioxan-2-yl)thiophen-2-yl)phenyl)-3,4-
/©\N©i dimethyl-N-(m-tolyl)aniline (6g) was dissolved in THF (5 ml), 12%
ag. HCl solution (2 ml) was added, and the mixture was stirred at 40
°C for 1 hour. The reaction mixture was poured into the saturated
NaHCOs solution and extracted with ethyl acetate. The organic layer
7S was dried over anhydrous Na;SO., filtered, and the solvent
=0 evaporated under reduced pressure resulting in yellow solid (91%,

0.2 g).

'H NMR (400 MHz, CDCls) § 9.84 (s, 1H, CHO), 7.69 (d, J = 3.9 Hz, 1H, Ar), 7.48
(d, J=8.6 Hz, 2H, Ar), 7.19-6.81 (m, 10H, Ar), 2.28 (s, 3H, CH3), 2.25 (s, 3H, CH3),
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2.20 (s, 3H, CHs3).

3C NMR (101 MHz, CDCls) § 182.60, 154.93, 149.59, 147.01, 144.60, 141.07,
139.32, 137.91, 137.82, 132.75, 130.64, 129.20, 127.06, 126.59, 125.63, 125.29,
124.54, 123.37, 122.62, 122.18, 121.51, 98.43, 23.02, 21.87, 21.44.

Anal. calcd. for C2H23NOS: C 78.56, H 5.83, N 3.52; found: C 78.51, H5.75, N 3.56.

2-(5-((5-(4-((3,4-dimethylphenyl)(m-tolyl)amino)phenythiophen-2-yl)methylene)-4-
oxo-2-thioxothiazolidin-3-yl)acetic acid (6i)
A mixture of 5-(4-((3,4-dimethylphenyl)(m-
/@N/Eji tolyl)amino)phenyl)thiophene-2-carbaldehyde (6h) (0.1 g,
0.26 mmol), rhodanine-3-acetic acid (0.12 g, 0.625 mmol),

and AcONH; (0.012 g, 0.156 mmol) was refluxed in
anhydrous toluene (0.8 ml) for 7 h. After the termination of

5 9 N the reaction, the distilled water was added, and the mixture
— /’i,\ COOH  was extracted with ethyl acetate. The organic layer was dried
% over anhydrous Na,SO,, filtered, and the solvent was

removed under reduced pressure. The crude product was purified by column
chromatography (methanol/toluene 2:23, v/v) yielding dye 6i as a red solid (67%, 0.1
9).

'H NMR (400 MHz, DMSO) § 8.12 (s, 1H, Ar), 7.79 (d, J = 3.3 Hz, 1H, Ar), 7.71-
7.51 (m, 3H, Ar), 7.22 (t, J = 7.6 Hz, 1H, Ar), 7.13 (d, J = 8.0 Hz, 1H, Ar), 7.05-6.72
(m, 7H, Ar), 4.71 (s, 2H, N-CH,-COOH), 2.24 (s, 3H, CH3), 2.21 (s, 3H, CHs), 2.17
(s, 3H, CHs).

13C NMR (101 MHz, DMSO) & 192.27, 167.78, 166.45, 153.36, 149.24, 146.95,
144,50, 139.50, 138.97, 138.25, 135.52, 133.17, 131.23, 129.93, 127.48, 127.22,
125.62, 125.26, 125.12, 124.92, 123.71, 122.37, 121.35, 118.02, 45.69, 21.45, 19.94,
19.32.

Anal. calcd. for C31H26N203Ss: C 65.24, H 4.59, N 4.91; found: C 65.27, H 4.56, N
5.01.

N? N&-bis(3,4-dimethylphenyl)-4,10-dimethyl-N2 N2-bis(4-((E)-(2-
phenylhydrazono)methyl)phenyl)-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-
2,8-diamine (6j)
Compound 4,4'-((4,10-dimethyl-6H,12H-5,11-
4 methanodibenzo[b,f][1,5]diazocine-2,8-diyl)bis((3,4-
@/ \@ dimethylphenyl)azanediyl))dibenzaldehyde (5k)
ﬂN N@( (2.29 g, 3.73 mmol) was dissolved in toluene (20 ml),
phenylhydrazine (0.92 ml, 9.33 mmol) was added, and
the mixture was refluxed until the arylaldehyde 5k
NN% H;N disappeared (TLC acetone/n-hexane 1:4, v/v). After
@ @ the reaction was complete, the solvents were removed
under reduced pressure, the reaction mass dissolved in
hot toluene, double amount of 2-propanol was added and allowed to cool down while
inducing crystallization. The yellow crystals of the product (70%, 2.289 g) were
filtered off and washed with 2-propanol.
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'H NMR (400 MHz, CDCls) & 7.59 (s, 2H, Ar), 7.45 (d, J = 8.7 Hz, 4H, Ar), 7.32—
7.13 (m, 4H, Ar), 7.12-6.68 (m, 18H, Ar), 6.53 (d, J = 2.2 Hz, 2H, Ar), 4.46 (d, J =
17.0 Hz, 2H, H-6exo, and H-12exo0), 4.32 (s, 2H, H-13), 3.87 (d, J = 17.0 Hz, 2H,
H-6endo, and H-12endo), 2.32-2.11 (m, 18H, 6x CHs).

13C NMR (101 MHz, CDCls) & 146.17, 144.96, 144.94, 143.56, 140.76, 138.98,
136.32, 135.26, 134.91, 132.00, 131.10, 130.21, 129.24, 128.92, 124.92, 123.80,
123.19, 121.92, 121.29, 121.19, 112.11, 66.21, 56.22, 20.17, 19.25, 17.43.

Anal. calcd. for CsgHssNg: C 80.79, H 6.44, N 12.77; found: C 80.84, H 6.62, N 12.54.

N2 N8-bis(4-((E)-(2-(4-(5,5-dimethyl-1,3-dioxan-2-yl)phenyl)-2-
phenylhydrazono)methyl)phenyl)-N2,N8-bis(3,4-dimethylphenyl)-4,10-dimethyl-
6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-2,8-diamine (6K)

A mixture of N2 N8-bis(3,4-dimethylphenyl)-

4,10-dimethyl-N2 N8-bis(4-((E)-(2-

@/\S phenylhydrazono)methyl)phenyl)-6H,12H-5,11-
methanodibenzol[b,f][1,5]diazocine-2,8-diamine

Q ;i (6j) (0.878 g, 1 mmol), 2-(4-bromophenyl)-5,5-
dimethyl-1,3-dioxane (5n) (0.814 g, 3 mmol), and

YQ @\( anhydrous toluene (10 ml) was purged with argon
>C @ @ for 30 minutes. Pd(OAc), (0.005 g, 0.02 mmol),
[P(t-Bu)sH]BF4 (0.008 g, 0.027 mmol), and
NaOt-Bu (0.29 g, 3 mmol) were added, and the mixture was heated at reflux for 1.5 h
(TLC THF/n-hexane 1:4, v/v) under Ar atmosphere. After the termination of the
reaction, the mixture was filtered through Celite, the distilled water was added, and
the mixture was extracted with ethyl acetate. The organic layer was dried over
anhydrous Na,SO;, filtered, and the solvent evaporated under reduced pressure. The
product was purified by column chromatography (THF/n-hexane 1:4, v/v), resulting
in yellow resin (71%, 0.89 g).
'H NMR (400 MHz, CDCls) 6 7.73-7.39 (m, 14H, Ar), 7.29-7.09 (m, 10H, Ar), 7.04
(d, J=8.1Hz, 2H, Ar), 6.99-6.76 (m, 10H, Ar), 6.52 (d, J = 1.9 Hz, 2H, Ar), 5.61 (s,
2H, O-CH-0), 4.45 (d, J = 17.0 Hz, 2H, H-6exo, and H-12exo0), 4.29 (s, 2H, H-13),
3.95-3.54 (m, 10H, H-6endo, and H-12endo, O-CH>-C), 2.31-2.15 (m, 18H, 6x Ar-
CHa), 1.29 (s, 6H, C-CH3), 0.80 (s, 6H, C-CH3).
13C NMR (101 MHz, CDCls) & 149.43, 144.59, 144.20, 143.12, 141.94, 140.41,
140.08, 138.06, 134.07, 133.71, 133.69, 132.96, 130.78, 130.34, 129.33, 128.59,
127.80, 126.28, 125.44, 125.38, 124.83, 124.45, 123.35, 123.23, 102.92, 76.47, 66.21,
56.22, 30.46, 21.99, 20.17, 19.25, 17.43.
Anal. calcd. for CgsHgsNsO4: C 80.79, H 6.44, N 12.77; found: C 80.73, H 6.35, N
12.92.

4,4'-(((1E,1'E)-(((4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-
2,8-diyl)bis((3,4-dimethylphenyl)azanediyl))bis(4,1-
phenylene))bis(methanylylidene))bis(1-phenylhydrazin-1-yl-2-
ylidene))dibenzaldehyde (61)
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. Protected aldehyde compound 6k (0.88 g, 0.7 mmol)
NN was dissolved in THF (5 ml), 12% ag. HCI solution
@ \@ (1.5 ml) was added, and the mixture was stirred at 40

QN N@\/ °C for 2 h. The reaction mixture was poured into

saturated NaHCO3 solution and extracted with ethyl

Q Q acetate. The organic layer was dried over anhydrous
NazSO,, filtered, and the solvent evaporated under

@ Q reduced pressure. The crude product was purified by
@ @ column chromatography (THF/n-hexane 7:18, v/v),
resulting in yellow resin (46%, 0.66 Q).

'H NMR (400 MHz, CDCls) 8 9.80 (s, 2H, Ar), 7.77-7.39 (m, 14H, Ar), 7.29-7.09
(m, 10H, Ar), 7.04 (d, J=8.1 Hz, 2H, Ar), 6.99-6.76 (m, 10H, Ar), 6.52 (d, J= 1.9 Hz,
2H, Ar), 4.45 (d, J = 17.0 Hz, 2H, H-6exo, and H-12ex0), 4.29 (s, 2H, H-13), 3.86 (d,
J = 17.0 Hz, 2H, H-6endo, and H-12endo), 2.31-2.15 (m, 18H, 6x CH3).3C NMR
(101 MHz, CDCls) 6 190.29, 149.86, 145.30, 144.94, 143.56, 142.58, 140.76, 140.69,
138.98, 135.26, 134.91, 134.45, 132.11, 131.10, 130.21, 129.82, 129.31, 127.13,
124.92, 123.80, 123.19, 122.71, 121.92, 121.64, 121.61, 66.21, 56.22, 20.17, 19.25,
17.43.

Anal. calcd. for C73HssNgO2: C 80.78, H 5.94, N 10.32; found: C 80.99, H 5.92, N
10.27.

2,2'-((52,5'2)-(((((1E,1E)-(((4,10-dimethyl-6H,12H-5,11-
methanodibenzol[b,f][1,5]diazocine-2,8-diyl)bis((3,4-
dimethylphenyl)azanediyl))bis(4,1-phenylene))bis(methanylylidene))bis(1-
phenylhydrazin-1-yl-2-ylidene))bis(4,1-phenylene))bis(methanylylidene))bis(4-oxo-
2-thioxothiazolidin-3-yl-5-ylidene))diacetic acid (6m)

A mixture of aldehyde compound 61 (0.408 g, 0.376

AN
N N

( mmol), rhodanine-3-acetic acid (0.180g, 0.94
@/\Q mmol), and AcONH, (0.009 g, 0.11 mmol) was
refluxed in anhydrous toluene (5 ml) for 2.5 h. After

Q the termination of the reaction, the distilled solvent
was removed under reduced pressure, and the product

was purified by column  chromatography
; Y(Q 7@ @ %o (methanol/toluene 3:22, v/v) to obtain dye 6m as a
N\\f s>fN red solid (35%, 0.190 g).

I8 ¢ ] M NMR (400 MHz, DMSO) 8 7.76-7.38 (m, 16H,
Ho™ OonAY), 7.37-7.24 (m, 4H, Ar), 7.20-7.03 (m, 8H, Ar),
6.92-6.68 (m, 10H, Ar), 6.53 (s, 2H, Ar), 4.49-4.31 (m, 6H, H-6exo, and H-12exo,
N-CH»-COOH), 4.20 (s, 2H, H-13), 3.89 (d, J = 17.4 Hz, 2H, H-6endo, and H-
12endo), 2.27-2.06 (m, 18H, 6x CHs).
13C NMR (101 MHz, DMSO-dg) 193.31, 167.41, 149.16, 148.95, 143.12, 141.94,
140.41, 140.09, 138.95, 138.06, 135.28, 134.07, 133.71, 132.96, 131.79, 130.78,
130.35, 129.83, 129.33, 128.26, 127.80, 126.29, 125.38, 124.96, 124.82, 124.46,
123.36, 123.23, 120.29, 66.21, 57.60, 47.55, 25.60, 20.37, 19.94, 19.28.
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Anal. calcd. for Ca3H7N1006S4: C 69.63, H 4.93, N 9.78; found: C 69.50, H 5.15, N
9.50.

3,4-dimethyl-N-(4-((2-phenylhydrazono)methyl)phenyl)-N-(m-tolyl)aniline (6n)
4-((3,4-dimethylphenyl)(m-tolyl)amino)benzaldehyde (50) (1.214 g,
@ 3.84 mmol) was dissolved in toluene (10 ml), phenylhydrazine
NQ (0.46 ml, 4.62 mmol) was added, and the mixture was refluxed until
Q the arylaldehyde 50 disappeared (TLC acetone/n-hexane 1:5, v/v).
4 After the reaction was complete, the solvents were removed under
e reduced pressure, the reaction mass dissolved in hot 2-propanol and
allowed to cool down while inducing crystallization. The mixture was
left overnight in the refrigerator, the formed crystals were filtered off
and washed with 2-propanol, resulting in light yellow crystalline product (70%,
1.05 g).
'H NMR (400 MHz, CDCls3) & 7.75-7.46 (m, 7H, Ar), 7.34-7.06 (m, 7H, Ar), 6.91—
6.74 (m, 7H, Ar), 5.62 (s, 2H, O-CH-0), 3.70 (dd, J = 49.3, 10.9 Hz, 4H, O-CH,-C),
2.21 (s, 3H, CHa), 2.19 (s, 3H CHs), 2.14 (s, 3H CHsa), 1.29 (s, 6H, C-CHs), 0.80 (s,
6H, C-CHy).
3C NMR (101 MHz, CDCls) & 146.66, 145.17, 144.96, 144.94, 139.93, 138.98,
136.32, 135.26, 132.00, 130.21, 129.24, 129.08, 128.92, 126.41, 123.19, 122.19,
121.92,121.29, 121.19, 120.69, 112.11, 21.39, 20.17, 19.25.
Anal. calcd. for CasH27Ns: C 82.93, H 6.71, N 10.36; found: C 83.09, H 6.68, N 10.23.

N-(4-((2-(4-(5,5-dimethyl-1,3-dioxan-2-yl)phenyl)-2-
phenylhydrazono)methyl)phenyl)-3,4-dimethyl-N-(m-tolyl)aniline (60)
A mixture of 3,4-dimethyl-N-(4-((2-
@ phenylhydrazono)methyl)phenyl)-N-(m-tolylaniline (6n)
NQ (0.69 g, 1.7 mmol), 2-(4-bromophenyl)-5 5-dimethyl-1,3-dioxane
Q (5n) (0.692 g, 2.55 mmol), and anhydrous toluene (10 ml) was
. purged with argon for 30 minutes. Pd(OAc), (0.004 g,
N 0.02 mmol), [P(t-Bu)sH]BF4 (0.014 g, 0.046 mmol), and NaOt-Bu
(0.245 g, 2.55 mmol) were added, and the mixture was heated at
o reflux for 0.5 h under Ar atmosphere. After the termination of the
O\_@ reaction, the mixture was filtered through Celite, and the solvent
evaporated under reduced pressure. The crude product was
purified by column chromatography (acetone/n-hexane 3:22, v/v), yielding a product
as yellow resin (72%, 0.72 g).
'H NMR (400 MHz, CDCls) & 7.75-7.46 (m, 7H, Ar), 7.34-7.06 (m, 7H, Ar), 6.91-
6.74 (m, 7H, Ar), 5.62 (s, 2H, O-CH-0), 3.70 (dd, J = 49.3, 10.9 Hz, 4H, O-CH,-C),
2.21 (s, 3H, CHs), 2.19 (s, 3H CHs), 2.14 (s, 3H CHs), 1.29 (s, 6H, C-CHs), 0.80 (s,
6H, C-CHy).
13C NMR (101 MHz, CDCls) & 149.86, 148.43, 145.30, 144.94, 142.28, 140.69,
139.93, 138.98, 136.02, 135.26, 132.11, 130.21, 129.30, 129.08, 127.13, 126.41,
126.27,123.19,122.71,122.19, 121.95, 121.92, 121.64, 120.69, 103.32, 76.47, 30.46,
21.99, 21.39, 20.17, 19.25.

O-
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Anal. calcd. for C4H41N302: C 80.64, H 6.94, N 7.05; found: C 80.75, H 6.92, N 6.99.

