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SYNOPSIS

Truxene (10,15-dihydro-5H-diindeno[1,2-a;10,20-c]fluorene) is a planar
polyaromatic hydrocarbon, which represents a fusion of three fluorene moieties in
such a way, that it leads to a Cs symmetric structure. Truxene scaffold appears to
be a potential building block for the construction of larger molecular
architectures, owing to its easy functionalization, rigid structure, high thermal and
chemical stability. Literature reveals that the substitution at para position (2, 7 and
12 positions) of truxene core results in a variety of m-delocalized molecular
systems. Truxene based donor-acceptor (D-A) systems are potential candidates
for applications in two-photon absorption, organic light-emitting diodes (OLED),
and organic fluorescent probes.

The electronic and photonic properties of the n-conjugated D—A molecular
systems can be tuned by altering the HOMO-LUMO gap. The HOMO-LUMO
gap in D—n—A molecular systems can be tuned either by altering the strength of
D/A units or by varying the m-bridge. A variety of donors (triphenylamine,
phenothiazene, ferrocene) and acceptors, tetracyanoethylene (TCNE) and 7,7,8,8-
tetracyanoquinodimethane (TCNQ), naphthalimide have been explored in the

design and synthesis of truxene based donor—acceptor systems.

Figure 1. Structure of truxene.

The substitution of the donors and acceptors at 2, 7 and 12 position perturbs the

photonic properties of truxene derivatives significantly. The effect of substitution

Xi




of various D/A systems on the photophysical and electrochemical properties were
studied.

The main objectives of the present study are:

e To study the effect of substitution of different donor and acceptor units on
truxene core and exploring the donor-acceptor interaction by tuning the
HOMO-LUMO gap.

e To study the influence of various D/A units on photophysical, thermal and
electrochemical properties.

e To improve the photonic properties of truxene derivatives by
incorporating TCNE and TCNQ acceptors.

e To design and synthesize new donor-acceptor molecules for optoelectronic

applications.

Chapter 1:  Introduction
This chapter describes the synthesis and functionalization approaches of truxene

derivatives, and their applications in different fields.

Chapter 2:  Materials and Experimental Techniques
Chapter 2 summarizes the general experimental methods, characterization

techniques and details of instruments used for characterization.

Chapter 3:  Star Shaped Ferrocenyl Truxenes: Synthesis, Structure and

Properties

Chapter 3 describes a series of donor—acceptor ferrocenyl substituted truxenes,
synthesized by the Pd-catalyzed Sonogashira cross-coupling and Cycloaddition
reactions. The electronic absorption and electrochemical studies of these truxenes
show effective electronic interaction, which can be tuned by the introduction of

different spacers.
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Chapter 4: Strategy Towards Tuning the Emission Behaviour of Star Shaped
Tetraphenylethene Substituted Truxenes

Chapter 4 summarizes the synthesis of star shaped, Cs-symmetric,
tetraphenylethene (TPE) and 2,3,3-triphenyl acrylonitrile (TPAN) substituted
truxenes by the Pd-catalyzed Suzuki and Sonogashira cross-coupling reactions.
The TPE substituted truxenes show aggregation-induced emission (AIE)
behavior, whereas TPAN substituted truxene shows aggregation-caused
quenching (ACQ) effect in THF/water medium due to the =-m stacking. The
computational calculation on truxenes was performed, which reveals that, electron

density transfers from truxene to TPAN core.
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Chapter 5: C3-Symmetric Star Shaped Donor-Acceptor Truxenes: Synthesis,
Photophysical, Electrochemical and Computational Studies

Chapter 5 reports the design and synthesis of donor and acceptor substituted
truxenes using Pd-catalyzed Sonogashira cross-coupling and [2+2] Cycloaddition-
retroelectrocyclization reactions. Their photophysical, electrochemical and
computational studies were explored, which exhibits strong donor-acceptor
interaction and effective tuning of the HOMO-LUMO gap. The computational
studies reveal that the TCNE and TCNQ substituted truxenes exhibit lower
HOMO-LUMO gap. The reaction pathway of [2+2] Cycloaddition-
retroelectrocyclization was studied by computational calculations, which reveals
that, the donor substituted truxene is favourable, whereas acceptor substituted
truxene is not favourable for Cycloaddition-retroelectrocyclization reactions.
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Chapter 6: Phenothiazene Based 1,1,4,4-Tetracyanobuta-1,3-Diene (TCBD)
Substituted Donor-Acceptor Truxenes: Synthesis, Photophysical and

Electrochemical Properties

Chapter 6 describes the synthesis of phenothiazene substituted truxenes, 1,1,4,4—

tetracyanobuta—1,3-diene (TCBD) and cyclohexa—2,5-diene-1,4—ylidene—
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expanded TCBD functionalized donor-acceptor truxenes by using the Ullmann
coupling, Pd-catalyzed Sonogashira cross-coupling and [2+2] Cycloaddition-
retroelectrocyclization reactions. Their photophysical, electrochemical and
thermal properties were studied. The effect of substitution through different
positions of phenothiazine unit on truxene core was explored. The substitution
through N-position (10-position) enhances the thermal stability of truxene
compared to 3-position of phenothiazine. The incorporation of TCNE and TCNQ
leads to red shifted absorption resulting in low HOMO-LUMO gap which was
supported by DFT calculations.