4-(2-(4-((3,4-dimethylphenyl)(m-tolyl)amino)benzylidene)-1-
phenylhydrazinyl)benzaldehyde (6p)
N-(4-((2-(4-(5,5-dimethyl-1,3-dioxan-2-yl)phenyl)-2-
@ phenylhydrazono)methyl)phenyl)-3,4-dimethyl-N-(m-
NQ tolyDaniline (60) (1.72 g, 1.2 mmol) was dissolved in THF
(6 ml), 12% aqg. HCI solution (2 ml) was added, and the mixture
was stirred at 40 °C for 1 hour. The reaction mixture was poured
N into the saturated NaHCOj; solution and extracted with ethyl
@N acetate. The organic layer was dried over anhydrous Na;SOs,
filtered, and the solvent evaporated under reduced pressure. The
) crude product was purified by column chromatography
° (acetone/n-hexane 1:24, v/v) yielding product as yellow solid
(68%, 0.614 g).
'H NMR (400 MHz, CDCls) & 9.82 (s, 1H, CHO), 7.74-7.46 (m, 7H, Ar), 7.34-7.06
(m, 7H, Ar), 6.91-6.74 (m, 7H, Ar), 2.23 (s, 3H, CHs), 2.21 (s, 3H CHg), 2.17 (s, 3H
CHz).
13C NMR (101 MHz, CDCls) & 190.19, 154.86, 148.43, 145.30, 144.94, 142.58,
140.69, 139.93, 138.98, 135.26, 134.45, 132.11, 130.21, 129.82, 129.30, 129.08,
127.13,126.41,123.19,122.71, 122.19, 121.92, 121.64, 121.61, 120.69, 21.39, 20.17,
19.25.
Anal. calcd. for CssH31NsO: C 82.48, H 6.13, N 8.25; found: C 82.68, H 6.17, N 8.08.

2-(5-((2)-4-(2-((E)-4-((3,4-dimethylphenyl)(m-tolyl)amino)benzylidene)-1-
phenylhydrazinyl)benzylidene)-4-oxo-2-thioxothiazolidin-3-yl)acetic acid (6r)
A mixture of 4-(2-(4-((3,4-dimethylphenyl)(m-
/@ /q tolyl)amino)benzylidene)-1-phenylhydrazinyl)benzaldehyde (6p)
L (0.614 g, 1.2 mmol), rhodanine-3-acetic acid (0.277 g, 1.45 mmol),
@ and AcONH,4 (0.028 g, 0.36 mmol) was refluxed in anhydrous
N toluene (10 ml) for 1.5 h. After the termination of the reaction, the
M distilled solvent was removed under reduced pressure, and the
@ product was purified by column chromatography (methanol/toluene
) 2:23, v/v) to obtain dye 6r as a red solid (73%, 0.596 g).
s \~o HNMR (400 MHz, DMSO) & 7.74-7.46 (m, 8H, Ar), 7.31 (d, J =
<N 7.3Hz, 2H, Ar), 7.22-7.06 (M, 5H, Ar), 6.91-6.74 (m, TH, Ar), 4.41
Oig (s, 2H, N-CH,-COOH), 2.21 (s, 3H, CHz3), 2.19 (s, 3H CH3), 2.14 (s,
3H CHa).
13C NMR (101 MHz, DMSO) & 193.31, 167.41, 149.16, 148.95, 147.26, 144.80,
139.34, 138.82, 138.31, 138.10, 133.28, 133.00, 132.77, 131.77, 131.14, 129.86,
128.25, 128.16, 126.97, 125.19, 124.94, 124.66, 123.43, 121.92, 121.68, 118.27,
115.22, 67.49, 48.30, 25.60, 21.46, 19.94, 19.28.
Anal. calcd. for CaoH3aN4O3S,: C 70.36, H 5.02, N 8.2; found: C 70.52, H 5.04, N
8.13.

OH
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4,10-dimethyl-N2,N2,Ng,Ns-tetrakis(4-(1,2,2-triphenylvinyl)phenyl)-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diamine (7a)
A mixture of dioxane (5 ml) and water (0.02 ml)
O O O O was purged with argon for 20 minutes.
Pd(OAc), (0.001 g, 0.08 mmol), XPhos
O O (0.011 g, 0.024 mmol) were added, and the
mixture was heated to 80 °C for 2 min. 2,8-
O O Diamino-4,10-dimethyl-6H,12H-5,11-
methanodibenzo[1,5]-diazocine (4b) (0.112 g,
O O 0 O 0.40 mmol), 1-(4-bromophenyl)-1,2,2-
triphenylethylene (0.823 g, 2 mmol), and NaOt-
Bu (0.215 g, 2.24 mmol) were added, and the solution was refluxed for 3 h under Ar
atmosphere. After the termination of the reaction, the mixture was diluted with THF
(30 ml) and filtered through Celite, the distilled water was added, and the mixture was
extracted with ethyl acetate. The organic layer was dried over anhydrous Na,SOs,
filtered, and the solvent evaporated under reduced pressure. The crude product was
purified by column chromatography (THF/n-hexane 2:23, v/v), but started to
crystallize during the process. The compound was further purified via crystallization
from THF-acetone mixture. Bright yellow crystals were obtained (64%, 0.41 g).
'H NMR (400 MHz, DMSO) & 7.62-7.42 (m, 4H, Ar), 7.13-6.82 (m, 56H, Ar), 6.82—
6.41 (m, 18H, Ar), 6.30 (s, 2H, Ar), 4.32 (d, J = 16.9 Hz, 2H, H-6exo, and H-12exo0),
4.07 (s, 2H, H-13), 3.68 (d, J = 16.9 Hz, 2H, H-6endo, and H-12endo), 2.22 (s, 6H,
2x CHa).
13C NMR (101 MHz, DMSO) § 145.75, 143.98, 143.63, 143.42, 143.20, 140.66,
140.32, 137.37, 132.78, 132.29, 131.57, 130.68, 128.92, 127.88, 127.79, 126.62,
126.46, 122.62, 120.62, 117.11, 67.54, 62.20, 55.04, 23.83.
Anal. calcd. for C121HgoN4: C 90.71, H 5.79, N 3.5; found: C 90.78, H 5.69, N 3.53.

(4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-2,8-diyl)diboronic
acid (7b)
A solution of 1° (2.49 g, 6.1 mmol) in THF (25 ml) and
10l soaN—srps ! (B)H under argon atmosphere was cooled to -78 °C. At this
o m °" " temperature, n-BuLi (9.09 ml of a 1.6 M solution in
B8 N n-hexane, 14.64 mmol) was added dropwise within 5 min.
After stirring for 5 min, trimethylborate (2.04 ml, 18.3
mmol) was added instantly. The reaction mixture was allowed to warm to r.t. and
stirred for another 15 min. H,O (37.5 ml) was added, and after the extraction with
CH,ClI,, the aqueous solution was extracted with EtOAc and dried over Na;SO. The
concentration under reduced pressure yielded a product 7b as white solid (84%).
'H NMR (400 MHz, DMSO) § 7.74 (s, 4 H, OH), 7.44 (s, 2 H, H-3, H-9), 7.19 (s, 2
H, H-1, H-7), 4.51 (d, J= 17.0 Hz, 2 H, H-6exo, H-12ex0), 4.24 (s, 2 H, H-13), 3.93
(d, J=17.0 Hz, 2 H, H-6endo, H-12endo), 2.33 (s, 6 H, 2x CHas).
13C NMR (101 MHz, DMSO) 6 148.1, 135.0, 131.1, 131.0, 129.0, 127.2, 67.5, 54.9,
17.3.

| 7
OH 6
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Anal. calcd. for C17H20B2N204: C 60.41, H 5.96, N 8.29; found: C 60.23, H 5.84, N
8.58.

4,10-dimethyl-2,8-bis(4-(1,2,2-triphenylvinyl)phenyl)-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine (7¢)
A solution of (4,10-dimethyl-6H,12H-5,11-
O O methanodibenzo[b,f][1,5]diazocine-2,8-
O diyl)diboronic acid (7b) (0.338 g, 1 mmol) and 1-

O S O (4-bromoph.enyl)-1,2,2-tripheny_lethyle'ne
N (1.03 g, 2.5 mmol) in THF (3 ml) was mixed with
O O argon-purged 2N aqueous K>COsz solution (1 ml)
O | O and stirred under argon atmosphere. After 20
min, Pd(PPhs)s (0.116 g, 0.1 mmol) was added,

and the solution was refluxed for 6 hours. The solution was allowed to cool to room
temperature, the water was added, and the organic layer was extracted with ethyl
acetate. The organic layer was dried over anhydrous Na.SO., filtered, and the solvent
was removed under reduced pressure. The crude product was purified by column
chromatography (ethyl acetate/toluene/ n-hexane 1:9:15, v/v), resulting in white solid
(78%, 0.71 g).

'H NMR (400 MHz, CDCls) & 7.25-7.19 (m, 6H, Ar), 7.13-6.98 (m, 34H, Ar), 6.94
(d, J=1.0Hz, 2H, Ar), 4.61 (d, J = 16.8 Hz, 2H, H-6exo, and H-12ex0), 4.35 (s, 2H,
H-13), 4.03 (d, J = 16.9 Hz, 2H, H-6endo, and H-12endo), 2.43 (s, 6H, 2x CHz).

13C NMR (101 MHz, CDCls) & 145.35, 143.82, 143.77, 143.74, 142.33, 141.01,
140.61, 138.61, 136.13, 133.10, 131.68, 131.44, 131.37, 131.34, 128.24, 127.73,
127.67, 127.64, 127.55, 126.46, 126.43, 125.90, 122.87, 67.76, 55.29, 17.30.

Anal. calcd. for CeoHssN2: C 90.95, H 5.97, N 3.07; found: C 90.93, H 5.89, N 3.18.

(2,8-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-4,10-diyl)diboronic
acid (7d)
HO._OH A solution of 4,10-dibromo-2,8-dimethyl-6H,12H-5,11-
mea“ 12 , methanodibenzo[b,f][1,5]diazocine (3i) (3.469 g, 8.5 mmol) in
9 3 > THF (52 ml) and under argon atmosphere was cooled to -78 °C.
AN At this temperature, n-BuLi (12.75 ml of a 1.6 M solution in
Toe 5HO/B\OH n-hexane, 20.4 mmol) was added dropwise within 5 min. After
stirring for 15 min, trimethylborate (2.84 ml, 25.5 mmol) was
added instantly. The reaction mixture was allowed to warm to r.t. and stirred for
another 15 minutes. The water (52 ml) was added; then, the mixture was extracted
with DCM, the aqueous layer was acidified with 6 M HCI. After filtration, the filter
residue was washed with distilled water repeatedly and dried, yielding white solid
(43%, 1.23 g).
'H NMR (400 MHz, CDCls) & 8.53 (s, 4H, Ar), 7.46 (s, 2H, Ar), 6.78 (d, J = 5.2 Hz,
2H, Ar), 4.69 (d, J = 16.8 Hz, 2H, H-6exo, and H-12ex0), 4.42 (s, 2H, H-13), 3.92 (d,
J =16.9 Hz, 2H, H-6endo, and H-12endo), 2.19 (s, 6H, 2x CHs).
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13C NMR (101 MHz, CDCl3) § 154.73, 140.16, 138.41, 134.46, 132.59, 131.34, 70.36,
63.53, 25.63.

Anal. calcd. for C17H20B2N204; C 60.41, H 5.96, N 8.29; found: C 60.3, H 6.15, N
8.06.

2,8-dimethyl-4,10-bis(4-(1,2,2-triphenylvinyl)phenyl)-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine (7€)

A solution of (2,8-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-4,10-diyl)diboronic  acid
(7d) (0.338 g, 1 mmol) and 1-(4-bromophenyl)-1,2,2-
triphenylethylene (1.03 g, 2.5 mmol) in THF (3 ml) was mixed
with argon-purged 2N aqueous KCOj; solution (1 ml) and
stirred under argon atmosphere. After 20 min, Pd(PPhs),
(0.022 g, 0.1 mmol) was added, and the solution was refluxed
for 6 hours. The solution was allowed to cool to room
temperature, the water was added, and the organic layer was
extracted with ethyl acetate. The organic layer was dried over
anhydrous NaSOs, filtered, and the solvent was removed
under reduced pressure. The crude product was purified by
column chromatography (THF/n-hexane 3:22, v/v and toluene) yielding a grayish
solid (37%, 0.335 g).

'H NMR (400 MHz, CDCl3) 6 7.37 (d, J = 8.1 Hz, 4H, Ar), 7.17-7.03 (m, 34H, Ar),
6.88 (s, 2H, Ar), 6.53 (s, 2H, Ar), 4.22 (s, 2H, H-13), 3.97 (d, J = 17.1 Hz, 2H,
C-CH2-N), 3.39 (d, J = 17.1 Hz, 2H, C-CH>-N), 2.21 (s, J = 17.9 Hz, 6H, 2x CHa).
13C NMR (101 MHz, CDCl3) & 144.09, 143.68, 143.56, 142.58, 142.29, 141.13,
141.08, 138.13, 136.03, 132.99, 131.51, 131.39, 131.06, 129.47, 129.06, 128.75,
128.46, 128.25, 127.70, 127.66, 126.57, 126.49, 126.34, 125.33, 67.60, 55.13, 20.83.
Anal. calcd. for CegHsaN2: C 90.95, H 5.97, N 3.07; found: C 91.12, H 5.95, N 2.93.

(4-(1,2,2-triphenylvinyl)phenyl)boronic acid (7f)
1-(4-bromophenyl)-1,2,2-triphenylethylene (4.525 g, 11 mmol) was
O O dissolved in argon-purged THF (110 ml) and cooled to -78 °C under
| argon atmosphere. At this temperature, n-BuLi (13.75mlofa 1.6 M
HO. O O solution in n-hexane, 22 mmol) was slowly added dropwise. After
OH that mixture was stirred for 2 h at =78 °C, trimethyl borate (6.13 ml,
55 mmol) was injected. After 2 h, the mixture was allowed to reach the room
temperature. HCI (3 M, 55 ml) ag. solution was added, and the mixture was stirred for
another 3 h. The mixture was extracted with DCM three times, and the collected
organic layers were combined, washed with brine twice, dried over anhydrous sodium
sulfate, filtered, and the solvent was removed under reduced pressure. The crude
product was purified by column chromatography (THF/n-hexane 1:4, v/v) yielding
white solid (64%, 2.63 g).
'H NMR (400 MHz, CDCls) 6 7.15-6.91 (m, 15H, Ar), 6.88 (d, J = 8.6 Hz, 2H, Ar),
6.55 (d, J = 8.6 Hz, 2H, Ar).
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13C NMR (101 MHz, CDCl3) & 154.01, 144.01, 143.91, 143.90, 140.44, 140.21,
136.39, 132.75, 131.39, 131.36, 131.34, 127.73, 127.63, 126.40, 126.28, 114.61.
Anal. calcd. for CxH1BO,: C 83, H 5.63, N 5.63; found: C 82.85, H 5.87, N 5.61.

2,4,8,10-tetrakis(4-(1,2,2-triphenylvinyl)phenyl)-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine (79)

A solution of 2,4,8,10-tetrabromo-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine  (3j) (0.29 g,
0.5 mmol) and (4-(1,2,2-
triphenylvinyl)phenyl)boronic acid (7f) (1.317 g,
3.5 mmol) in THF (3 ml) was mixed with argon-
purged 2N aqueous K,COs solution (1 ml) and stirred
under argon atmosphere. After 20 min, Pd(PPhs),
(0.022 g, 0.1 mmol) was added, and the solution was
refluxed for 20 hours. The solution was allowed to
cool to room temperature, the water was added, and the organic layer was extracted
with ethyl acetate. The organic layer was dried over anhydrous Na,SO., filtered, and
the solvent was removed under reduced pressure. The product was purified by column
chromatography (ethyl acetate/toluene/ n-hexane 2:5:18, v/v), resulting in white solid
(62%, 0.48 Q).

'H NMR (400 MHz, CDCls) & 7.40 (d, J = 8.2 Hz, 4H, Ar), 7.28-7.18 (m, 8H, Ar),
7.18-6.95 (m, 66H, Ar), 6.89 (d, J = 1.6 Hz, 2H, Ar), 4.29 (s, 2H, H-13), 4.06 (d,
J=17.1Hz, 2H, C-CH,-N), 3.48 (d, J = 17.2 Hz, 2H, C-CH,-N).

3C NMR (101 MHz, CDCls) & 144.37, 144.07, 143.76, 143.68, 143.63, 143.49,
142.57, 142.47, 141.19, 141.06, 140.53, 138.38, 137.92, 136.56, 136.09, 131.76,
131.50, 131.44, 131.36, 131.16, 128.91, 128.79, 127.74, 127.67, 127.64, 127.29,
126.47,126.41, 125.83, 124.44, 55.30, 51.97.

Anal. calcd. for C119HgsN2: C 92.57, H 5.61, N 1.81; found: C 92.61, H 5.5, N 1.89.
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5. MAIN RESULTS AND CONCLUSIONS

1) Small-molecular HTMs containing triphenylamine fragments conjoined by
Troger’s base core, varying in substituents on outer phenyl rings, were
synthesized. Their structural, thermal, optical, and photophysical properties were
investigated. It has been found that:

a) TB derivatives are thermally stable, destruction temperature for each of them
exceeds 370 °C;

b) Measured values of ionization potential (5.25-5.34 eV) and charge drift
mobility (1.2-10°-3.3-10* cm?Vs) of compounds 1b—d demonstrate their
potential for optoelectronic applications.

2) HTMs containing Troger's base core and phenylethenyl side-branches were
obtained via aldehyde condensation, and their investigation has revealed that:

a) Structural expansion by phenylethenyl moieties provides TB derivatives
with amorphousness, expanded conjugated m-System, lowered ionization
potential (5.27-5.45 V), and high hole drift mobility (0.002—0.011 cm?/Vs)
values;

b) Power conversion efficiency (PCE) of perovskite solar cells with synthesized
HTMs reaching 11.09% (with compound 2c, vs 15.34% with
spiro-OMeTAD) indicates the potential applicability of these compounds in
optoelectronic devices.

3) Synthesis of hole-transporting TPD derivatives containing Troger’s base core was
performed, and the investigation of their properties has revealed that:

a) TB core provides orientation for p-substituted TPD fragments angle-wise
towards each other, producing stable, fully amorphous HTMs with
comparatively high charge mobility (up to 0.036 cm?/Vs);

b) Fabrication of perovskite solar cells with synthesized materials as HTMs
allowed to reach the maximum power conversion efficiency of 14.6% with
methoxy substituted compound 3h (vs 16.1% with spiro-OMeTAD) and
PCE of 17.91% with 3l (vs 19.22% with spiro-OMeTAD), proving that this
class of TB-linked molecules can function effectively as HTM in the device.

4) HTMs containing Troger’s base core and enamine-linked diphenyl branches were
synthesized and studied. It has been found that:

a) Synthetic pathway via enamine condensation affords hole-transporting TB
derivatives while completely eliminating the need to use palladium catalysts
and corresponding ligands, inert atmosphere conditions, and excessive
purification from palladium residue, consequently, making this approach
attractive from an industrial perspective;

b) Synthesized hole-transporting materials are thermally stable and have a
relatively high hole-drift mobility (3.35-10* cm?/Vs in 4e), making these
compounds attractive for various applications in optoelectronics;

¢) Compounds were tested in perovskite solar cells with particularly good
results, the highest maximum power conversion efficiency being 18.62%
(with methoxy substituted compound 4e, vs 19.22% with spiro-OMeTAD)
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under reverse scan, comparable to the efficiency of spiro-OMeTAD, and
even outperforming it by 1.6 times in a dopant-free device.

5) Sensitizers based on Troger’s base scaffold and two acceptor/anchoring groups of
rhodanine-3-acetic acid, linked by the poly[n]enic (n = 0-2) chain, were designed
and synthesized. Their “half” counterparts, having one anchoring group, were
synthesized as well, allowing study and comparison of these dyes, thus leading to
such conclusions:

a) UV-vis absorption spectra show the red-shifting between absorption
maximums of single- and corresponding double-anchored dyes, and this
difference is increasing with each fragment in poly[n]enic (n = 0-2) chain,
suggesting flexibility-caused interaction of anchoring groups within double-
acceptor dyes;

b) Testing sensitizers in DSSCs has shown that flexibility provided by extended
polymethine chains and, consequently, the interaction in-between two
chromophores is promoting aggregate formation and impairing device
performance. The best results were obtained in short-chained, mono-
anchored dye 5D.

6) TB sensitizers of improved molecular design were designed and synthesized.
These compounds contain either thiophene or phenyl-branched hydrazone
spacers, as a replacement for flexible polymethine chains, and the study of their
properties has revealed that:

a) As shown by UV-vis absorption spectra, thiophene fragment offers the
compounds light absorption superior to that of hydrazone dyes, but it still
does not provide sufficient structural stiffness to prevent inner interactions
(shifting maximums by 12 nm);

b) No observable absorption shift in hydrazone di-anchoring dye 6m in
comparison to its mono-anchoring counterpart 6r indicates that phenyl-
branched hydrazone unit provides the desired properties and prevents the
intra-anchoring of chromophores.

7) Novel Troger’s base compounds with TPE side-arms were synthesized and
investigated. These compounds are thermally stable, solution processable and
possess aggregation induced emission (AIE) properties, showing their potential
use in forming pristine solid-state layers in light emitting devices.
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6. SANTRAUKA

Ivadas

Dél technologinés paZzangos jvairiis jrenginiai tampa neatsiejama misy
kasdienio gyvenimo dalimi, todé¢l kyla naujy jiems gaminti skirty medziagy poreikis.
Pastaraisiais metais vis daugiau démesio skiriama organinéms medziagoms, skirtoms
naudoti elektronikos ir optoelektronikos srityse. Organiniy junginiy naudojimas
prietaisuose turi nemazai privalumy: tokie prietaisai ar jy dalys gali biiti pigesni,
lengvesni, reikalauja maziau energijos gamybai, taip pat leidZia spresti brangiyjy
cheminiy elementy naudojimo problema — Siuos junginius dazniausiai sudaro lengvai
prieinami cheminiai elementai: anglis, vandenilis, azotas, deguonis ir kt. Sie
organiniai junginiai naudojami jvairiose srityse, tokiose kaip organiniai §viesos diodai
(OLED technologija), fotovoltiniai elementai, elektrofotografija, lauko tranzistoriai ir
kt. [1].

Efektyviis optoelektroniniai prietaisai taip pat gali padéti spresti didéjancio
energijos poreikio problema, kylanc¢ig dél auganéio zmoniy skaiciaus ir intensyvesnio
jvairiy technologijy naudojimo. Prognozuojama, kad iki 2040 m. energijos
suvartojimas padidés 56 % [2]. Sia problema galima spresti uztikrinant pigia ir patogia
prieigg prie atsinaujinanciosios energijos S$altiniy, tokiy kaip saulés energija, ir
mazinant neefektyviy prietaisy iSeikvojama energija. Saulés energijos naudojimas
ypac patrauklus, nes tai yra pirminis ir tiesioginis energijos Saltinis, i§ kurio kyla
dauguma kity naudojamy atsinaujinanciyjy Saltiniy. O saulés elementai tiesiogiai
pavercia saulés $viesos energija elektra — forma, kuria ja patogu perduoti, kaupti ir
naudoti. Saulés elementy rinkoje vis dar dominuoja i§vystyta neorganiniy junginiy
(dazniausiai silicio) pagrindu veikianciy prietaisy technologija, taciau organiniai ir
hibridiniai saulés elementai iSsikovoja vis didesne jos dalj dél sitlomy alternatyvy,
pasizymin¢iy mazesne Kaina, lankstumu, lengvumu ir gamybos technologija,
nereikalaujancia brangiyjy cheminiy elementy ir tiek daug energijos [3]. Populiariausi
i§ Siy prietaisy yra dazikliais jjautrinti saulés elementai bei perovskitiniai saulés
elementai — sparCiai besivystanti technologija, jau pasiekusi 23,2 % energijos
konversijos efektyvumo rodiklj [4].

Sprendziant didéjancio energijos poreikio problema, svariai prisidéty energija
taupanciy technologijy kiirimas ir diegimas. Labai svarbi niSa tokioms inovacijoms
yra ap$vietimas, nes dirbtinis apSvietimas — pagrindiné elektros energijos suvartojimo
priezastis visame pasaulyje (energija, sunaudojama apsvietimui, sudaro 15 proc. visos
sunaudojamos energijos) [5, 6]. Sviesos diodai (LED) ir jy organiniai analogai
(OLED) pasizymi aukstu energijos konversijos j $viesg koeficientu, leidzianciu kelis
kartus sumazinti energijos poreikj tokio paties apSvietimo stipriui gauti. OLED taip
pat pasizymi organingés elektronikos teikiamais privalumais, tokiais kaip lengvumas ir
lankstumas, leidzianc¢iais gaminti plonus, didelio ploto jrenginius, laks$tus ir skydus.
Pagrindinés organiniy junginiy funkcijos visuose S$iuose optoelektroniniuose
jrenginiuose yra kriivio pernasa, Sviesos emisija ir kriivio generavimas. D¢l to dideliu
efektyvumu ir pageidaujamomis savybémis pasizyminéiy naujy medziagy kiirimas
yra neatsiejamas nuo didelio efektyvumo jrenginiy kirimo ir gamybos.
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Triogerio bazé (TB) yra V formos C; simetrija pasizyminti chiraliné molekulé,
sudaryta i§ biciklinio alifatinio metandiazocino fragmento, sujungiancio du
aromatinius Ziedus, kuriy plokS§tumos orientuojamos beveik statmenai viena kitai.
Tokia standi V formos molekuliné struktiira leidzia S$ig molekule naudoti kaip
strukttrinj karkasg ir orientuoti prie jo prijungtus pakaitus (pvz., konjuguotasias
m-sistemas) kampu vienas kito atzvilgiu. Buvo pastebéta, kad Triogerio bazés
alifatinis fragmentas suteikia ir elektronine sgveika tarp juo sujungty trifenilamino
fragmenty ir tokiu budu pagerina skyliy pernasa, nors z-rysiai tarp Siy fragmenty ir
nesusidaro [7]. Dél Siy priezas¢iy Triogerio bazé yra patraukli kaip unikalus
nanometriniy matmeny karkasas nejprastam molekuliniam dizainui, leidZiantis
junginiui suteikti norimy, bet nedaznai pasitaikanciy savybiy. Nors Triogerio bazé jau
yra palyginti nemenkai istirta ir buvo pritaikyta jvairiose srityse, tokiose kaip
supramolekuliné chemija, molekulinis atpazinimas, biologiniai zymekliai, ligandy
sintezé (ypa¢ asimetrinei katalizei), saveika su DNR ar net potencialios vaistinés
medziagos, — §ios molekulés taikymas optoelektronikai nebuvo pladiai tirtas ar
apraSytas — $i niSa vis dar atvira tolesniems tyrimams ir atradimams. Dél iSvardyty
priezas¢iy Siame darbe pristatoma naujy funkciniy Triogerio bazés junginiy, skirty
optoelektroniniams prietaisams — kravj generuojanciy daZikliy saulés celéms,
kietosios biisenos spinduoliy organiniams Sviesos diodams ir skyles pernesanciy
puslaidininkiy perovskitiniams saulés elementams, — sintezé ir tyrimas.

Sio darbo tikslas — susintetinti ir i§tirti V formos Triogerio bazés darinius,
skirtus kraiviui generuoti, kritvininky pernasai ir §viesos emisijai.
Disertacijos tikslui pasiekti issikelti Sie uzdaviniai:

1. Susintetinti ir iStirti maZamolekulius skyles pernesancius puslaidininkius,
turincius trifenilamino fragmentus, sujungtus Triogerio bazés karkasu.

2. Susintetinti ir istirti puslaidininkius, sudarytus i§ fotolaidziy TPD (N,N'-di(3-
metilfenil)-N,N'-difenilbenzidinas) tipo grupiy, sujungty Triogerio bazés
fragmentu.

3. Susintetinti ir istirti skyles pernesanc¢ius puslaidininkius, turin¢ius Triogerio
bazés fragmenta ir per enamino grupes prijungtus Soninius pakaitus.

4. Susintetinti ir istirti daziklius, turin¢ius Triogerio bazés molekulinj karkasg.

5. Susintetinti ir iStirti spinduolius, turin¢ius tetrafenileteno pakaity ir Triogerio
bazés fragments.

Darbo mokslinis naujumas

Susintetinta serija naujy skyles perneSanciy puslaidininkiy, turin¢iy Triogerio
bazés fragments, ir iStirta Soniniy pakaity jtaka Siy junginiy terminéms ir
fotoelektrinéms savybéms. Nustatyta, kad susintetinti Triogerio bazés junginiai,
turintys trifenilamino fragmenty su metil- ir metoksipakaitais, yra puslaidininkiai,
pasizymintys skyliy pernasa, palankiomis fizinémis savybémis, stabilumu, dauguma
juy amorfiniai ir lengvai tirpiis, todél gali biiti naudojami optoelektronikoje. Be to, Siy
junginiy sintezé ir tyrimas suteiké naudingos informacijos ir leido padaryti jzvalgas,
reikalingas Triogerio bazés junginiy molekuliniam dizainui tobulinti.
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Susintetinti ir iStirti nauji V formos skyles pernesantys junginiai, turintys
Triogerio bazés fragmentg ir trifenilamino grupiy su feniletenilo pakaitais. TB
karkasas gerokai padidina skyles pernesanéiy medziagy stikl¢jimo temperatirg (tai
ypa¢ pastebima lyginant su Triogerio bazés struktiiros neturinCiais analogais), o
feniletenilo fragmentai suteikia struktiirinj toirj, mazina kristaliSkumg ir svariai
prisideda prie konjuguotosios molekuliy z-sistemos dydzio. Sie puslaidininkiai buvo
istirti ir iSbandyti perovskitiniuose saulés elementuose. Patvirtinta, kad juos
perspektyvu naudoti organiniams ir hibridiniams optoelektroniniams jrenginiams, nes
su jais gali baiti dirbama atmosferos saglygomis, jie yra termiskai stabiliis, nereikalauja
atkaitinimo aukstoje temperataroje ir turi palyginti didelj kravininky judrj (iki
0,011 cm?V1s),

Susintetinti ir iStirti nauji skyles pernesantys junginiai, turintys TPD tipo grupiy,
sujungty Triogerio bazés fragmentu. Sis molekulinis karkasas kampu orientuoja TPD
fragmentus vieng kito atzvilgiu ir trukdo kristalizacijos procesams. D¢l to susintetinti
junginiai yra visiS$kai amorfiniai, o TPD fragmenty para-padétyse esantys pakaitai
uztikrina didelj kriivininky judrj. Siuos puslaidininkius perspektyvu naudoti
organiniuose ir hibridiniuose optoelektroniniuose jrenginiuose dél jy stabilumo,
amorfiSkumo, auks$tos stikl¢jimo temperatiros, gero tirpumo ir palyginti didelio
kriivininky judrio (iki 0,036 cm? V! s1), kuris Triogerio bazés karkasu nesujungty
TPD analogy su metil- ir metoksigrupémis judrj virSija daugiau nei Simtag karty.
Susintetintas medziagas testuojant perovskitiniuose saulés elementuose jrodyta, kad
§i junginiy klasé gali buti veiksmingai naudojama kaip skyles pernesantys
puslaidininkiai.

Taikant patogy ir efektyvy sintezés metoda susintetinti nauji VV formos skyles
pernesantys puslaidininkiai, turintys Triogerio bazés fragmenta ir per enamino grupes
prijungtus difenilo Soninius pakaitus. Siy medziagy sintezé nereikalauja paladzio
katalizatoriy, atitinkamy ligandy ir inertiniy dujy atmosferos, o paladZio liekany
reakcijos miSinyje nebuvimas leidzia lengvai iSgryninti medziagg, iSvengiant
chromatografinio gryninimo. Sios skyles perne§an¢ios medziagos yra termiskai
stabilios, tirpios organiniuose tirpikliuose ir turi gana didelj kriivininky judrj, todél jos
yra patrauklios naudoti optoelektronikoje. Isbandant Siuos junginius perovskitiniuose
saulés elementuose, geriausia S$ios grupés medziaga leido gauti labai didelj
efektyvuma. Pagal jj Sie junginiai konkuravo su efektyvumo standartu laikomu
junginiu spiro-OMeTAD ir netgi jj virSijo 1,6 karto, matuojant saulés elementy,
pagaminty nenaudojant priedy, efektyvuma.

Suprojektuota ir susintetinta serija naujy organiniy dazikliy, turinéiy Triogerio
bazes karkasg su trifenilamino donorinémis grupémis, ,,inkaro* funkcijg atliekanciy
akceptoriniy rodanino-3-acto rtigsties grupiy ir $ias grupes su karkasu jungianciy
poli[n]eniniy (n = 0-2) grandinéliy. Atliktas polietino grandinés ilgio ir inkariniy
grupiy skaiciaus jtakos S$iy dazikliy fotofizikinéms, elektrocheminéms ir
fotovoltinéms savybéms tyrimas ir bandymai dazikliais jjautrintose saulés celése
parodé, kad ilgéjant grandinéms didéja jy lankstumas, o tai leidzia pasireiksti
tarpusavio sgveikai tarp dviejy prie jy prijungty chromofory, tokiu biidu susidaro
agregatai ir mazéja dazikliy bei juos naudojant pagaminty jrenginiy efektyvumas. Sie
atradimai paskatino polimetino grandinéles pakeisti standziais erdvinés struktiiros
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jungiamaisiais fragmentais, kurie galéty uzkirsti kelig agregaty susidarymui tarp
inkariniy grupiy Sivose Triogerio bazés dazikliuose. Buvo suprojektuoti ir gauti nauji
dazikliai su tiofeno bei fenilhidrazono jungiamaisiais fragmentais, atlikti jy savybiy
tyrimai. Nustatyta, kad, fenilhidrazono jungiamasis fragmentas uzkerta kelig inkariniy
grupiy saveikai, t. y. minéti agregatai nesusidaro. Siuos daziklius biity galima taikyti
saulés celése.

Susintetinti ir iStirti nauji tetrafenileteno pakaity turintys Triogerio bazés
junginiai. Sie junginiai yra termiskai stabiliis, tirpiis ir pasizymi agregacijos indukuota
emisija, leidZian¢ia naudoti kietosios biisenos grynosios medziagos sluoksnius §viesa
spinduliuojanciuose jrenginiuose. Nors §iy junginiy kvantinio efektyvumo vertés
nebuvo tokios didelés, kaip tikétasi, tyrimas atskleidé kai kuriuos struktiros ir savybiy
santykiy désningumus, leidzianCius toliau tobulinti Triogerio bazés spinduoliy
molekulinj dizaing.