Normalized Absorption

300 ' 400 ' 500 ' 600 ' 700 800
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Chapter 7: p-Substituted Truxene Porphyrins: Synthesis and Photophysical

Properties

The Chapter 7 describes design and synthesis of the w-conjugated, S-Substituted
truxene porphyrin and its metalated derivative by using the Pd-catalyzed
Sonogashira cross-coupling and metalation reaction. Their photophysical
properties were explored, which reveals that the substitution of porphyrin results

in bathochromic shift of absorbance and fluorescence maxima. The results
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indicate that there is considerable electronic communication between truxene core

and porphyrin ring.

Normalized Absorption
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Chapter 8:  Conclusions and Future Scope.

Chapter 8 summarizes the salient features of the work and its future prospects to

develop the new materials for optoelectronic applications.
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Chapter 1

Introduction

1.1. Background

The development of novel n-conjugated donor—acceptor (D—A) molecular systems
have drawn immense attention of the scientific community due to their potential
applications in multi-photon absorption, organic light emitting diodes (OLEDS)
bioimaging and organic solar cells."? The molecular systems with two and three
dimensional structure exhibit better photophysical properties compared to the
molecules with one dimensional structure.** The photophysical properties of the

n-conjugated D—A molecular systems can be tuned by altering its HOMO-LUMO
gap.>*

In donor-acceptor systems the electron transfers from the donor to acceptor. In
this process, the electrons are excited from HOMO to LUMO energy level which
results in the formation of charge-transfer band. The tuning of charge transfer
band in D—A systems is a significant factor for material science applications such
as Organic photovoltaics (OPVs) and Organic field effect transistors (OFETs)."
The linkage of electron rich donor (D) and electron deficient acceptor (A) either
directly or through a n-linker is the most common approach to tune the HOMO-

LUMO gap.'"*®
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Figure 1.1. Different type of donors (black) and acceptors (blue)

The effect of orbital couplings of donor and acceptor on HOMO-LUMO gap is
well-described by the molecular orbital (MO) theory (Figure 1.2). According to




the molecular orbital (MO) theory the donor groups have lagrer HOMO-LUMO
gap as compared to the acceptor. However the donor-acceptor systems show
smaller HOMO-LUMO gap as compared to the donor and acceptor units (Figure
1.2).1

Lumo
New LUMO LUMO
Donor
~f—— HOMO-LUMO
ceap Acceptor
[ N — New HOMO
HOMO L
3 HOMO

Donor-Acceptor

Figure 1.2. Effect of molecular orbital couplings of donor and acceptor systems
on HOMO-LUMO gap.

1.2. Truxene

Among various polycyclic compounds, the heptacyclic polyarene truxene (10,15-
dihydro-5H-diindeno[1,2-a;10,20-c]fluorene) has been recognized as an excellent
starting material for the construction of larger polyarenes and bowlshaped
fragments of fullerenes, liquid crystals, and Cs-tripod materials in asymmetric
catalysis and chiral recognition.?®?* Truxene is a planar polyaromatic hydrocarbon
obtained by trimerization of indan-1-one, which represents a fusion of three
fluorene moieties in such a way, that it leads to a Cs-symmetric structure (Figure.
1.3)%

10,15-dihydro-5H-diindeno[1,2a:1',2'-c|fluorene

Figure 1.3. The molecular structure of truxene core.



Truxene molecule have branched structure that consist of linear arms joined
together by a central core. Similar to dendrimers, truxene molecule possesses
well-defined molecular structures as well as superior chemical purity. In addition,
they retain the solution-processability and precisely designable properties of
polymers in device fabrication.?® The Cs-symmetric architecture with conjugated
arms would bring new optical and morphological properties to the system.
Truxene is a star shaped planar structure. The planar configuration was also
confirmed in ferrocenyl truxene.?? The substitution at para position (2, 7, 12

positions) of truxene core results in a variety of n-delocalized molecular systems.

Figure 1.4. Single crystal X-ray structure of ferrocenyl substituted truxene (alkyl

groups and hydrogens are removed for clarity)

Truxene scaffold appears to be a potential building block for the construction of

larger molecular architectures owing to the following reasons:

1. Truxene has a large m-conjugated system and multi reactive sites which can

further offer the extension of n-conjugation which leads to diverse derivatives.

2. Truxene has rigid planar sturucture and after alkylation it provides excellent

solubility.

3. Truxene based donor-acceptor (D-A) systems exhibit excellent photochemical

and thermal stability.



4. Due to the extended =m-delocalized system truxene derivatives result in a
significant red shift of the electronic absorption spectrum with high molar
extinction coefficient.

1.2.1. Different types of truxenes:

Different types of symmetrical truxene and asymmetrical isotruxene and trxenone
are reported in Literature based on the substitution pattern.”* Truxene based
donor-acceptor molecular systems are potential candidates for applications in
two-photon absorption, organic light-emitting diodes (OLED), organic fluorescent

probes and optoelectronic devices.”°

Isotruxene Truxenone

Truxene

Figure 1.5. Different types of truxene

1.2.2. Synthesis of truxene:

The truxene core was synthesized by 1-indanone in the presence of acetic acid
and hydrochloric acid.** Truxene exhibits poor solubility due to its flat disc like
conformation. Therefore, in order to improve the solubility six hexyl groups were
attached at the C-5, C-10, and C-15 positions of the truxene moiety by alkylation
reaction using bromo-hexane, which resulted readily soluble hexahexylated
truxene.®® The iodination reaction of truxene in the presence of HIO; and I,

resulted in tri-iodo truxene in 80% yield (Scheme 1.1).%
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Scheme 1.1. Synthetic scheme for the preparartion of truxene and its iodo
derivative.

1.3. Synthesis of other truxene derivatives:

The synthetic methodology for the synthesis of different type of truxene based
derivatives is summarized in the following sections.

1.3.1. Hexa-peri-hexabenzocoronene fused truxene derivative:

Truxene based polycyclic aromatics containing hexaperi-hexabenzocoronene
(HBC) was synthesized by employing oxidation by FeCl; (Scheme 1.2). Truxene
core and HBCs were connected by sharing the same benzene rings. Three PAHs
comprising respectively one, two and three hexa-peri-hexabenzocoronene units
were synthesized starting from the highly soluble hexahexyltruxene (Scheme 1.2).
In first step, truxene was iodinated using HslOg and I, under acidic conditions
and the mono, bis and tris-iodinated truxene could be selectively prepared. Then,
the Sonogashira cross-coupling reaction  with  phenylacetylene and finally,
Diels-Alder reactions with tetraphenylcyclo-pentadienone followed by an
oxidative cyclodehydrogenation with FeCl; furnished the three targeted PAHSs.
This strategy greatly expands the m-conjugation, and at the same time, maintains
the maximum rigidity of the molecule. As a result, the truxene cored HBC
exhibits the highest degree of aggregation in solution compared with common

HBC derivatives.*



Hsl0g(1/3 equiv.), I (1/3 equiv.) Hsl04(1 equiv.), I, (1 equiv.)

CH3COOH,/H,S04/H,0
CH3COOH,/H;S04/H,0
Hs104(2/3 equiv.), I, (2/3 equiv.)
CH3COOH,/H,S0,/H,0
CeHis .O
Phenylacetylene, Pd(PPh;)y, Cul, Phenylacetylene, Pd(PPh3)y, Cul, Phenylacetylene,
NEt3, toluene NEt;, toluene Pd(PPh3)y, Cul,
R
PGS
Seze &
RAN R
LS
diphenyl ether, reflux diphenyl ether, reflux

i diphenyl ether, reflux
tetraphenyleyclopentadienone tetraphenylcyclopentadienone pheny i
tetraphenylcyclopentadienone

CH,CL,/CH3NO,

Fe(Cl
(€Ds Fe(Cl); | CH,Cl,/CH;NO,

Scheme 1.2. Synthesis of hexa-peri-hexabenzocoronene truxene derivative.

1.3.2. Fused truxene trimer:
Truxenes can also be fused together through a smart synthetic strategy. The TiCl,-
promoted cyclization reaction results the planar truxene core trimer efficiently

through in situ generation of the benzene skeleton, as both branches and core are



connected by sharing benzene rings. The tubelike cyclo-octatetraene (COT)
tetramer was also isolated unexpectedly (Scheme 1.3).%*

TiCly
0-DCB, reflux

Scheme 1.3. Synthesis of star-shaped compounds with truxene core and cyclo-

octatetraene core. 0-DCB = ortho-dichlorobenzene.

1.3.3. Cross-coupling of 5,10,15 hexahexylated 2,7,12 tri-iodo truxene:

The synthesis of various truxene derivatives has been done by using Pd-catalyzed
cross-coupling reaction of the 5,10,15 hexahexylated 2,7,12 tri-iodo truxene with
the different type of aryl groups.

Suzuki Coupling: The design and synthesis of donor—acceptor truxene derivatives
via the Pd-catalyzed Suzuki cross-coupling reaction is one of the most commonly
used procedure. This procedure usually involves the reaction of 5,10,15
hexahexylated 2,7,12 tri-iodo truxene and arylboronic acids or esters in the
presence of palladium catalysts-tetrakis(triphenylphosphine)palladium(0)
[Pd(PPh3)4] and sodium or potassium carbonates as a base. Kanibolotsky et al.

synthesized star-shaped oligofluorenes (from 1-4 fluorene units) with a central



truxene core and up to quaterfluorene arms by the reaction of tri-iodo truxene
with fluorene boronic acids. In the case of four fluorene arms, the radius of the
macromolecule is ca. 4 nm, which represents the largest known conjugated

system (Scheme 1.4).%

Pd(PPhy),
K,CO3-H,0/toluene
50 °C, 5 days

Scheme 1.4. Synthesis of star shaped fluorene substituted truxene derivatives via
Suzuki cross-coupling reaction
Alternatively the Suzuki cross-coupling reaction has also been carried out

with the pinacol esters of truxene in good yields (Scheme 1.5).%

Pd(PPh3),
KOH, H,O/THF
reflux, 16 h

Scheme 1.5. Synthesis of truxene derivatives via Suzuki cross-coupling reaction

of pinacol esters of truxene.