Pagrindiniai ginamieji disertacijos teiginiai:

1. Susintetintos naujos mazamolekulés skyles pernesanc¢ios medZiagos,
turin¢ios trifenilamino fragmenty, sujungty Triogerio bazés karkasu, ir
skirtingy pakaity prie iSoriniy fenilo grupiy, yra termiskai stabilios, tirpios ir
turi palyginti didelj kriivininky judrj (1,2-10°-3,3-10% ¢cm#Vs), todél jas
perspektyvu naudoti optoelektroniniuose jrenginiuose.

2. Puslaidininkiai, turintys Triogerio bazés karkasg ir feniletenilo Sonines Sakas,
yra termiskai stabilds, tirpdis ir pasizymi dideliu teigiamu kriivininky judriu
(iki 0,011 cm?/Vs). D¢l 8iy priezas¢iy Sie puslaidininkiai yra tinkami naudoti
perovskitinése saulés celése.

3. TB fragmentas suteikia juo sujungtiems para-padétyje pakaitg turintiems
TPD fragmentams orientacija beveik statmenai vienas kitam. Taip gaunamos
stabilios, visi§kai amorfinés medziagos, turin¢ios palyginti didelj kriivininky
judrj (iki 0,036 cm?Vs). Si Triogerio bazés junginiy grupé gali efektyviai
funkcionuoti kaip skyliy pernasos medziaga perovskitiniuose saulés
elementuose.

4. Triogerio bazés molekulinio karkaso sintezé ir modifikavimas leidZia lengvai
ir nenaudojant brangiy paladzio katalizatoriy gauti efektyvias skyles
perneSancias medziagas su TB fragmentu ir enamino Soniniais pakaitais,
kurios savo efektyvumu saulés celése gali aplenkti efektyvumo standartu
laikoma junginj spiro-OMeTAD.

5. Triogerio baz¢ galima naudoti kaip karkasa naujiems Kietosios busenos
spinduoliams, turintiems agregacijos indukuotos §viesos emisijos savybes, ir
dazikliams, skirtiems saulés elementams, projektuoti.
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1. Skyles pernesantys organiniai puslaidininkiai, turintys Triogerio bazés
fragmenta

Elektroniniai ir optoelektroniniai prietaisai naudojantys organinius junginius
veikia juose vykstant kriivio pernasal todél kriivininkus pernesantys junginiai yra
neatsiejama jy dalis [136]. D¢l Sios priezasties didelio naSumo kriivininky pernasa
atliekan¢iy medziagy kiirimas yra labai svarbus efektyviy prietaisy gamybai [137,
138]. Organinés elektronikos, kaip pigesnés technologijos, potencialui inaudoti taip
pat svarbu pasitelkti paprastus apdorojimo budus, pvz., jrenginio sluoksniy liejimo i$
tirpaly metods, pageidautina, naudojant paprastas, pigias, lengvai isgryninamas
medziagas [139, 140]. Mazamolekulés skyles gabenancios medziagos turi daug
iSskirtiniy ~ privalumy, palyginti su polimerais, tokiy kaip struktiirinis
jvairiapusiSkumas, tiksliai nusakoma molekuliné masé ir santykinai lengvas valymas
chromatografijos, kristalizacijos arba vakuuminio sublimavimo badu [141, 142].
Deja, nemazai §iy puslaidininkiy turi Zemg stikléjimo temperatiirg (Tg) [139, 140,
143], todél gali pereiti i§ stikliskosios biisenos j kristaling ar skystgjg. Dél Sios
priezasties gali susilpnéti prietaiso savybés [144, 145].

V formos Triogerio bazés struktiira leidZia jg naudoti kaip Karkasg ir suteikti
prie jos prijungtoms konjuguotosioms z-sistemoms kampo orientacija. Naujausi
tyrimai taip pat atskleidé, kad TB karkaso standumas ir dél jo dvigubo
funkcionalizavimo gaunama didesné molekuliné masé sumazina kristalizacija, todél
Triogerio bazés dariniai pasizymi amorfiSkumu ir kur kas aukstesne stikléjimo
temperatiira [134, 146, 147]. Sie rezultatai skatina sintetinti ir tirti naujus organinius
puslaidininkius, turin¢ius TB fragments.

1.1. MaZamolekuliy skyles pernesanciy medZiagy, turin¢iy Triogerio bazés
karkasu susiety trifenilamino grupiy, sintezé

Nauji Triogerio bazés junginiai 1la-1d buvo susintetinti (1) vykdant paladziu
katalizuojamg C—N prijungimo reakcija, kurioje dalyvavo i§ 4-brom-2-metilanilino [40]
gautas bromintas Triogerio bazés analogas (1°) ir atitinkamas difenilaminas
(difenilaminas, di(4-metoksifenil)aminas [154], 4-metoksi-N-(4-metoksifenil)-3-
metilanilinas [144], 4-metoksi-N-(p-tolil)anilinas [155]). TB dariniy 1la—1d strukttra

buvo patvirtinta *H ir *C BMR spektrais ir elementinés analizés metodu.
Ry

QR
NH ONH
Formaldeh:)das /@ Pd(OAc),, [P(t-Bu)sHIBF4, @\
TFA, 60 °C NaOt-Bu, toluenas, A /@

Rs 1a(67% R1 =Ry=H
R, 1b(73%)R;= OCH3 Ry=H
1c (58 %) R =R2 OCHj, Ry = CHy
1d (62 %) Ry = OCHg, R, = CHg, Ry = H

80%

1 schema. Naujy junginiy la-1d, turinéiy Triogerio bazés fragmenta, sintezé
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1.2. Terminés ir optinés savybés

Kad skyles pernesan¢ios medZziagos biity sékmingai naudojamos jrenginiuose,
reikia suformuoti homogeniskus ir termiSkai stabilius sluoksnius. Terminés
susintetinty junginiy savybeés, leidziancios nusakyti juy kristaliskuma ir stikléjimo
temperatiirg, buvo iStirtos diferencinés skenuojamosios kalorimetrijos (DSC)
badu (1 lent.). Visiskai kristalinis yra tik junginys 1a, visi Kiti junginiai turi amorfine
biiseng ir antrojo jy kaitinimo ar ausinimo ciklo metu fiksuojama tik stiklé¢jimo
temperattira, o kristalai nesusidaro.

1 lentelé. Triogerio bazés dariniy 1a—1d terminés savybés

Junginys Tm [°C]H Ty [°C]™] Taec [°C]
la 158 — 371
1b — 115 378
1c 162 114 370
1d — 123 387

[a] Lydymosi temperatiira uzfiksuota tik pirmojo kaitinimo metu, 10 K/min. [b] Nustatyta
taikant DSC: kaitinimo greitis 10 K/min; N2 atmosfera; antrasis kaitinimas. [c] Skilimo pradzia
nustatyta TGA metodu: kaitinimo greitis 10 K/min; N2 atmosfera.

Termogravimetriné analizé atskleidé auksta skilimo temperatirg (1 lent.),
rodancig labai gera tiriamy junginiy terminj stabiluma.

Junginiy la-1d UV-VIS absorbcijos spektrai, iSmatuoti i§ tetrahidrofurano
tirpaly (¢ = 10* mol/l, d = 1 mm) (1 pav.), rodo absorbcijg artimoje UV
zonoje (210 nm), kuri atitinka n-o* elektrony judéjima prie centriniy azoto atomy, o
didesnio bangos ilgio (300 nm) absorbcija atitinka konjuguotosios sistemos z—z*
elektrony peréjimus. Jokio absorbcijos maksimumo (303 nm) batochrominio
poslinkio nepastebima, nes konjuguotosios z-sistemos dydis yra toks pats, ta¢iau Siek
tiek skiriasi absorbcijos intensyvumas, priklausomai nuo prijungty pakaity.

~CHs
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—=—1a ©\N ! HyC \@ /@;/%I;/ \Q _CH,
1,0x10° 1 —e—1p cHy N . ¢
e ——I1c @ © oCHs
0 4 | —~—1d
g 8,0x10 e © ©
n o om N CcH
5 CH
= 6,0x10° H:*C/OQ @m @O/CHJ 3
w HsC N CHj,
. © CH, L
4,0x10* -0 N
] HyC \©\ /@;@ \©\0/CH3
HaC” \ CHy
2,0x10" - 1 ©
:::: CH,
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Bangos ilgis A (nm)
1 pav. Junginiy la-1d 1-:10* M THF tirpaluose absorbcijos spektrai
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1.3. Fotoelektrinés savybés

Junginiy jonizacijos potencialas (Ip) esant kietai biisenai yra svarbus parametras,
nulemiantis organiniy skyles pernesanéiy medziagy panaudojima. Sis veiksnys gali
padéti parinkti optoelektroniniame jrenginyje Kartu naudoti tinkamus organinius
puslaidininkius ir neorganines elektrodams naudojamas medziagas. Susintetinty
molekuliy jonizacijos potencialai buvo iSmatuoti fotoelektrony spektroskopijos
ore (PESA) metodu. Rezultatai pateikti 2 lent. Matavimo paklaida vertinama kaip
0,03 eV.

2 lentelé. Junginiy 1a—1d energijos lygmeny ir kriivininky judrio duomenys

Junginys Ip [eV]® | uo [cm?/Vs]®! | 4 (6,4-10° V/cm) [cm?/Vs]c]
la 5,60 3,8-10771 4,5-1075M
1b 5,30 3-10°8 1,3-10*
1c 5,25 1-10”7 1,2-10°
1d 5,34 3-10°8 3,3-10*

[a] Kietosios biisenos junginiy jonizacijos potencialas (lp) buvo matuojamas fotoemisijos ore
metodu i$ pléveliy. [b] Kravininky judrio verté esant nuliniam lauko stipriui. [¢] Kriivininky
judrio verté, kai lauko stipris yra 6,4-10° V. [d] Junginio 1a judrio vertés i$matuotos i3 jo ir
PC-Z misinio (1:1).
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2 pav. Junginiy 1a—1d kravininky judrio priklausomybé nuo elektrinio lauko. Junginio 1a
duomenys gauti matuojant i$ jo ir PC-Z misinio (1:1)

Vienas i§ pagrindiniy parametry, rodanciy, ar medziaga tinka skyliy pernasai,
yra kriivininky judris. Susintetinty Triogerio bazés dariniy kriivininky pernaSos
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savybés buvo tiriamos kserografiniu lékio trukmés metodu (XTOF) (2 pav.). Junginiy
la—1d kraivininky judrio vertes apibréziantys parametrai — dreifinis judris nuliniame
elektriniame lauke (wo) ir dreifinis judris esant 6,4-10° V/cm elektriniam laukui —
pateikiami 2 lenteléje. Naudojant junginj 1a gautos prastos kokybés plévelés, todél,
siekiant gauti vienodus sluoksnius, buvo panaudotas junginio la ir polikarbonato (PC-
Z) misinys masiy santykiu 1:1. Absoliutus junginio 1a judrio rezultatas buvo mazesnis
(apytiksliai viena skaiciy eile) dél nelaidaus polimero.

Junginio 1d skyliy dreifinis judris stipriuose elektriniuose laukuose, matuojant
kambario temperatiiroje, buvo 3,3-104 cm?V1s™L, ir tai yra geriausias rezultatas is
visy trijy grynyjy medziagy (1b-1d). Jis artimas kai kuriy literatiiroje aprasomy
pramoniniy puslaidininkiy kravininky judriui. Junginys 1c turi maziausig kraivininky
judrj i$ tirty grynyjy medziagy. Galima to priezastis — papildomas metilpakaitas
meta-padétyje trukdo palankiam molekuliy i§sidéstymui sluoksnyje.

Apibendrinant §j skyriy galima teigti, kad susintetinti Triogerio bazés junginiai
su metil- ir metoksipakaitais turi skyles pernesantiems puslaidininkiams reikalingas
savybes, gana palankias fizikines savybes, yra stabillis, dauguma jy amorfiniai ir
lengvai tirptis. Nors $iy junginiy krivininky judris nuliniame elektriniame lauke ()
néra pakankamas saulés elementams ir jie negali konkuruoti su tokiomis medziagomis
kaip spiro-OMeTAD (o = 4,1-10° cm?Vs), tadiau yra kity sriiy (pvz.,
elektrofotografija), kur Sie junginiai gali buti sékmingai naudojami.

2. Skyles pernesanc¢ios medziagos, turin¢ios Triogerio bazés karkasg ir
feniletenilpakaitus

Sis skyrius skirtas toliau tobulinti organiniy puslaidininkiy molekuliniam
dizainui sintetinant ir tyrinéjant V formos krtivj perne$ancias molekules, sudarytas i$
Triogerio bazés fragmento ir feniletenilo fragmenty turin¢iy pakaity.

2.1. Naujy Triogerio bazés fragmentg turin€iy junginiy sintezé

CSA @ ﬁ \@ J
toluenas, A CSA

toluenas, A /
ch °

CSA, \

) @ ﬁ [ 0

2a (39 %)
O ¢ T
O O 2b (42 %)

2 schema. Junginiy 2a—2c, turin¢iy Triogerio bazés fragments ir feniletenilo Soninius
pakaitus, sintezé

Nauji TB junginiai 2a—2c buvo susintetinti i§ junginio la, vykstant jo
kondensacijai su atitinkamu aldehidu (metilfenil-, difenil- arba di(4-metoksi)fenil-
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acetaldehidu) tolueno virimo temperatiiroje, katalizuojant kamparo-10-sulfonine
riigdtimi (CSA) (2 schema). TB dariniy 2a-2c struktiira buvo patvirtinta *H ir °C
BMR spektrais ir elementine analize.

2.2. Terminés ir optinés savybés

DSC matavimai atskleidé, kad molekulése atsiradgs strukttrinis ttris ir didelis
konformery skaiéius trukdo Kristalizacijos procesams tiriamuosiuose junginiuose ir
tik vienintelis junginys 2a dar baina ir kristalinés, o ne tik amorfinés biisenos (3 lent.).
Tai ypa¢ pastebima lyginant su stipriomis kristalinémis savybémis pasiZyminciu
junginiu 1a. Visi trys junginiai antrojo kaitinimo ir ausinimo ciklo metu pasizymi tik
amorfiskumu. Palyginti su analogiSkais puslaidininkiais, neturin¢iais TB
karkaso [160], Ty padidéja nuo 1 °C iki 132 °C junginio 2a atveju ir padvigubéja
junginiuose 2b ir 2c.

Termogravimetriné analizé atskleidé auksta skilimo temperatiirg (3 lent.). Tai
rodo labai gera tiriamyjy junginiy terminj stabiluma.

3 lentelé. Junginiy 2a—2c optinés ir terminés savybés

Jung. | Tg [°CIE | T [°CTPH Teee [°C | Amas® [N |& [M~Lem ]| Amax™ [nm]E | &r [%6]
2a 132 204 378 353 8,49-10* 432 37
2b 152 — 413 393 9,56-10* 479 9
2C 146 — 321 377 7,25-10% 471 20

[a] Nustatyta pagal DSC: kaitinimo greitis 10 K/min; N, atmosfera; antrasis ciklas.
[b] Lydymosi temperatiira uZzfiksuota tik per pirmajj kaitinima; junginys sustiklgjo
vésdamas iki kambario temperatiiros 10 K/min grei¢iu. [¢] Skilimo temperatara nustatyta
pagal TGA: kaitinimo greitis 10 K/min; N, atmosfera. [d] UV-Vis spektrai iSmatuoti 107
M THEF tirpale. [e] Fluorescencijos spektrai uzrasyti i§ 10-> M tolueno tirpaly.

Junginiy 2a-2c UV-Vis absorbcijos spektrai buvo i¥matuoti 107* M
tetrahidrofurano tirpaluose ir apibendrinti 3 lenteléje. Junginiy 2a—2c absorbcijos
maksimumy batochrominis poslinkis, palyginti su tarpinio junginio la (pvz., 2a —
49nm, o 2b— apie 90 nm), gali buti priskiriamas konjuguotosios z-Sistemos
iSplétimui feniletenilo fragmentais. Verta paminéti, kad grynuosiuose sluoksniuose be
priedy 2a-2c absorbuoja daugiausia UV srityje, trumpesniy nei 450 nm bangy
intervale, todél Sie skyles perneSantys puslaidininkiai tinkami kietosios biisenos
dazikliais jjautrintiems ir perovskitiniams saulés elementams, nes jie beveik
nekonkuruoja su daziklio sugertimi.

2.3. Fotoelektrinés savybés

Junginiy 2a-2c jonizacijos potencialas buvo iSmatuotas fotoelektrony
spektroskopijos ore metodu ir rezultatai pateikti 4 lenteléje. Metil- ir fenilpakaitus
turinciy junginiy 2a ir 2b I, reikSmés labai panasios, o metoksigrupiy prijungimas prie
junginio 2c sumazina I, ~0,2 eV.

Junginiy energijos virsmai ir elektrony pernasa tirpaluose, siekiant apskaiciuoti
junginiy Eiumo ir Enomo, buvo matuojama taikant ciklinés voltamperometrijos (CV)
metoda. Sios vertés neatspindi absoliucios kietosios biisenos arba dujy fazés
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jonizacijos energijy, taciau gali biiti naudojamos panasiems junginiams palyginti
tarpusavyje.