Yu et al. designed and synthesized various triphenyl amine substituted truxens
using pinacol esters for dye sensitized solar cell applications.®” One of the

example is shown as follows-



Na,CO;

Scheme 1.6. Synthesis of truxene derivatives via Suzuki cross-coupling reaction

using pinacol esters.

Sonogashira Coupling: The Pd-catalyzed Sonogashira cross-coupling is a
significant procedure for the design and synthesis of donor—acceptor z-conjugated
truxenes. The Sonogashira coupling involves the reaction of the tribromo truxene
and the alkyne derivative with catalytic amounts of
tetrakis(triphenylphosphine)palladium(0) [Pd(PPhs)4] and copper(l) iodide in the
presence of an organic base (triethylamine or diisopropylamine). A common

example is shown in Scheme 1.7.%

Pd(PPh;),/Cul
toluene/diisopropylamine

Scheme 1.7. Synthesis of truxene derivative via Sonogashira cross-coupling

reaction.

Raymond Ziessel et al. synthesized a novel star-shaped supramolecular system
containing three different bodipy dyes logically arranged around a truxene core.

Bodipy dyes and truxene species are compatible systems from a photochemical



point of view, since they absorb at different wavelengths (essentially UV region
for truxene species, visible for the Bodipy dyes), so they can be addressed
separately, to a large extent. By taking advantage of the structural and
photophysical properties of truxene derivatives and Bodipy molecules, the target
multichromophoric truxene 1 comprising separate Bodipys residues (abbreviated
A, B, and C) was prepared in three steps from the preformed truxene platform T
bearing three iodo functions (Scheme 1.8).

Pd(PPhy), Et;N,

CeHg, 60°C, 18 h | H
i

-

Scheme 1.8. Synthesis of truxene derivatives via Sonogashira cross-coupling
reaction.

The key intermediate of the synthetic strategy is the step-by-step introduction of
the ethynyl grafted dye A, dye B, and dye C. All reactions are promoted by Pd(0),
and the first step provides TA in 40% yield. Under such conditions, di- and
trisubstituted compounds are isolated as side products. The cross-coupling
between TA and successively B and C provides dye 1 in 27% overall yield.

Likewise crosscoupling between T and dye B or C provides the reference dye TB

10



or TC in 22% and 19% yields, respectively. This is the first example of Bodipy

and truxene chromophores are linked into the same molecule.*®

Stille Coupling: The Pd-catalyzed Stille coupling reaction is alternative procedure
for the synthesis of donor—acceptor truxenes. Zong et al. has introduced stannyl
group at the truxene substituted derivative. Truxene stannyl compound was
treated with bromo derivative in the presence of (triphenylphosphine)palladium(0)
[Pd(PPhs)4].*°

THF, -78 °C

Scheme 1.9. Synthesis of truxene derivative via Stille coupling reaction.

Heck Coupling: The Heck cross-coupling of 5,10,15 hexahexylated 2,7,12 tri-
iodo truxene is a less commonly used procedure for the synthesis of truxene
derivative as compared to the Suzuki and Sonogashira cross-coupling reactions.
Nevertheless it is a significant procedure for incorporation of C=C bond for
various optoelectronic applications. This procedure involves the reaction of
5,10,15 hexahexylated 2,7,12 tri-iodo truxene with alkenes catalyzed by

palladium(l1) acetate in the presence of a base as shown in Scheme 1.10.%°

11



Pd(OAc),
K;PO,, DMAc,
110 °C, 24 h

Scheme 1.10. Synthesis of star shaped truxene derivative via Heck coupling.

Formylation reaction:

The formylation reaction is also a important procedure for the design and
synthesis of donor—acceptor z-conjugated truxene derivatives. The normal
conditions for formylation reaction involve the solution of tribromo truxene and
n-BuLi in anhydrous ethyl ether at -78 °C. After stirring for 0.5 h, mixture was
allowed to warm to room tempreture. Mixture was again cooled to -78 °C, and
DMF was added. The solution was stirred overnight while returning to room
temperature. The final solution was acidified with 1M HCI solution and stirred for
2 h at room temperature. The aqueous phase was extracted with dichloromethane,
and the organic layer was dried over magnesium sulfate. After evaporation of the
solvent, the final crude product was purified by column chromatography on silica
gel (PE/CH,Cl,=6:1, v/v) to yield desired white solid (Scheme 1.11).**

DMF

Scheme 1.11. Synthesis of truxene formylated derivative.
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1.4. Applications of truxene derivatives.