4 lentelé. Junginiy 2a—2c energijos lygmeny!® ir skyliy judrio duomenys

Junginys E¢® | Enomo | Erumo Ip EA o u
[eVI®! | [eV]€® | [ev]d | [eV]® | [eV]? | [cm?V-ts?]ll [cm2Vv-1g )i
2a 3,05 5,38 2,33 5,44 2,39 1,5-10°3 0,011
2b 2,82 | 535 2,53 5,45 2,63 1,310 0,005
2c 2,87 | 5,29 2,42 5,27 2,40 3,9-10°° 0,002

[a] CV matavimai atlikti su stiklo elektrodu dichlormetano tirpaluose, naudojant 0,1 M
tetrabutilamonio heksafluorfosfata kaip elektrolitg ir Ag/AgNOs3 kaip palyginamaji elektroda.
Kiekvienas matavimas buvo kalibruotas naudojant feroceng (Fc). Potencialai apskaiéiuoti plg.
su Fc*/Fc. [b] Optinés draustinés juostos E¢% apskaiiuotos i$ tirpaly absorbcijos spektry.
[c] Konversijos koeficientai: ferocenas DCM-SCE: 0,46 [162], SCE-SHE: 0,244 [163], SHE-
vakuumas: 4,43 [164]. [d] ELumo apskaiGiuota pagal lygti ELumo = Iy — E¢°®. [e] Kietosios
biisenos junginiy jonizacijos potencialas (lp) buvo matuojamas fotoemisijos ore metodu i§
pléveliy. [f] Elektrony giminingumas (EA) apskaitiuotas pagal lygti EA = Enomo — Eg%%.
[g] Dreifinio judrio verté esant nuliniam lauko stipriui. [h] Judrio verté, kai lauko stipris yra
6,4:10°V cm™.

Susintetinty Triogerio bazés dariniy krivininky pernasos savybés buvo istirtos
kserografiniu Iékio trukmés metodu. Junginio 2a skyliy judris stipriuose elektriniuose
laukuose buvo 0,011 cm? V't s, ir tai yra geras rezultatas skyles pernesanciam
puslaidininkiui.

2.4. Perovskitiniai saulés elementai

Siekiant istirti pritaikymo prietaisams galimybes, susintetinti TB junginiai 2a—
2c isbandyti kaip p-tipo puslaidininkiai perovskitiniuose saulés elementuose (PSC).

24 eV -2.4 eV
. -2,6 eV
-4.0 eV
-alev -

>| -44ev s o)
©|  — Z = = ~
o FTO @ o ~
:ﬁ e -4,7 eV
o ON ; ]
g = [ -5,27 eV Ag
= -5.4 5,44 eV ||-5,45 eV

7.3 eV

3 pav. Naudojant junginius 2a—2c¢ pagaminty PSC jrenginiy energijos lygmeny diagrama

Eksperimentai buvo atlikti naudojant jrenginius, kuriy struktiirg sudaro
fluorintas alavo oksidas (FTO), kompaktinis TiO», perovskitas, HTM ir Ag (3 pav.).
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Siuose jrenginiuose HTM funkcija atliko junginiai 2a-2c. Taip pat palyginimui
naudotas  standartu  laikomas  spiro-OMeTAD  (2,2,7,7 -tetra(N,N-di-p-
metoksifenilamino)-9-9°-spirobifluorenas).

25~
20 H
o
§,5] ——spiro- OMeTAD
< +20 N O
£ N o
-10_
(2}
= QQ
c \ O
8 5-
0
.q) 4
>
S 0+
n | J_(mAcm?) V, (mV) FF  PCE (%)
5 | Spirc-OMeTAD 21,9 1043 | 0,67 15,34
=7 2c 20,1 923 0,6 11,09
E \ \
T T T T T T T T T T T 1
0,0 0,2 0,4 0,6 0,8 1,0 1,2
Jtampa, V

4 pav. Geriausiai veikianéiy perovskitiniy saulés elementy, kuriuose junginiai 2c ir
spiro-OMeTAD naudojami kaip skyliy pernasos medziagos, charakteristikos

Didziausias energijos konversijos efektyvumas, siekiantis 11,09 %, naudojant
standartinj AM 1,5 G ap$vietimg buvo uzregistruotas jrenginyje, kuriame skyliy
pernasai naudojamas junginys 2c. ISmatuotas uzpildos faktorius (FF) buvo 0,6, srovés
tankis (Js¢) — 20,1 mA cm 2 ir atvirosios grandinés jtampa (Voc) — 923 mV (4 pav.).
Kita vertus, junginiai 2a ir 2b neveiké efektyviai bandomojoje saulés elementy
sistemoje dél perovskito ir HTM energijos lygmeny neatitikimo (3 pav.). Siy medziagy
I, (siekiantis apie —5,45 V) vir§ija suderinamumo su MAPbICls x (5,40 eV) ribg [137].

3. Skyles pernesantys TPD tipo junginiai, sujungti Triogerio bazés fragmentu
3.1. Nauju Triogerio bazés fragmenta turin¢iy junginiy sintezé

Nauji Triogerio bazés fragmentg turintys TPD junginiai 3f-3h buvo susintetinti
naudojant tarpinius bifenilo junginius 3a-3e (3 schema) ir vykdant Buchwaldo ir
Hartwigo prijungimo reakcija.

I§ pradziy bifenilo junginiai 3a—3b buvo gauti i§ 4,4'-dibromobifenilo ir
atitinkamo anilino, taikant Buchwaldo ir Hartwigo prijungimo reakcija. 3a, 3b ir jy
komerciskai prieinamas analogas N,N-difenilbenzidinas buvo naudojami paladziu
katalizuojamoje pruunglmo reakCUOJe su atitinkamais arilhalogenidais, siekiant gauti
junginius 3c—3e. Sie junginiai savo ruoztu reagavo su brominta Triogerio baze 1¢, taip
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gauti tiksliniai junginiai 3f-3h, turintys TPD fragmenty, sujungty Triogerio bazés
molekuliniu karkasu.

Pd(OAc S-Phos,
NaOt Bu, dioksanas, A
i :/< RZ 3a-3b (72-75 %)
3c-3e (38-45 %) Pd OAc S-Phos,
2 NaOt-Bu, dioksanas, A

Pd(OAG),, R, 3c, 3f: Ry=H, R,=OCHj,

[P(t-Bu)3HIBF,, \@ 3a, 3d, 3g: Ry=R,=CHj
NaOt-Bu, " 3b, 3e, 3h: R4=R,=0OCH;

toluenas, A Br

&Qﬁ?b@« N@é Q,

Rz

3f-3h (34-61 %)
R4 Rq
3 schema. Junginiy 3a—3h, turin¢iy TPD tipo fragmenty, sintezé
Atlikus junginiy 3f-3h tyrimus, paaiskéjo, kad perspektyviausias yra darinys
3h. Tyrimo rezultatai leido daryti prielaida, jog metoksigrupés, esan¢ios TPD
fragmenty galuose, suteikia junginiui palankiausias savybes. Todél buvo pasiiilytas
planas, kaip susintetinti molekules, turin¢ias du arba keturis metoksigrupiy turin¢ius

TPD fragmentus (per reakcijg su tarpiniu junginiu 3e), sujungtus per TB fragmenta
kita tvarka. Sis planas buvo jgyvendintas (4 schema).

Br (@)

R
N
Paraformaldehidas, 3e Q O \©\
TFA, -15-20 °C H
Sy T O
c N

Br HsC O

N R Pd(OAc),, O™ N Rz
b [P(t-Bu)3HIBF,, D
N NaOt-Bu, toluenas, A R N
R 2 N
| Bf L
.0 _CH
3j: Ry=Br N 3k: Ry=CH3 @ °

3k-31 (32-43 %) <> 3 R NN

HsC O O CHy

_CHj

0
H;C

4 schema. Junginiy 3i-3l sintezé
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Visy TB junginiy struktiira buvo negin¢ijamai patvirtinta 'H ir *C BMR
spektrais ir elementinés analizés metodu.

3.2. Terminés ir optinés savybés

Neplokscia TB struktiira ir atitinkamai orientuoti TPD tipo fragmentai, nukreipti
vienas | kita kampu, sudaro nesusiglaudziantj erdvinj tiirj, kuris trukdo kristalizacijos
procesams tiriamuose puslaidininkiuose. DSC matavimai parodé, kad visi tiriami
Triogerio bazés junginiai 3f-3h ir 3k-3l gali bati tik amorfinés basenos (5 lent.).

Siy junginiy termogravimetrinés analizés duomenys atskleidzia auksta skilimo
temperattirg (5 lent.). Visi serijos junginiai pasizymi puikiu terminiu stabilumu, visy
Jju skilimo temperatiira (atitinkanti 5 % svorio sumazéjima) virSija 400 °C. Tai leidzia
patvirtinti, kad Sie TB dariniai yra termiskai labai stabiliis ir tinkami naudoti
praktiskai.

Triogerio bazés dariniy 3f-3h ir 3k—-3l UV-Vis absorbcijos spektrai 10* M THF
tirpale ir emisijos spektrai, iSmatuoti i§ 10°® M THF tirpaly, yra apibendrinti
5 lentel¢je. TB junginys 3l turi dvigubg skaic¢iy TPD fragmenty, palyginti su kitomis
pamatuotomis molekulémis, ir tai suteikia jam beveik dvigubai didesnj nei kity
junginiy sugerties intensyvuma. Vis délto nepastebimas joks reikSmingas
batochrominis poslinkis — tai rodo, kad dvi gretimos TPD grupés kiekvienoje
Triogerio bazés fragmento puséje nesukuria vientisos konjuguotosios sistemos.
Greiciausiai tai lemia nepalankus fragmenty i$sidéstymas, pazeidZiantis konjugacija.

5 lentelé. Triogerio bazés junginiy, turinéiy TPD fragmenty, terminés ir optinés
savybés

Junginys (;I’ Cg) (-Edg) Jabs (NM)E | & (Imol-tecm™HPl | je (nm)ld Dk (%)

3f 167 454 304 66 391 413 445
354 86 250 '

39 177 451 305 63 454 419 46,8
356 77 413

3h 161 419 303 65804 424 52,1
355 86 485 '

3k 153 409 310 59 758 410 39,33
352 83 109 '
310 11 647

3l 166 420 354 15 466 435 37,26

[a] Absorbcijos maksimumai THF tirpale. [b] THF tirpalo absorbcijos molinis ekstinkcijos
koeficientas kreivés maksimumo padétyje. [c] Fluorescencijos maksimumas THF tirpale.
[d] Fluorescencijos kvantinis naSumas THF tirpale.
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5 pav. Junginiy 3f-3h ir 3k-3I absorbcijos spektrai 1:10* M THF tirpaluose
3.3. Fotoelektrinés savybés

Junginiy 3f-3h ir 3k-3l jonizacijos potencialas buvo iSmatuotas fotoelektrony
spektroskopijos ore metodu. Rezultatai pateikti 6 lenteléje. Darinys 3f turi keturias
nepakeistas fenilgrupes ir didziausig I, reikSme (5,31 eV), o metil- arba metoksigrupiy
pakaity prijungimas prie galiniy fenily mazina $ig verte: né vieno i§ visiskai pakeisty
junginiy I, nevirsija 5,25 eV. Tokia jonizacijos potencialo verté yra palanki junginiy
naudojimui saulés elementuose.

Junginiy 3f-3h ir 3k-3l redukcijos ir oksidacijos potencialai buvo iSmatuoti
ciklinés voltamperometrijos metodu (6 lent.). Gauti rezultatai koreliuoja su jonizacijos
potencialo matavimo duomenimis, gautais i§ pléveliy. Tai leidzia spresti apie ribota
molekuline sgveika esant kietajai basenai.

Susintetinty junginiy 3f-3h ir 3k-3l kriivininky pernasos savybés buvo istirtos
kserografiniu Iékio trukmés metodu (6 lent.). Geriausias skyliy dreifinis
judris (0,036 cm?V s stipriuose elektriniuose laukuose) buvo iSmatuotas plévelése
i§ metoksigrupiy turinio junginio 3h. Palyginti su kitomis mazos molekulinés masés
skyles pernesanc¢iomis medziagomis [143, 160, 165-167], susintetinti TB dariniai 3g
ir 3h pasizymi gana dideliu skyliy dreifiniu judriu, kuris atitinkamy metil- ir
metoksigrupiy turin¢iy TPD analogy, nesujungty TB karkasu, rezultatus virsija
daugiau nei $imtg karty [140, 188]. Taip pat pastebétas jdomus reiskinys — kriivininky
judris nesumazgja, nors jprastai tai jvyksta pakeitus metilgrupes metoksigrupémis.
Galima manyti, jog tai vyksta dél naudingos tarpmolekulinés metoksigrupiy saveikos,
taip pat pastebétos kituose trifenilamino junginiuose [189-191].

164



6 lentelé. Junginiy 3f-3h energijos lygmeny® ir skyliy judrio duomenys (palyginti
pateikiami ir spiro-OMeTAD duomenys)

Junginys E® | Enomo | Erumo Ip o h
eV | @ | eV | eVE | (em?visHfl | (cm?Vvishl
3f 3,16 5,24 2,08 5,31 4-10-8MM 410760
39 3,15 5,13 1,98 5,25 1,2:10* 0,004
3h 3,13 511 1,98 5,23 6-:10° 0,036
3k 3,05 5,13 2,08 5,19 -y -y
3l 3,01 5,19 2,18 5,24 1,1-10° 9,4-10*
Spiro- — - - 5,00 4,1-10° 5-104
OMeTAD

[a] CV matavimai atlikti su stiklo elektrodu dichlormetano tirpaluose, naudojant 0,1 M
tetrabutilamonio heksafluorfosfatg kaip elektrolita ir Ag/AgNOs3 kaip palyginamajj elektroda.
Kiekvienas matavimas buvo kalibruotas naudojant feroceng (Fc). Potencialai apskaiiuoti plg.
su Fc*/Fc. [b] Optinés draustinés juostos E¢%' apskaiiuotos i$ tirpaly absorbcijos spektry.
[c] Konversijos koeficientai: ferocenas DCM-SCE: 0,46 [162], SCE-SHE: 0,244 [163], SHE-
vakuumas: 4,43 [164]. [d] ELumo apskaiciuota pagal lygti ELumo = I — E¢”®. [e] Kietosios
biisenos junginiy jonizacijos potencialas (l,) buvo matuojamas fotoemisijos ore metodu i$
pléveliy. [f] Dreifinio judrio verté esant nuliniam lauko stipriui. [g] Judrio verté, kai lauko
stipris yra 6,4-:10% V cm2. [h] Junginio 3f judrio vertés buvo i¥matuotos i$ jo ir PC-Z miSinio
(1:1). [i] nepavyko gauti matavimams tinkamo sluoksnio.

10°F o aupcz ” p /im
il ¢ C“ /‘%N {) Kﬁ \“\”é )
v 3h SN A ,/\3
m 3 ’ .
10° ‘ \;N/}XK\ oI,
) oCHs - \
§104 \C/H, H\/
% 00,0 0o,
(S) CHs CH3 H3C c:H3
~10° Q HiCo @ heWen
3 HBCO OCH;,
N CHs
10° k e Sk
o 3IOC@© Qg
107 F e
0 g7 Py e
N 1 N 1 N 1 N 1 ©
N
0 200 e \A/l/%(r)n - 600 800 : @ \@&3

6 pav. Junginiy 3f-3h ir 3| krivininky judrio priklausomybé nuo elektrinio lauko. Junginio
3f duomenys gauti matuojant i$ jo ir PC-Z misinio (1:1)
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3.4. Perovskitiniy saulés elementy konstravimas

Atsizvelgiant | savybes atrinkti daugiausia zadantys susintetinti TB junginiai 3g
ir 3h buvo isbandyti perovskitiniuose saulés elementuose kaip organiniai
puslaidininkiai. Eksperimentai buvo atlikti naudojant jrenginius, sudarytus i$ fluorinto
alavo oksido (FTO), kompaktinio SnO., Ceo, perovskito, HTM ir Ag.

25
20_ AAAAAAAAAAAAAAAAAAAA
e —s— Spiro-OMeTAD
52-) 15 + sh HiCo oCHs
% - @ Hee NN CH, i@
£ 10 00,00 o0,
< i
g 5F HsC eH,
(@]
n Jse (MA cm®) [ Voo (MV) | FF | PCE (%)
0t [Spiro 23 953 |0,75| 161
3h 21 983 |0,72| 14,6
0,0 0,2 0,4 0,6 0,8 1,0
Jtampa (V)

7 pav. Geriausiai veikian¢iy perovskitiniy saulés elementy, kuriuose kaip skyliy pernasos
medziagos naudojami junginiai 3h ir spiro-OMeTAD, charakteristikos

Prietaisai su metoksigrupiy neturinéiu junginiu 3g pasizyméjo prastesnémis
savybémis, jy efektyvumas buvo iki 10 %. Efektyviausiuose perovskitiniuose
prietaisuose, kuriuose kaip skyliy pernasos medziaga naudotas junginys 3h, buvo
uzfiksuotas 14,6 % rezultatas (7 pav.).

Junginys 3l buvo i$bandytas kaip HTM optimizuotos architektiros perovskito
saulés elementuose, kuriuos sudaro FTO, TiO, blokuojantis sluoksnis, mezoporinis
TiO,, amorfinis SnO,, perovskitas, HTM ir Au. Juose kaip $viesa sugeriantis sluoksnis
buvo naudojamas misraus pel‘OVSkitO [(FAPb13)0,87(MAPbBrs)oyls]ovgz(CSPb|3)o,08
sluoksnis (8 pav.).