The star shaped donor—acceptor truxene based molecular systems have been
explored for various applications. Some of the common applications are described
below:

1.4.1. Nonlinear optics (NLO): There has been substantial attention in the
improvement of organic nonlinear optical materials. The truxene core is a
significant constructing block for NLO materials. Their octupolar character
combined to their polyaromaticity and rigid planar skeleton is likely to result in
more efficient NLO properties than the conventional dipolar molecules. Prasad et
al. have designed a varity of donor-substituted truxene derivatives as a NLO
material (Figure 1.6).*

Figure 1.6. Molecular structure of triphenylamine-substituted truxene derivative.

The =-conjugated donor—acceptor organic materials with large two-photon
absorption (TPA) cross-sections are prospective applicant for several applications
such as optical limiting, two-photon laser scanning fluorescence imaging, three-
dimensional optical data storage, and photodynamic therapy.*** The
fluorophores with large TPA cross-sections are reported in the literature.**2
Prasad et al. and Wang et al. designed and synthesized different types of

triphenylamine substituted truxene derivatives and explored their two-photon

13



absorption properties. The TPA cross-section was significantly high in Cs-
symmetric truxene derivatives as compared to other derivatives (Figure 1.7).%

Figure 1.7. Molecular structures of two-photon absorbing truxene derivatives.

1.4.2. Dye sensitized solar cells (DSSCs):

O’Regan and Gritzel have reported polypyridyl ruthenium (11) complex adsorbed
on a TiO, surface, which exhibited good efficiency in DSSC. In DSSC
experiment the power conversion efficiency depends on the HOMO-LUMO gap

14



of donor-acceptor materials.”*>” Yu et al. reported a series of triphenylamine

substituted truxene derivatives for DSSCs. The structure of triphenylamine
8.37’39

substituted truxene derivatives are shown in the Figure 1.

Figure 1.8. Structures of triphenylamine substituted truxenes for DSSCs.
Similar type of truxene substitued triphenylamine compounds (Figure 1.9)*° have
been synthesized by Liang et al. and achieved power conversion efficiency over
6.13 % .




7 CN
S ZNcooH

Figure 1.9. Structures of truxene substituted triphenylamine for DSSCs.

1.4.3. Bulk heterojunction (BHJ) solar cells:

The molecular systems having low HOMO-LUMO gap, strong charge transfer
band are commonly used in bulk heterojunction (BHJ) solar cell devices.®
Compared with small molecules, the introduction of truxenes with hexyl
substituents significantly decreases the aggregation of truxene derivatives and
enhances the phase separation of D and A units in bulk heterojunction solar cells.
Friend et al. and Heeger et al. first time reported bulk heterojunction (BHJ) solar
cells in 1995.6%%

A variety of low band gap truxene based donor-acceptor molecules have been
designed and synthesized. Pie et al. synthesized a series of D-n-A molecules
based on three chromophores- truxenes as nodes, TPA moieties as the donor units,
and benzothiadiazole chromophores as the acceptor units. All D-z-A conjugated
molecules show broad and strong absorption bands from 250 to 700 nm in thin
films. By increasing the D—A ratio and changing the conjugated spacers between
donor and acceptor, the PCE values continuously increased due to the increasing
relative absorption intensity in the longer wavelength region. As a result, a PCE

value up to 0.54% was obtained.®*

16



Figure 1.10. Structures of truxene based molecules for BHJ solar cell.

1.4.4. Organic light emitting diiodes (OLEDS):

Organic Light Emitting Diiodes (OLEDs) have become another major interest in
the field of organic electronics. Since the pioneering works of Tang and Van
Slyke on OLEDs, device elaboration has evolved towards multilayered devices
with layers ensuring the different roles of charge injection and transport as well as
emission.®® The truxene derivatives exhibit the excellent blue-emitting property in
OLED materials. Yao et al. synthesized a variety of truxene based derivatives and

explored their OLED properties.®®

17



Figure 1.11. Synthesis of truxene based molecules for OLEDs.
1.4.5. Organic field-effect transistors (OFETS):

Organic field-effect transistors (OFETS) is considered one of the emerging field in
optoelectronic applications.®”* The Koezuka group reported for the first time the
use of organic materials in the Organic field-effect transistor (OFET) devices."
Jian Pei et al. reported oligothiophene-functionalized truxene derivatives as good
air-stable materials in p-channel OFETSs. An increase in the oligothiophene length
of the star-shaped molecules from 1 to 3 thiophenes leads to a dramatic decrease

in hole mobility from 1.03 x 10 °t0 2.2 x 10 * cm?V s 1.7

5 3 35S
BWN =

2
Figure 1.12. Structures of thiophene substituted truxene for OFETS.
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1.4.6. Self-assembly and molecular wires:

Truxene was also used for two—dimensional monolayer structures on surface.
These supramolecular networks were developed based on van-der Waals and
hydrogen bonding interactions. As the first examples, supramolecular networks
on highly oriented pyrolyted graphite resulting from the self-assembly.
Modification of the molecular arrangement with the substitution of the
elemental building-block was also demonstrated. Hence, higher density of

molecules was observed for molecule shown Figure 1.13.

Figure 1.13. Structures of truxene derivatives for self-assembly.

These molecules have more tendency to stick together with the neighboring
molecules by forming multi-hydrogen-bonds between tertriazine groups. If the
former study mostly focused on the coverage density, the next one examined the
diffusion behavior on surfaces. In this aim, a custom designed molecule
(5,10,15-tris(4-cyanophenyl-methyl)truxene was synthesized and a nanoscale

structured KBr(001) surface was used.”

1.4.7.  Sensing:

Recent literature reveals the use of truxene based derivatives used as a
fluorescent sensor for explosive material.”*" Sensing of nitro-group carrying
arenes is an important task, as these species are not only degradation products of

explosives contained in land mines, but also recognized as pollutants. Bunz et al.

19



reported truxene based molecules which could detect explosive analytes and
successfully discriminate explosives as a fluorescent sensor for explosive

materials.”®

Figure 1.14. Structures of truxene based molecule for explosive detection

In another report, Yuan et al. have reported triarylborane substituted truxene
derivative for fluoride ion detection.”” Detection of fluoride ion is of interest
because of their importance towards human health and impact on the
environment.”® The importance of this anion in the treatment of osteoporosis
and dental care leads to the continuous pursuit of the design and synthesis of new
selective fluoride ion sensors. The truxene derivative shown in Figure 1.15

selectively sense fluoride anions.

Figure 1.15. Structure of triarylborane substituted truxene for F~ ion detection
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In this thesis truxene carrying different peripheral dye molecules (Ferrocene,
Phenothiazene, Triphenyl amine and Porphyrin) have been synthesized for
optoelectronic applications. The effect of substitution of different donor and
acceptor units on photophysical, thermal and electrochemical properties was
explored. The photonic properties of truxene derivatives were tuned by
incorporating TCNE and TCNQ acceptors.

1.5. Organization of thesis

Chapter 1: This chapter gives an outline of the special features, importance and
various synthetic strategies for the design of truxene derivatives and their
applications in diverse fields.

Chapter 2: This chapter summarizes the instrumentation and general methods
used for the present study.

Chapter 3: In this chapter, we describe a series of ferrocene-substituted truxenes
and extended the conjugation length to tune the photonic properties.

Chapter 4: This chapter summarizes the synthesis of star shaped, Cs-symmetric,
tetraphenylethene (TPE) and 2,3,3-triphenyl acrylonitrile (TPAN) substituted
truxenes. The aggregation-induced emission (AIE) behavior of truxene
derivatives were investigated.

Chapter 5: Chapter 5 reports the design and synthesis of donor and acceptor
substituted truxenes using Pd-catalyzed Sonogashira cross-coupling and [2+2]
Cycloaddition-retroelectrocyclization reactions. The reaction pathway of [2+2]
cycloaddition-retroelectrocyclization was studied by computational calculations.
Chapter 6: The Chapter 6 describes the synthesis of phenothiazene substituted
truxenes, 1,1,4,4-tetracyanobuta—1,3—diene (TCBD) and cyclohexa—2,5-diene—
1,4-ylidene—expanded TCBD functionalized donor-acceptor truxenes by using the
Ullmann coupling, Pd-catalyzed Sonogashira cross-coupling and [2+2]
Cycloaddition-retroelectrocyclization reactions. Their photophysical,
electrochemical and thermal properties were studied. The effect of substitution
through different positions of phenothiazine unit on truxene core was explored.
Chapter 7: The chapter 7 describes the design and synthesis of w-conjugated -

Substituted truxene porphyrin and its Zn-metalated derivative by using the Pd-
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catalyzed Sonogashira cross-coupling and metalation reaction. Their
photophysical properties were explored in this chapter.

Chapter 8: This chapter summarizes the noticeable features of the work and
future prospects.
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Chapter 2

Materials and experimental techniques

2.1.  Introduction

This chapter describes the materials, general synthetic procedures,
characterization techniques and the instrumentation employed in this thesis.
2.2.  Chemicals for synthesis

The common solvents used for syntheses were purified according to
established procedures.™ 1-indanone, n-BuLi, Cul, Pd(PPhs),, Pd(dba),,
ferrocene, tetrabutylammonium hexafluorophosphate (TBAFs), phenothiazene,
naphthalimide, ethynyl ferrocene, triphenylamine, and tetracyanoethylene,
7,7,8,8-tetracyanoquinodimethane, K,CO3 Zn(OAc), were obtained from Aldrich
chemicals USA. Silica gel (100-200 mesh and 230—400 mesh) were purchased
from Rankem chemicals, India. TLC pre-coated silica gel plates (Kieselgel
60F254, Merck) were obtained from Merck, India. Dry solvents dichloromethane,
1,2-dichloroethane, chloroform, tetrahydrofuran (THF), triethylamine and
methanol were obtained from spectrochem and S. D. Fine chem. Ltd. All the
oxygen or moisture sensitive reactions were performed under nitrogen/argon
atmosphere using standard Schlenk method. The solvents and reagents were used
as received unless otherwise indicated. Photophysical and electrochemical studies
were performed with spectroscopic grade solvents.
2.3.  Spectroscopic measurements
2.3.1. Mass spectrometry