Prietaisai, kuriuose naudojamas junginys 3l, puikiai veiké, jy maksimalus galios
konversijos efektyvumas pasieké 17,91 %. Sis rezultatas yra gana artimas gautam
tiriant prietaisus su spiro-OMeTAD (geriausio naSumo jrenginyje pasieké 19,22 %
PCE).
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25 F
T
s 20
E
» 15
i~
s
= 10 © v |
(7] N. A
2 o \#
° 3 3 "A
&_) 5 HTM J., (mAcm?) Vo (MV) FF (%) PCE (%) \A
Vv 3| 23,04 1008 771 17,91 v\ \
A -Spiro 23,37 1045 787 1922 .
O ™ [ 1 ™ [ 1 ™ [ 1 ™ [ 1 ™ I\ \

0,0 0,2 0,4 0,6 0,8 1,0
Jtampa (V)

8 pav. Geriausiai veikian¢iy perovskitiniy saulés elementy, kuriuose kaip skyliy pernasos
medziagos naudojami junginiai 3l ir spiro-OMeTAD, charakteristikos

1,2

4. Skyles pernesantys puslaidininkiai, turintys Triogerio bazés fragmenty ir
Soninius enamino pakaitus

4.1. Naujy Triogerio bazés fragmenta turin¢iy junginiy sintezé

Nauji enamino pakaity turintys Triogerio bazés junginiai 4c—4e buvo susintetinti
per tarpinius junginius 4a—4b, taikant trijy pakopy sintezés metodika (5 schema).

NH
/dj/ e /é; = CH e /dj;
TFA. 20°C°
O c2 sOH, A

4a (80 %)

@ﬁf &,

b (76 %)

CSA, THF, A

/

4c R=H
4d R=CHj
4c-de (38-61 %) 4e R=0CH,

5 schema. Triogerio bazés junginiy 4a—4e sintezé

I§ pradziy reakcijos su paraformaldehidu metu 2-metil-4-nitroanilinas
ciklizavosi ir susidaré nitrogrupiy turintis Triogerio bazés junginys 4a. Sis junginys
per kita reakcija buvo redukuotas elementine gelezimi. Gautas aminogrupiy turintis
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TB junginys 4b. Junginiai 4c—4e buvo susintetinti i$ 4b, vykstant jo kondensacijai su
atitinkamu aldehidu (difenil-, di-p-tolil- arba di(4-metoksi)fenilacetaldehidu) THF
virimo temperattroje, katalizuojant kamparo-10-sulfonine ragstimi (CSA)
(5 schema). TB dariniy 4c—4e struktiira buvo patvirtinta *H ir 3C BMR spektrais ir
elementine analize.

4.2. Terminés ir optinés savybés

DSC matavimai parodé, kad junginiai 4c ir 4e turi kristaling ir amorfing biisenas:
Sildant buvo pastebimas kristaly lydymasis (7 lent.). Tiriant medziaga 4d, kaip ir visas
kitas medziagas, antrojo kaitinimo ir vésimo ciklo metu uzfiksuota tik stiklé¢jimo
temperatara, 0 kristalinimasis nebuvo fiksuojamas.

Termogravimetrinés analizés metodu gauti duomenys rodo dideli junginiy
terminj stabiluma (7 lent.).

7 lentelé. Triogerio bazés junginiy 4c—4e, turiniy enamino pakaity, terminés ir
optinés (palyginti pateikti darinio 4b duomenys) savybés

Junginys | To°CIE | To CIP! | Taee [PCTT | Anac® [nm]©@ [ & [MTem 7]
4b 220; 252 25990;13 834
4c 363 167 399 341 529 280
4d - 135 315 342 54 850
4e 229 176 396 261; 343 69 145; 55 918

[a] Nustatyta pagal DSC: kaitinimo greitis 10 K/min; N, atmosfera; antrasis ciklas.
[b] Lydymosi temperatira fiksuota tik per pirmajj kaitinimag; junginys sustikléjo vésdamas iki
kambario temperatiiros 10 K/min grei¢iu. [¢] Skilimo riba, nustatoma pagal TGA: kaitinimo
greitis 10 K/min; N, atmosfera. [d] UV-Vis spektrai buvo i§matuoti i§ 10 M THF tirpaly.

Junginiy 4c—4e UV-Vis absorbcijos spektrai, iSmatuoti tetrahidrofurano
tirpaluose (c = 10 mol/l, d = 1 mm) (7 lent.), rodo didZiulius batochrominius ir
hiperchrominius poslinkius, palyginti su pradiniu diamino junginiu 4b. Absorbcija
240-290 nm intervale ir jos maksimuma esant 261 nm, matomus junginio 4e spektre,
galéjo lemti n-¢* elektrony peréjimais prie deguonies atomo metoksipakaituose.

4.3. Fotoelektrinés savybés

Junginiy 4c—4e jonizacijos potencialas buvo iSmatuotas fotoelektrony
spektroskopijos ore metodu (8 lent.). Junginys 4e turi maziausig I, (5,25 V) ir todél
yra perspektyvus naudoti saulés elementuose: jonizacijos potencialas leidZia jj derinti
su daugeliu Sioje srityje naudojamy $viesg sugerian¢iy medziagy.

Junginiy 4c—4e krivininky pernasos savybés buvo tiriamos kserografiniu lékio
trukmés metodu. Judrio parametry vertés pateiktos 8 lenteléje. Gautos prastos
kokybés 4c ir 4d grynyjy medziagy plévelés, todél, siekiant gauti tolygius sluoksnius,
buvo naudojamas ir miSinys su polikarbonatu (PC-Z) masés santykiu 1:1. Nepaisant
to, 4c sluoksnio kokybé vis tiek buvo nepakankama krivininky judriui jvertinti.
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8 lentelé. Junginiy 4c—4e energijos lygmeny® ir kriivininky judrio duomenys

4c 280 | 4,98 | 218 | 554 _n ]
4d 280 | 484 | 204 | 544 | 41001 | 1510501 ~103M. 0]
de 280 | 487 | 207 | 525 | 2,1-10% 3,35-10%

[a] CV matavimai atlikti su stiklo elektrodu dichlormetano tirpaluose, naudojant 0,1 M
tetrabutilamonio heksafluorfosfatg kaip elektrolita ir Ag/AgNOs3 kaip palyginamajj elektroda.
Kiekvienas matavimas buvo kalibruotas naudojant feroceng (Fc). Potencialai apskai¢iuoti plg.
su Fc*/Fc. [b] Optinés draustinés juostos E¢%' apskaiiuotos i§ tirpaly absorbcijos spektry.
[c] Konversijos koeficientai: ferocenas DCM-SCE: 0,46 [162], SCE-SHE: 0,244 [163],
SHE-vakuumas: 4,43 [164]. [d] Eiumo apskai¢iuota pagal lygti Erumo = lp— E%.
[e] Kietosios buisenos junginiy jonizacijos potencialas (Ip) buvo matuojamas fotoemisijos ore
metodu i§ pléveliy. [f] Dreifinio judrio verté esant nuliniam lauko stipriui. [g] Judrio verté, kai
lauko stipris yra 6,4:10° V cm™. [h] Nepavyko gauti matavimams tinkamo sluoksnio.
[i] Junginio 4d judrio vertés buvo iSmatuotos i$ jo ir PC-Z miSinio (1:1). [j] Rezultatai gauti
taikant tik integravimo metoda.

4.4. Junginiy iShandymas perovskitiniuose saulés elementuose

25
20
E
=
§,15 -
ﬁ —w—4e
g —A— Spiro-OMeTAD
“;" 10 k —/— 4e be priedy
-g —/— Spiro-OMeTAD be priedy
<)
= J
(7] HTM s 0 9
(mAVCrT?) Voo (MV) |[FF (%) |PCE (%)
5k Su priedais 4e 23,31 1042 76,7 18,62
P spiro| 23,37 1045 78,7 19,22
Be pried 4e | 23,05 984 62,7 | 14,23
Predt [opiro| 21,73 | 795 | 51,7 | 8,92
O 1L 1L 1L 1L
0,0 0,2 0,4 0,6 0,8 1,0

Jtampa (V)

9 pav. Geriausiai veikian¢iy perovskitiniy saulés elementy, kuriuose kaip skyliy pernasos
medziagos naudojami junginiai 4e ir spiro-OMeTAD, charakteristikos

Visi trys junginiai 4c—4e buvo isbandyti kaip HTM optimizuotos architekttiros
perovskito saulés elementuose, kuriuos sudaro FTO, TiO, blokuojantis sluoksnis,
mezoporinis TiOz, amorfinis SnO,, perovskitas, HTM, Au. Kaip $viesg sugeriantis
sluoksnis buvo naudojamas miSraus [(FAPbIs)os7(MAPbBI3)013]0,92(CsPbls)o0s
perovskito sluoksnis (9 pav.). Kaip tikétasi, jrenginiai su junginiu 4e buvo geriausi i$
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trijy, ju energijos konversijos efektyvumas sieké 18,62 %. Pazymétina, kad, tiriant
priedy neturin¢ios kompozicijos perovskitinius saulés elementus, jrenginiy Su
junginiais 4c ir 4e rezultatai buvo geresni nei jrenginiy su spiro-OMeTAD. Sie
jrenginiai taip pat generavo didesng¢ trumpojo jungimo srove (Js) ir uzpildos
faktoriy (FF).

Efektyviausiy PSC su 4e ir spiro-OMeTAD stabilumo tyrimas parodé, kad
jrenginiai su 4e po 700 valandy i$laiké >90 % pradinio efektyvumo, o jrenginiy Su
spiro-OMeTAD efektyvumas sumazéjo iki 65 %.

5. Triogerio bazés karkasa turintys dazikliai jjautrintiems saulés elementams

Tarp tobuléjanéiy fotovoltiniy technologijy kaip vienos perspektyviausiy
energijos gavimo jrenginiy minimos dazikliais jjautrintos saulés celés (DSSC), kurios
sulaukia nemazai démesio dar nuo Ru pagrindu veikianéiy fotojautrikliy
iSradimo [200, 201]. Ispudingas 12,5 % celiy efektyvumas, pasiektas su nauju
bemetaliu alkoksisililkarbazolo dazikliu ADEKA-1, parodé, kad bemetaliai dazikliai
gali buti perspektyviis kaip celiy jautrikliai norint pagaminti didelio nasumo
DSSC [207]. [jautrinamyjy dazikliy kiirimas yra vienas i$ svarbiausiy btidy padidinti
DSSC fotovoltiniy prietaisy efektyvuma ir ilgaamziskuma.

Pastebéta, kad dauguma jautrikliy turi donoro-z-akceptoriaus (D-z-A)
struktiiras, kurios leidzia pasiekti efektyvy Sviesos indukuojamg intramolekulinj
kravio perdavimag molekuléje [208-210]. Vis délto vienos 1D-z-1A sistemos daziklis
daznai turi strypo formos struktiira, kuri gali sukelti nepageidaujama daziklio
agregacijg ir kriivio rekombinacijg [211]. Dazikliai, turintys dvi ar keletg inkariniy
grupiy, turi unikaly pranasumg, leidZiantj stipriau prisikabinti prie TiO; pavirSiaus,
taip pat pasizymi $viesos absorbcijos poslinkiu j raudongja spektro puse, efektyviu
kravininky perdavimu [204, 213] ir fotosrovés generavimu [204, 214]. Vis délto buvo
pastebéta, kad jei D-(z-A); architektiiros daziklio molekulé yra strypo formos, tai gali
sukelti nepageidaujamg dazikliy agregacija, vykstanciag dél karboksirtigsciy
fragmenty, neprisitvirtinusiy prie TiO, pavirsiaus [217]. Sia problema galima ispresti
suprojektavus molekule su kampo formos molekuliniu karkasu, neleidzian¢iu jgauti
nepageidaujamos formos.

Sis skyrius skirtas bemetaliy dazikliy 5A-5C (10 pav.), turindiy Triogerio bazés
karkasa su trifenilamino donorinémis grupémis ir akceptorines ,,inkaro* funkcija
atliekancias rodanino-3-acto raigsties grupes, sintezei ir jy savybiy tyrimui. Siekta
istirti iy junginiy dvigubojo prisikabinimo prie TiO2 substrato galimybes.
Palyginimui buvo susintetinti dazikliy analogai 5D-5F, turintys vieng inkaring grupg.
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10 pav. Susintetinty ir istirty dazikliy 5A-5F molekulinés formulés

5.1. Naujuy Triogerio bazés karkasg turinciy dazikliy sintezé

BusP*
3 /\Q HO
m @w <
. NaH 60 %, Benzenas,
THF, 20 °C; n\p kat,80°C n=1,5c (80 %)
2.10 % HCI (aq), 20 °C

= o,
n=1,5a (92 %) n=2,5d (64 %)
n=2,5b (73 %)

Pd(OAc),,
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NaOt-Bu,
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NH,
A
@/\@ OﬁL
Br Br \©\ wo
- n
Y Pd(OAc),, N
o

[P(t-Bu)3HIBF,, 4

= 0,
< o) " n=0,5h (76 %) NaOt-Bu, toluenas, A n B (1)’ g? (78(?‘)/&)
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" ; n =2, 5g (69 %)
n =2, 5 (45 %)
THF,
10 % HCI (aq), A
40 °C N\ N
N N
y N
@ ﬁ ne
\QN N’Q HOOCJ n=0,5A (34 %)
AcONHy, toluenas, A 7 N n=1, 5B (96 %)
, N=2,5C (76 %)
S 7 " N\ S
N n =0, 5k (46 %) o= s
/n . n=1,5(78 %) /r,u o o Nk
& o n=2,5m (70 %) HOOGC cooH

6 schema. Dvi inkarines grupes turin¢iy dazikliy su TB karkasu 5A-5C sintezé
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Naujy bemetaliy dazikliy 5A-5C, turin¢iy Triogerio bazés karkasg, sintezé
atlikta pagal SeSiy pakopy metodika (6 schema). I pradziy buvo atlikta Hornerio ir
Wittigo kondensacija ir taip padidinta polivinilo grandiné (nuo n = 0 iki n= 2).
Atliekant paladzio katalizuojama kryzming reakcija tarp uzblokuoty aldehidy 5c, 5d
ir 3,4-dimetilanilino gauti produktai su 70-80 % iseiga. Gautieji difenilaminai 5e, 5f
ir 59 dalyvavo reakcijoje su bromintu Triogerio bazés dariniu 1¢, naudojant
paladzio(II) acetata, tri-tret-butilfosfonio tetrafluorboratg ir natrio tret-butoksida. Taip
gauti TB karkasg turintys tarpiniai produktai 5h, 5i ir 5j. Pasalinus apsauging grupe,
gauti dialdehidai 5k-5m. Juos kondensuojant su rodanino-3-acto riigStimi gauti
tiksliniai dazikliai 5A, 5B ir 5C.

Palyginimui analogiskai buvo susintetinti dazikliai 5D, 5E ir 5F, turintys vieng
inkaring grupe¢. 1§ pradziy pagal zinoma metodika buvo susintetintas pirmtakas
5n [220]. Kitame etape buvo gautas difenilaminas, turintis apsaugota aldehido grupe.
Jis buvo sujungtas su 3-jodtoluenu, pasitelkiant paladziu katalizuojamg Buchwaldo ir
Hartwigo C-N prijungimo reakcija. Taip gautas aldehidas 50. Sis aldehidas
kondensuotas Knoevenagelio metodu su rodanino-3-acto riigstimi ledinéje acto
rugstyje ir gautas daziklis 5D. Atitinkamai i§ aldehido 50 Hornerio ir Wittigo
kondensacijos su tributil(1,3-dioksolan-2-ilmetil)fosfonio bromidu metu pavyko gauti
aldehida 5d su 78 % iseiga. Papildomas vinilinimas ir véliau vykdyta Knoevenagelio
kondensacija leido gauti daziklius 5E ir 5F (7 schema).

*x@@ o Lo v o

Pd(OAc),, SPhos, H,0, 1. THF NaH 60 %, 20 °C n=1, Sp 78 %
NaOt-Bu, dloksanas A o, 2- 10 % HCl (aq), 20 °C n =2, 5r (84 %)
e (80 %) 2.10 % HCl (aq), 40 °C 50 (55 %) °
); = ACONH,, ); —s ACcONH,,
Pd(OAc),, SPhos, toluenas/AcOH, A toluenas/AcOH, A
H,0, NaOt-Bu, COOH COOH
dioksanas, A
[¢] [¢]
o]
X
O LT e
0o N S« COOH N n S« COOH
NH; 5n S s
5D (43 %) n=1,5E (71 %)

n =2, 5F (54 %)
7 schema. Dazikliy 5D-5F, turin¢iy vieng inkaring grupe, sintezé

TB dazikliy struktiira buvo patvirtinta *H ir *C BMR spektroskopija, IR
spektrais ir elementine analize.

5.2. Optinés savybés

Norint suzinoti, kokia jtaka polimetiny grandiniy skaicius ir jy grandinés ilgis
turi tiriamy dazikliy optinéms savybéms, buvo atlikti UV-Vis tyrimai su dvi inkarines
grupes turinciais dazikliais SA-5C ir jy monoakceptoriniais analogais 5D-3F.
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11 pav. Dazikliy 5A-5F 10* M DMSO tirpaluose absorbcijos spektrai

Kaip matoma i§ 11 pav., ir diinkariniy organiniy dazikliy 5A-5C, turin¢iy TB
karkasa, ir monoinkariniy dazikliy SD-5F absorbcijos spektrai rodo dvi absorbcijos
juostas, atitinkamai mazdaug 270-350 nm ir 400-670 nm intervale. Intensyvios
absorbcijos juostos regimosios Sviesos intervale gali biiti priskirtos intramolekuliniam
krivio perdavimui tarp trifenilamino donorinio ir akceptorinio rodanino-3-acto
rigsties fragmenty esant suzadintajai basenai. Lyginant diinkariniy dazikliy 5SA-5C
ir jy monoinkariniy analogy SD-5F optines savybes aiskiai matomi du efektai. Pirma,
TB karkaso pagrindu pagaminti organiniai dazikliai, iSskyrus 5B, turi mazdaug du
kartus didesnius ekstinkcijos koeficientus (11 pav.), palyginti su monoinkariniais
dazikliais. Antra, tik nereikSmingas, jei apskritai egzistuojantis, batochrominis
poslinkis, pastebimas tarp diinkariniy dazikliy, palyginti su monoinkariniais, rodo,
kad tarp dviejy chromofory, esan¢iy diinkariniuose dazikliuose, néra struktiirinés
nesuzadintosios bisenos sgveikos. Tac¢iau dazikliy 5B ir 5C intramolekulinio krtivio
perdavimo absorbcijos juostas lyginant su dazikliy 5E ir 5F juostomis aiskiai matoma
Si sgveika. Tikriausiai taip yra dél polimetiny grandiniy prailginimo, kuris suteikia
Sioms dalims lankstumag ir tokiu btidu leidzia atsirasti tiesioginei sgveikai tarp dviejy
inkariniy grupiy TB karkasg turin¢iuose dazikliuose.

5.3. Fotoelektrinés savybés

Siekiant termodinamiskai jvertinti galimus elektrony perdavimo i§ suzadinto
daziklio molekulés j TiO. procesus, atlikti ciklinés voltamperometrijos (CV)
matavimai (9 lent.). Dazikliy LUMO energijos lygmenys virsija TiO2 (-4 eV) [159,
221] laidumo juostos ribg. Tai uztikrina palankig elektrony pernasa i$ suzadintosios
busenos daziklio j puslaidininkio laidumo juostg. Akivaizdus visy dazikliy HOMO
lygmeny didesnis neigiamumas, palyginti su jodido ar trijodido potencialu (4,97 eV;
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—0,54V plg. su SHE) [222]. Vadinasi, termodinaminé varomoji jéga oksiduoty
dazikliy regeneracijai yra pakankama.

9 lentelé. Fotoelektrinés dazikliy savybés

Daziklis | Eoo (V) E(go\p/t)f['? (EeF{‘/’)“?g (EeL\Ll’;A[g I, (V) | EA (eV)
5A 235 2,07 5,62 336 | 548 | 341
5B 223 1,80 5,58 376 | 554 | —3.74
5C 1,08 168 5,51 365 | 545 | 377
5D 238 2,07 5,70 327 | 543 | 336
5E 2,22 184 5,64 342 | 538 | 354
5F 2,03 173 5,59 347 | 545 | 372

CV matavimai atlikti su stiklo elektrodu dichlormetano tirpaluose, naudojant 0,1 M
tetrabutilamonio heksafluorfosfatg kaip elektrolita ir Ag/AgNOs3 kaip palyginamajj elektroda.
Kiekvienas matavimas buvo kalibruotas naudojant feroceng (Fc). Potencialai apskai¢iuoti plg.
su Fc*/Fc. Konversijos koeficientai: ferocenas DCM-SCE: 0,46 [162], SCE-SHE: 0,244 [163],
SHE-vakuumas: 4,43 [164]. [a] ELumo apskaiciuota pagal lygtj ELumo = lp — E¢°P '™, [b]
Eo-o = 1240/X sankirta. [¢] Optinés draustinés juostos (Eq°P™) apskaiiuotos i§ elektroninés
absorbcijos spektry plonose plévelése. [d] Kietosios busenos junginiy jonizacijos potencialas
(Ip) buvo matuojamas fotoemisijos ore metodu i$ pléveliy. [e] Elektrony giminingumas (EA)
apskai¢iuotas pagal lygtj EA = 1, E,%P+IM,

Jonizacijos potencialas (Ip) buvo iSmatuotas elektrony fotoemisijos ore metodu.
Rezultatai pateikti 9 lentel¢je. ISmatuotos I, vertés yra Siek tiek mazesnés uz HOMO
lygmenis, nustatytus CV eksperimentais. Skirtumus galéjo lemti skirtingi matavimo
metodai ir sglygos (taikant CV metoda naudojami tirpalai, o fotoemisijos metodg —
Kietosios buisenos plévelés).

5.4. Kvantinés chemijos skai¢iavimai
Buvo atlikti TB fragmenta turiniy diinkariniy dazikliy kompiuterinio
skai¢iavimo tyrimai. Itirti abu galimi TB daziklio asocijuotos ,,uzdaros® ir ,,atviros* —
neasocijuotos formos rotamerai (12 pav.).
YA S A s

X HoooANJ<S NN S>LN/\COOH
\QN@/\@N /@\/ o)\<\\©\ @/ \Q /Oﬁo

) A 4

COOH HooC 5A uzdara" 5A atvira"

12 pav. Galimi TB daziklio 5A geometriniai rotamerai: ,,uZdara“ ir ,,atvira“ forma
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Siy junginiy molekulinés struktiiros buvo optimizuotos B3LYP/def2-SVP
metodu. Stabilesnés (,,uzdaros*) formos rodanino Ziedas yra Siek tiek pasisukes
fenilgrupés, esancios trifenilamine, atzvilgiu ir tai rodo, kad tarp karboksirtigs¢iy
fragmenty gali bati vandenilio rySiy. Tai gali kliudyti veiksmingai abiejy inkaravimo
grupiy saveikai su TiO,. Optimizuoty ,,uzdaros® ir ,,atviros® formy rotamery, tarp
kuriy energijos skirtumas yra 14,9-16,4 kcal/mol, struktiiros ir elektrony orbitalés
pateiktos 10 lenteléje.

10 lentelé. Dvigubojo daziklio SA optimizuotos struktiiros ir elektrony orbitalés
Daziklis HOMO LUMO

5A
,,uzdara“

5A
atvira“

HOMO ir LUMO orbitaliy i§sidéstymas pateiktas 10 lentel¢je. Pastebima, kad
HOMO orbitalés yra pasklidusios per visa molekule, Siek tiek pasislinkusios

trifenilamino fragmenty link. LUMO orbitalés yra pasislinkusios rodanino fragmento
link. Tai rodo dalinj HOMO ir LUMO kraivininky pernasos pobudj.

5.5. Dazikliais jjautrinti saulés elementai

Tiriamy dazikliy (5A-5F) fotovoltinis efektyvumas buvo jvertintas DSSC,
naudojant jodido-trijodido elektrolitg, 0 gauti fotovoltiniai parametrai apibendrinti
11 lentel¢je. Saulés celés, pagamintos naudojant daziklj 5C ir jo monoinkarinj analogg
5F, turin¢ius ilgiausias polietino grandines, pasizyméjo platesne celés efektyvios
sugerties juosta (400-700 nm), bet maZesnémis sugerties vertémis (apie 7 %),
palyginti su kitais dazikliais (400—600 nm; 12—40 %), ir i$ to kylan¢iomis mazesnémis
trumpojo jungimo sroves (Jsc) vertémis (1,44 ir 1,12 mA/cm?). Saulés celiy, pagaminty
su diinkariniais dazikliais, i$skyrus 5C, V. vertés buvo Siek tiek mazesnes nei ty,
kurioms naudoti monoinkariniai dazikliai. ISanalizavus gautas optines savybes,
galima daryti prielaida, kad geriausi rezultatai buvo gauti naudojant daziklj 5D:
uzfiksuotas bendrasis konversijos efektyvumas (7), siekiantis 2,36 % (Jsc =
5,42 mA cm=2, Vo= 582 mV, FF = 0,75). Jdomu tai, kad dazikliuose 5A ir 5B
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esancios papildomos akceptoriaus grupés neturéjo teigiamo poveikio prietaiso
veikimui.

11 lentelé. Skirtingais dazikliais jjautrinty saulés elementy parametrai esant
100 mW-cm2 AM1,5 G apSvietimui

Dazikliai Voc (MV) Jsc (MA/cm?) FF (%) n (%)
5A 548+3 4,30+0,06 75,9+1,7 1,79+0,05
5B 468+6 1,99+0,11 73,1+0,9 0,68+0,04
5C 460+0 1,44+0,04 74,9+0,2 0,50+0,02
5D 58243 5,42+0,15 75,315 2,36+0,05
5E 48243 2,524+0,13 75,2+0,7 0,91+0,06
SF 448+3 1,12+0,10 72,1+0,3 0,36+0,03
D35 775+10 11,17+0,05 73,5+1,2 6,35+0,03

N719 740+0 13,30+0,36 72,9+1,1 7,17+0,07

Apibendrinant §j skyriy galima konstatuoti, kad prailgintos polietino grandinés
pasizymi lankstumu ir leidzia sgveikauti dviem chromoforams, o tai skatina Siy
Triogerio bazés dazikliy agregacija ir mazina jy efektyvuma saulés elementuose.

6. Patobulinti TB karkasg turintys dazikliai jjautrintiems saulés elementams

Siekiant pagerinti anksc¢iau iStirty dazikliy molekulinj dizaing, iSvengiant
lanks¢ios polietino grandinés trikumy ir dél jo kylanéio akceptoriniy grupiy
sukibimo, reikia rasti alternatyvy konjuguotajj jungiamajj fragmentg. TokS
fragmentas turi biiti standus, kad i$spresty lankstumo problema ir galbtit suteikty tam
tikrg strukttrinj tarj, taip sukurdamas erdvines kliditis ir apribodamas akceptoriniy
grupiy galimybe pasiekti vienai kita. Sios struktiirinés modifikacijos turéty padéti
iSspresti agregaty susidarymo problemg ir kartu uztikrinty dviejy inkariniy grupiy
teikiamus privalumus, geresnj prisikabinimg prie titano dioksido sluoksnio ir galimai
didesnj elektrony perdavimo efektyvumg. Jungiamaisiais fragmentais galéty bati
tiofeno junginiai, pasizymintys standumu ir naudingomis molekulinémis savybémis,
suteikiamomis diinkariniams dazikliams. Jie pranoksta jprasta fenilgrupe arba kai
kuriuos kitus jungiamuosius fragmentus [226]. Sudétingesnis jungiamojo darinio
variantas galéty buti fenilhidrazono fragmentas, suteikiantis ilgesng konjuguotaja
sistema ir papildomg strukttrinj turj.

Siame skyriuje aprasoma naujy patobulintos struktiiros A-z-D-z-A ir D-z-A tipo
dazikliy sintezé ir tyrimas, papildantis dvigubyjy dazikliy tema.

6.1. Triogerio bazés karkasg ir tiofeno ar hidrazono fragmentg turinciy
dazikliy sintezé

Abu tiofeno tarpinius fragmentus turintys junginiai, diinkarinis daziklis 6f ir jo
analogas 6i, buvo susintetinti pagal $esiy reakcijos pakopy metodika (8 schema).
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8 schema. Dazikliy su triofeno jungiamuoju fragmentu sintezé

Abiejy junginiy sintezé prasideda sintetinant tuos pacius tarpinius junginius 6a—
6¢c. Jie véliau prijungiami prie skirtingy aromatiniy sistemy ir toliau naudojami
atitinkamo daziklio sintezei. I§ pradZiy junginys 6a buvo gautas i§ 3,4-dimetil-N-
fenilanilino brominimo reakcijoje su N-bromsukcinimidu. Sis junginys reagavo su (5-
formiltiofen-2-il)boronine rtigstimi pagal Suzukio prijungimo metodika, taip gautas
aldehidas 6b. Jis buvo toliau modifikuojamas blokuojant aktyviaja grupe
p-toluensulfonine ragstimi katalizuojama reakcija su 2,2-dimetil-1,3-propandioliu.
Gautas produktas 6¢ su 68 % iseiga. Difenilamino darinys 6¢ reagavo su bromintu
Triogerio bazés junginiu 1" arba su 3-jodtoluenu, dalyvaujant paladzio (I) acetatui,
tri-tret-butilfosfonio tetrafluorboratui ir natrio tret-butoksidui. Taip gauti tarpiniai
produktai 6d ir 6g. Pasalinus apsaugine grupe, gauti aldehidai 6e ir 6h. Jie buvo
kondensuoti su rodanino-3-acto rtgstimi. Taip susidaré TB karkasas ir tiofeniniai
jungiamuosius fragmentus turintys dazikliai 6f ir 6i.

Jautrikliai, turintys fenilhidrazono jungiamuosius fragmentus, buvo susintetinti
modifikuojant jau istirtus aldehidus 5K ir 50 (9 schema). Jy reakcija su fenilhidrazinu
leido gauti fenilhidrazonus 6j ir 6n. Sie junginiai buvo naudojami arilinimo reakcijose
su 5n (2-(4-bromfenil)-5,5-dimetil-1,3-dioksanu). Taip susintetinti hidrazonai su
apsaugotomis aldehido funkcinémis grupémis, atitinkamai 6K ir 60. PaSalinus
apsaugines grupes, buvo gauti aldehido junginiai 6l ir 6p. Galiausiai vykstant aldehidy
6d ir 6p kondensacijai su rodanino-3-acto riigstimi gauti tiksliniai dazikliai 6m ir 6r.
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9 schema. Dazikliy su fenilhidrazono jungiamuoju fragmentu sintezé

TB dazikliy 6f, 6i, 6m ir 6r struktira buvo patvirtinta *H ir *C BMR
spektroskopija ir elementinés analizés metodu.

6.2. Optinés savybés

Norint istirti ir jvertinti tiofeno ir hidrazono fragmenty, jterpty j molekuling
struktiira, poveikj ir naujy dazikliy optines savybes, buvo atlikti diinkariniy daZzikliy
6f ir 6m bei jy monoinkariniy analogy 6i ir 6r UV-Vis absorbcijos
matavimai (13 pav.).

Kaip matoma 13 pav., abiejy diinkariniy TB karkasg turin¢iy organiniy dazikliy
6f bei 6m ir monoinkariniy dazikliy 6i bei 6r absorbcijos spektrai rodo dvi skirtingas
absorbcijos juostas, atitinkamai mazdaug 270-340 nm ir 400—650 nm intervaluose.
UV zonos juostos rodo didesng¢ absorbcijg ilgesniy bangy puséje, atitinkancia
konjuguotosios sistemos 7—z* elektrony peréjimus.
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13 pav. Dazikliy 6f, 6i, 6m ir 6r 10 M DMSO tirpaluose sugerties spektrai

Idomu tai, kad jautriklis 6m ir jam giminingas monoinkarinis junginys 6r turi
silpng, bet aiSkig papildomg absorbcijos juostg ties mazdaug 385 nm, greifiausiai
priklausancig fenilhidrazono fragmentui, esanciam Siuose dazikliuose. Intensyvios
absorbcijos juostos regimosios $viesos intervale gali biiti priskirtos intramolekuliniam
kriivio perdavimui tarp trifenilamino donoro ir elektronus priimancio rodanino-3-acto
rugsties fragmento esant suzadintajai busenai. 1§ dazikliy 6f, 6i, 6m ir 6r absorbcijos
spektry aiskiai matyti, kad tiofeno jungiamajj fragmenta turintys junginiai pasizymi
labiau j raudonaja spektro dalj nutolusia Sviesos sugertimi, besiskiriancia 18 ir 30 nm
(atitinkamai di- ir monodazikliuose), palyginti su fenilhidrazono dazikliais. Vis délto
lyginant dazikliy 6f ir 6i absorbcijos juostas aiskiai matyti, kad egzistuoja sugerties
maksimumo poslinkis, lygus 12 nm, leidziantis spresti apie galimg dviejy chromofory
sgveikg Siame diinkariniame daziklyje. IS to galima daryti iSvada, kad tiofeno
jungiamasis vienetas neapsaugo nuo dviejy molekulés akceptoriy nepageidaujamos
tarpusavio sgveikos. Toks poslinkis nebuvo pastebétas tarp daziklio 6m ir jo
monoanalogo 6r. Tai rodo, kad fenilhidrazono intarpas suteikia norimas savybes ir
trukdo saveikai tarp dviejy chromofory Siame daziklyje. Galima konstatuoti, kad Sie
Triogerio bazés junginiai yra tinkami naudoti kaip dazikliai jjautrintiems saulés
elementams.

7. Spinduoliai, turintys tetrafeniletenilo fragmenty ir Triogerio bazés karkasa
7.1. Naujy Triogerio bazés fragmenta turinciy spinduoliy sintezé

Nauji Triogerio bazés junginiai, turintys tetrafeniletenilo (TPE) fragmenty,
buvo susintetinti pasitelkiant Suzukio ir Miyauros arba Buchwaldo ir Hartwigo
prijungimo reakcijas.
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Xphos NaOt Bu,

O O 7a (64 %)

10 schema. Junginio 7a sintezé

HN

Junginys 7a, kaip struktariskai artimiausias anks¢iau istirtam junginiui 2b, buvo
susintetintas i§ aminogrupiy turin¢io TB darinio 4b, $iam reaguojant su bromintu TPE
Buchwaldo ir Hartwigo prijungimo reakcijos salygomis (10 schema).