High resolution mass spectra (HRMS) were recorded on Bruker-Daltonics,
micrOTOF-Q 11 mass spectrometer using positive and negative mode electrospray
ionizations.
2.3.2. NMR spectroscopy

'H NMR (400 MHz), and **C NMR (100 MHz) spectra were recorded on
the Bruker Avance (111) 400 MHz, using CDCls as solvent. Chemical shifts in *H,
and *C NMR spectra were reported in parts per million (ppm). In *H NMR

chemical shifts are reported relative to the residual solvent peak (CDCls, 7.26
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ppm). Multiplicities are given as: s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet), and the coupling constants J, are given in Hz. **C NMR chemical
shifts are reported relative to the solvent residual peak (CDCl3, 77.36 ppm).
2.3.3. UV-Vis spectroscopy

UV-Vis absorption spectra were recorded using a Varian Caryl00 Bio
UV-Vis and Perkin EImer LAMBDA 35 UV/Vis spectrophotometer.
2.3.4. Fluorescence spectroscopy

Fluorescence emission spectra were recorded upon specific excitation
wavelength on a Horiba Scientific Fluoromax-4 spectrophotometer. The slit width

for the excitation and emission was set at 2 nm.

The fluorescence quantum yields (¢r)

The fluorescence quantum yields (¢r) of compounds were calculated by
the steady-state comparative method using following equation,
Gr= Pst X SU/Sst X Agt/ Ay X NpDy/na DSt (Eq. 1)

Where ¢r is the emission quantum yield of the sample, ¢ is the emission
quantum yield of the standard, As; and A, represent the absorbance of the standard
and sample at the excitation wavelength, respectively, while S¢ and S, are the
integrated emission band areas of the standard and sample, respectively, and nDg;
and nD, the solvent refractive index of the standard and sample, u and st refer to

the unknown and standard, respectively.

2.4.  Electrochemical studies

Cyclic voltamograms (CVs) were recorded on CHI620D electrochemical
analyzer using Glassy carbon as working electrode, Pt wire as the counter
electrode, and Saturated Calomel Electrode (SCE) as the reference electrode. The
scan rate was 100 mVs=. A solution of tetrabutylammonium hexafluorophosphate
(TBAPFg) in CH,CI, (0.1 M) was employed as the supporting electrolyte.
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2.5.  Single crystal X-ray diffraction studies.

Single crystal X-ray diffraction studies were performed on SUPER NOVA
diffractometer. The strategy for the Data collection was evaluated by using the
CrysAlisPro CCD software. The data were collected by the standard 'phi-omega
scan techniques, and were scaled and reduced using CrysAlisPro RED software.
The structures were solved by direct methods using SHELXS-97, and refined by
full matrix least-squares with SHELXL-97, refining on F*!. The positions of all
the atoms were obtained by direct methods. All non-hydrogen atoms were refined
anisotropically. The remaining hydrogen atoms were placed in geometrically
constrained positions, and refined with isotropic temperature factors, generally
1.2Ueq of their parent atoms. The CCDC numbers contain the respective
supplementary crystallographic data. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/conts/retrieving.html  (or from the Cambridge
Crystallographic 42 Data Centre, 12 union Road, Cambridge CB21 EZ, UK; Fax:
(+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).

2.6. Computational calculations
The density functional theory (DFT) calculation were carried out at the

B3LYP/6-31G** level for C, N, S, H, and Lanl2DZ level for Zn in the Gaussian

09 program.!?!
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Chapter 3

Star Shaped Ferrocenyl Truxenes: Synthesis, Structure and

Properties

3.1. Introduction

Organic m-conjugated molecules have shown remarkable properties in the field of
non-linear optics and electroluminescent devices.*® The molecular systems with
two and three dimensional structure exhibit better photophysical properties
compared to the molecules with one dimensional structure.*® Truxene (10,15-
dihydro-5H-diindeno[1,2-a;10,20-c]fluorene) is a planar  polyaromatic
hydrocarbon, which represents a fusion of three fluorene moieties in such a way,
that it leads to a Cs-symmetric structure.® Truxene scaffold appear to be a
potential building block for the construction of larger molecular architectures,
owing to its easy functionalization, rigid structures, high thermal and chemical
stability.”® Literature reveals that the substitution at para position (2,7,12,
positions) of truxene core results in a variety of n-delocalized molecular systems.’
Jian Pei et al. have reported star shaped m-conjugated molecules based on the
truxene core, which exhibited interesting optoelectronic properties.’® Recent
reports on truxene based donor-acceptor systems reveal that these molecular
systems are potential candidates for applications in two-photon absorption,
organic light-emitting diodes (OLED), and organic fluorescent probes.*?*®

Our group has explored ferrocene as a strong donor, and attached it with various
acceptor molecules.**™ In this contribution, we wish to report the design and
synthesis of the ferrocenyl substituted truxenes and the effect of ferrocenyl
substituents with different spacer length on the structural, thermal, and
photophysical properties. The tetracyanoethylene (TCNE) group was incorporated
into ferrocenyl substituted truxene by [2 + 2] cycloaddition reaction, followed by

ring-opening, which resulted in donor-accepter truxene 5a.*°
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3.2. Results and discussion

The synthesis of ferrocenyl substituted truxenes 4a—4c and 5a are shown in
Scheme 1 and Scheme 2. Truxenes 4a-4c were synthesized by the Pd-catalyzed
Sonogashira cross-coupling reaction of tri-iodotruxene 3 with the corresponding
ethynyl ferrocenes a-c (Scheme 3.1).