7b (84 %)
oH c (68 %) O O
B.
NW “OH B, /
HO. N __ Pd(PPhy), o O 7 O
i cho3 (H;0) O
OH THF, 70°C
n-BuLi|B(OH)s
-78 °C| THF

Br
ﬁ?@ ?3
N
Br
d (43 %) : I:
n-BuLi, BOH); o Pd PPhg)
78 °C THF KzCOa Hzo)

THF, 70 °C

11 schema. Junginiy 7b—7e sintezé

Junginiai 7c ir 7e, turintys du TPE fragmentus, tiesiogiai sujungtus su Triogerio
bazés karkasu, buvo susintetinti i$ boroning grupe turin¢iy TB junginiy 7b ir 7d, Siems
reaguojant pagal Suzukio ir Miyauros prijungimo metodika su 1-(4-bromfenil)-1,2,2-
trifeniletenilu (11 schema).

Keturis TPE pakaitus turintis junginys 7g buvo susintetintas per tarpinj boroning
grupe turintj TPE darinj 7f. Sis vykdant Suzukio ir Miyauros prijungimo reakcija
prijungtas prie bromu pakeisto TB karkaso 3j (12 schema).
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12 schema. Junginiy 7f-7g sintezé

Naujy Triogerio bazés dariniy struktiira buvo patvirtinta *H ir **C BMR
spektrais ir elementinés analizés metodu.

7.2. Terminés ir optinés savybés

Junginiy 7a, 7c, 7e ir 79 DSC matavimai parodé, kad tiriami TB dariniai 7c ir
79 yra amorfiniai, 0 junginiai 7a ir 7e gali bati tiek kristalinés, tieck amorfinés
biisenos (12 lent.). Junginio 7a antrojo kaitinimo (auSinimo) ciklo metu kristalizacija
nevyksta ir registruojama tik stikléjimo temperatira (Tg).

Junginiy 7a, 7c, 7e ir 7g termogravimetriné analizé parodé aukstg skilimo
temperattrg (12 lent.). Apskritai visi $ios serijos junginiai pasizymi puikiu terminiu
stabilumu — jy skilimo temperatira vir§ija 400 °C. Tai leidzia patvirtinti, kad Siy
junginiy terminis stabilumas nebus jy praktinj pritaikyma optoelektroniniuose
jrenginiuose ribojantis veiksnys.

Buvo iSmatuoti Triogerio bazés dariniy 7a, 7c, 7e ir 7g UV-Vis absorbcijos
spektrai THF tirpale (14 pav.) bei emisijos spektrai i§ THF tirpaly ir grynosios
medziagos pléveliy (15 pav., 12 lent.).

12 lentelé. TB dariniy terminés ir optinés savybeés

Tm To Taec | Ama®s THEF tirpalas Medziagos plévelé

Jung. e [M~lcm™]

[°cl eIy fnm] @ 7 (Nm)E | @ (9%6) | 45 (nm)El | o (%)

7a |229W1| 187 | 455 | 304;368 (73 518;52599| 511 0,03 526 4,2

7c - 170 | 430 327 46 275 507 0,06 497 27,84
7e | 338 | 325 | 413 322 36 693 509 0,07 494 17,05
79 — 208 | 459 327 81514 507 0,19 500 22,15

[a] Lydymosi temperatiira uzfiksuota tik pirmojo kaitinimo metu; 10 K/min. [b] Nustatyta
pagal DSC: kaitinimo greitis 10 K/min; N2 atmosfera. [c] Skilimo pradzia (5 % masés
nuostolis) nustatoma TGA: Kkaitinimo greitis, 10 K/min; N, atmosfera. [d] UV-Vis spektrai
buvo uzradyti i§ 10* M THF tirpalo. [e] Fluorescencijos maksimumai THF tirpale, grynosios
medziagos pléveléje. [f] Fluorescencijos kvantiné iseiga THF tirpale, grynojoje pléveléje.
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14 pav. Junginiy 74, 7c, 7e ir 7g UV-Vis spektrai THF tirpaluose (c = 10 M)

UV-Vis absorbcijos spektrai rodo, kad junginio 7a spektre yra du absorbcijos
maksimumai, turintys didziausias reik§mes esant 304 nm ir 368 nm. Sis darinys turi j
ilgesniy bangy sritj labiausiai nutolusj sugerties maksimuma Sioje junginiy grupéje.
Tai galimai rodo, kad jis pasizymi didziausia konjuguotaja z-sistema. Junginys 7e turi
maksimalig sugerties reik§me esant 322 nm, 5 nm hipsochrominj poslinkj, lyginant su
junginiais 7c ir 7g. Sj reiskinj gali lemti saveika ir erdviniai trikdziai tarp TPE
fragmento ir TB karkaso endoprotony. Jdomu, kad darinio 7g sugertis atrodo kaip
junginiy 7c ir 7e suger¢iy suma tiek pagal absorbcijos intensyvuma, tiek pagal bangos
ilgius, nefiksuojant jokio batochrominio poslinkio. Tai rodo, kad $ie fragmentai
nesgveikauja kaip viena konjuguotoji z-sistema.

Junginiy 7c, 7e ir 7g fluorescencijos spektrai ir kvantinés iSeigos rodo tipinj
agregacijos indukuotos emisijos (AIE) poveikj: nors prastai Svyti tirpaluose, emisija
labai padidéja esant kietajai baisenai (12 lent.). Sis reiskinys pastebimas ir junginyje
7a, taCiau jis nepasizyméjo gera Sviesos emisija nei tirpale, nei plévelése. Pazymétina,
kad didziausias skirtumas tarp emisijos maksimumy tirpale ir esant kietajai biisenali
yra matomas junginyje 7e. Pagal tai, bei sumazéjusj kvantinj naSuma, galima spresti
apie nepalanky agregaty susidaryma. Tai galima paaiskinti remiantis junginio 7e
struktara: TPE fragmentai yra prijungti prie V formos TB karkaso sony (4,10-
padétyse), o ne galy, todél jie yra orientuoti panasiai j lygiagrecias linijas, nukreiptas
i priesingus Sonus nuo Triogerio bazés karkaso. Sie fragmentai neperémeé TB karkaso
galy suteikiamos orientacijos ir nesudaré reikSmingo kampo vienas kito atzvilgiu.
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15 pav. Junginiy 7a, 7c, 7e ir 7g sugerties (10* M THF tirpaluose) ir emisijos i§ THF tirpaly
(105M) bei pléveliy spektrai

Junginys 7c turi savo TPE fragmentus, prijungtus prie Triogerio bazés V formos
karkaso galuose (2,8-padétyse), dél to jie yra orientuoti beveik statmenai vienas kitam.
To rezultatas yra molekuliné struktiira, turinti auksciausia kietosios biisenos kvantinj
efektyvumg grupéje. Junginys 79 turi dvi abiem biidais prijungtas TPE poras ir jo
kvantinis efektyvumas yra artimas vidurkiui tarp dviejy ankstesniy molekuliy. Tai
rodo, kad jis irgi nukencia nuo darinio 7e turimy trikumy, todél galima daryti i§vada,
kad du papildomi TPE fragmentai (palyginti su 7c) yra labiau trukumas nei
privalumas.

7.3. Fotoelektrinés savybés

Junginiy 7a, 7c, 7e ir 79 jonizacijos potencialai buvo iSmatuoti fotoelektrony
spektroskopijos ore metodu (13 lent.). Darinio 7a I, verté yra 5,49 eV ir gali buti
palyginta su i$matuotu junginio 2b I, (5,45 eV). Junginiy 7c, 7e ir 7g jonizacijos
potencialai palyginti dideli, jy vertés yra atitinkamai 5,82 eV, 5,84 eV ir 5,76 eV. Tai
galéjo lemti donoriniy pakaitaly ar azoto atomy, jungianc¢iy TPE fragmentus,
nebuvimas arba tai, kad jy konjuguotoji z-sistema néra pakankamai didelé.

Junginiy 7a, 7c, 7e ir 79 nesuzadintosios biisenos oksidacijos potencialai buvo
iSmatuoti taikant ciklinés voltamperometrijos metoda (13 lent.). Tiriant visus Siuos
junginius pastebéta grjztamoji oksidacija, tai rodo junginiy elektrochemin;j stabiluma.
Tirpaluose atlikty CV matavimy rezultatai neblogai koreliuoja su jonizacijos
potencialy matavimo duomenimis, gautais i$ pléveliy. Tai rodo ribotg tarpmolekuling
sgveika esant kietajai biisenali.
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13 lentelé. Junginiy 7a, 7c, 7e ir 7g energijos lygmeny duomenys [

Junginys EPt (eV)P] Enomo (V) ELumo (eV)M I, (eV)H
7a 2,77 —4,90 -2,13 5,49
7cC 3,12 -5,57 —2,45 5,82
Te 3,14 -5,36 —2,22 5,84
79 3,11 -5,47 -2,36 5,76

[a] CV matavimai atlikti su stiklo elektrodu dichlormetano tirpaluose, naudojant 0,1 M
tetrabutilamonio heksafluorfosfatg kaip elektrolitg ir Ag/AgNOs3 kaip palyginamajj elektroda.
Kiekvienas matavimas buvo kalibruotas naudojant ferocena (Fc). Potencialai apskao¢iuoti plg.
su Fc*/Fc. [b] Optinés draustinés juostos E¢' apskai¢iuotos i3 tirpaly absorbcijos spektry.
[c] Konversijos koeficientai: ferocenas DCM-SCE: 0,46 [162], SCE-SHE: 0,244 [163],
SHE-vakuumas: 4,43 [164]. [d] ELumo apskaiCiuota pagal lygti EiLumo = lp— E¢"%.
[e] Kietosios biisenos junginiy jonizacijos potencialas (lp) buvo matuojamas fotoemisijos ore
metodu i§ pléveliy.

Ivertinant pries tai i8déstytus faktus galima konstatuoti, kad susintetinti keturi
nauji Triogerio bazés junginiai, turintys TPE Soninius pakaitus, yra termiskai stabilis,
tirpiis ir pasizymi AIE savybémis, todél juos galima naudoti formuojant kietojo kiino
sluoksnj jrenginiuose. Siy junginiy kvantinés iSeigos nebuvo tokios didelés, kaip
tikétasi, taCiau tyrimai atskleidé tam tikry struktdros ir savybiy tarpusavio
désningumy, kurie leidzia toliau tobulinti ir optimizuoti biisimy junginiy molekulinj
dizaing. Taip pat nustatyta, kad didziausias kvantinis efektyvumas buvo gautas
molekulémis, kuriose TPE fragmentai yra prijungti prie TB karkaso 2,8-padétyse, taip
nukreipiant juos kampu vienas kito atzvilgiu. Kitokios molekulinés struktiiros
junginiy kvantinis naSumas buvo mazesnis netgi tada, kai prijungty TPE fragmenty
skaiGius buvo dvigubai didesnis. Sie rezultatai leidzia daryti i§vada, kad Triogerio
bazés molekulinis karkasas (jungiant pakaitus 2,8-padétyse) yra tinkamas sintetinant
spinduolius, pasizyminc¢ius AIE savybémis.

Pagrindiniai rezultatai ir iSvados

1) Susintetintos mazamolekulés skyles pernesancios medziagos, turincios Triogerio
bazés karkasu sujungtus trifenilamino fragmentus su skirtingais iSoriniais
pakaitais. IStirtos $iy junginiy struktirinés, terminés, optinés ir fotofizinés
savybés. Nustatyta, kad:

a) Triogerio bazés dariniai yra termiskai stabiliis, visy jy skilimo temperatiira
virsija 370 °C;

b) iSmatuotos junginiy 1b-1d jonizacijos potencialo (5,25-5,34 eV) ir
kriivininky dreifinio judrio (1,2:10°-3,3-10* cm?Vs) vertés rodo, jog Sie
junginiai tinkami naudoti optoelektronikoje.

2) Aldehidy kondensacijos budu buvo susintetinti organiniai puslaidininkiai,
turintys Triogerio bazés karkasa ir Soninius pakaitus su feniletenilfragmentais.
IStyrus $iuos junginius, nustatyta, kad:
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3)

4)

5)

a) Triogerio bazés junginiy struktiirinis praplétimas feniletenilgrupémis isplecia
konjuguotaja z-sistemga, suteikia jiems amorfiSkumo, mazesnj jonizacijos
potencialg (5,27-5,45 V) ir didelj skyliy dreifinj judrj (0,002-0,011 cm?/Vs);

b) perovskitiniy saulés elementy, Kkuriuose naudojami  susintetinti
puslaidininkiai, energijos konversijos efektyvumas siecké 11,09 % (su
junginiu 2c, palyginti su 15,34 % naudojant spiro-OMeTAD). Tai rodo, kad
§iuos junginius tinka naudoti optoelektronikos prietaisy gamyboje.

Susintetinti skyles pernesantys puslaidininkiai, turintys TPD struktiiriniy

fragmenty, sujungty Triogerio bazés karkasu, o jy savybiy tyrimas parodé, kad:

a) Triogerio bazés karkasas kampu orientuoja prie jo prijungtus p-pakeistus
TPD fragmentus vieng kito atzvilgiu, taip sudarydamas stabilius, amorfinius
organinius puslaidininkius, kurie pasizymi dideliu kriivininky judriu,
siekian¢iu iki 0,036 cm?/Vs;

b) pagaminti ir iSmatuoti perovskitiniai saulés elementai su susintetintomis
medziagomis pasizyméjo gana dideliu konversijos efektyvumu: 14,6 %
naudojant junginj 3h (palyginti su 16,1 % naudojant spiro-OMeTAD) ir
17,91 % naudojant junginj 3l (palyginti su 19,22 % naudojant spiro-
OMEeTAD). Taip jrodyta, jog Sios grupés junginiai gali efektyviai atlikti
skyliy pernasos funkcijg Siuose prietaisuose.

Susintetinti ir itirti skyles perneSantys puslaidininkiai, turintys Triogerio bazés

fragmenta ir per enamino grupe prijungtas difenilo atSakas. Nustatyta, kad:

a) sintezés metodas, taikomas pasitelkiant enamino kondensacija, leidzia gauti
skyles pernesancius TB junginius, visiS$kai iSvengiant poreikio naudoti
paladzio katalizatorius, atitinkamus ligandus, taikyti inertines atmosferos
salygas, taip pat iSvengiant kruopstaus gryninimo $alinant paladzio liekanas,
todél Sis metodas yra patrauklus komerciniu pozitiriu;

b) susintetintos skyles perneSancios medZiagos yra termiSkai stabilios ir turi
gana didelj dreifinj judrj (junginio 4e — 3,35-10* cm?/Vs), todél Sie junginiai
yra patrauklis jvairioms optoelektronikos reikméms;

C) junginiai buvo iSbandyti perovskitiniuose saulés elementuose ir gauti ypac
geri rezultatai; didziausiu energijos konversijos efektyvumu — 18,62 % —
pasizyméjo elementai su metoksigrupiy turin¢iu junginiu 4e (palyginti su
19,22 % naudojant spiro-OMeTAD) ir netgi virSijo spiro-OMeTAD prietaisy
efektyvuma 1,6 karto, naudojant kompozicijas be priedy.

Suprojektuoti ir susintetinti dazikliai, turintys Triogerio bazés karkasa ir dvi

rodanino-3-acto rtigsties akceptorines-inkarines grupes, prijungtas poli[n]enine

grandine (n = 0-2). Taip pat susintetintos jy ,,pusinés“ versijos, turin¢ios vieng
inkaring grupe, ir Sie dazikliai palyginti tarpusavyje. Prieita prie iSvady, jog:

a) ultravioletinés ir regimosios $viesos sugerties spektrai rodo, jog dvigubyjy
dazikliy absorbcijos maksimumai yra pasislinke j raudonaja spektro puse,
lyginant su jy ,,pusiniy“ analogy maksimumais. Sis skirtumas didéja su
kiekvienu papildomu poli[n]eninés grandinés fragmentu. Taip didéja
grandiniy lankstumas ir kartu stipréja dvigubyjy dazikliy inkariniy grupiy
tarpusavio saveika;
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6)

7)
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b) dazikliais jjautrinty saulés celiy bandymai parodé, kad lankstumas, kurj lemia
ilgesnés polietino grandinés ir jy leidziama sgveika tarp dviejy chromofory,
skatina agregaty susidarymg ir sumazina prietaiso efektyvumg. Geriausi
rezultatai buvo gauti naudojant trumpos grandinés ,,pusinj* daziklj 5D.

Suprojektuoti ir susintetinti TB dazikliai, turintys tiofeno arba fenilhidrazono

jungiamuosius fragmentus, kuriais pakeistos lanks¢ios jungiamosios polietino

grandinés. Siy dazikliy savybiy tyrimas parodé, kad:

a) nors tiofeno fragmentas suteikia geresne Sviesos sugertj dazikliams, palyginti
su hidrazono junginiais, taCiau jis vis tiek nepaSalina nepageidaujamos
vidinés chromofory sgveikos.

b) daziklio struktiiroje esantis fenilhidrazono jungiamasis fragmentas eliminuoja
sgveika tarp dviejy chromofory.

Susintetinti ir iStirti nauji Triogerio bazés junginiai su tetrafeniletenilo Soniniais

pakaitais. Sie junginiai yra termigkai stabildis, tirplis ir pasizymi agregacijos

indukuota emisija. Tai rodo, kad jie tinka naudoti gryniesiems kietosios biisenos
sluoksniams formuoti §viesa spinduliuojanéiuose jrenginiuose.
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