The truxene core 1 was synthesized by 1-indanone in the presence of acetic acid
and hydrochloric acid.*® The alkylation reaction of the truxene 1 with bromo-
hexane resulted in readily soluble hexahexylated truxene 2. The iodination
reaction of truxene 2 in the presence of HIO3 and I, resulted in hexahexylated tri-
iodo truxene 3 in 80% vyield.'” The reaction of tri-iodo truxene 3 with
ethynylferrocene  (a),  4-ferrocenylphenylacetylene  (b), and 4-
(ferrocenylethynyl)phenylacetylene  (c), under the catalytic  system
Pd(dba),/AsPhs resulted truxenes 4a, 4b, and 4c in 75%, 70% and 72% vyields
respectively.

nBuLi/ THF
—_——
n-CgH43Br

, _HIO315,CH;COOH
_—
H,S0,,H,0,80 °C

Ar Pd(dba),
Toluene |AsPhs
TEA, 80°C|

:—4?? :—@—(?? = = ?2
Ar = <z <z LS4
a b c

Scheme 3.1: Synthesis of ferrocenyl substituted truxenes 4a-4c
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The [2+2] cycloaddition reaction of tetracyanoethylene (TCNE) with truxene 4a
followed by ring-opening, resulted truxene 5a as a dark green solid in 60% yield
(Scheme 3.2)**™°. The reaction of TCNE with truxenes 4b and 4c resulted in the
formation of multiple products, which were difficult to purify. The truxenes 4a-4c
and 5a are readily soluble in common organic solvents. The truxenes, 4a—4c, and
5a were well characterized by *H NMR, *C NMR, and HRMS techniques. The
truxene 4a was also characterized by single crystal X-ray diffraction.

The *H NMR spectrum of the truxene 4a-4c show characteristic doublet at 8.30
ppm, and multiplet between 7.52 to 7.68 ppm corresponding to the truxene core.
The unsubstituted cyclopentadienyl ring of the ferrocene exhibited a multiplet in
the region of 4.20-4.36 ppm for truxene 4a-4c and at 4.33-4.48 ppm for truxene
5a. The monosubstituted cyclopentadienyl ring of ferrocene exhibits a triplet at
4.54 ppm for truxene 4a, 4b and at 4.39 and 4.72 ppm for truxene 4c. The truxene
5a shows two singlets at 4.8 and 5.0 ppm and two multiplets in the region of 5.27-
541 ppm and 4.63-4.75 ppm corresponding to the monosubstituted

cyclopentadienyl ring.

Scheme 3.2: Synthesis of truxene 5a

3.3.  Thermal properties

The thermal properties of the ferrocenyl substituted truxenes 4a—4c and 5a were

explored using thermogravimetric analysis (TGA) at a heating rate of 10 °C min™
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under nitrogen atmosphere (Fig. 3.1). The decomposition temperatures for 10%
weight loss in the ferrocenyl truxenes 4a-4c was above 390 °C, whereas the
truxene 5a shows 10% weight loss at 230 °C. The thermal stability of the

ferrocenyl truxenes follow the order 4a >4c > 4b > 5a.

% weight loss

T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800

Temperature °C

Figure 3.1. TGA plots of truxenes 4a—4c and 5a.

3.4. Single crystal X-ray diffraction studies

The single crystal of the ferrocenyl truxene 4a was obtained via slow diffusion of
methanol into dichloromethane solution at room temperature. The truxene 4a
crystallizes in P 2;/n space group. The crystal structure of 4a is shown in Figure
3.2, and the important crystallographic parameters are listed in Table 3.1. The
truxene core shows planar structure. The interplanar angle between the plane of
phenyl rings of truxene core, and the plane of cyclopentadenyl ring of different
ferrocenyl subunits are 89.76°, 63.87° and 77.61° respectively. The
cyclopentadenyl rings of the ferrocene (Fel) show staggered conformation,

whereas ferrocene (Fe2 and Fe3) shows eclipsed conformation.
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(b)

Figure 3.2: Single crystal X-ray structure of compound 4a (a) Front view, and (b)

Side view, (The alkyl groups have been omitted for clarity).

The crystal packing diagram of the ferrocenyl truxene 4a reveals intermolecular
C-H---  interactions and ©-7 interaction, between the two adjacent molecules.
The study of non-bonding interactions exhibit that two molecules of truxene 4a
are interconnected via C-H--- i interactions, involving hydrogen H33 with the
cyclopentadenyl ring (C69, C68, C67, C66, C65, 3.01A) of ferrocene ring, and
H32 with alkyl carbon (C16, 2.85A).

Figure 3.3. The supramolecular structure of compound 4a along b axis. The
secondary interactions are shown by dashed lines. (The hydrogen atoms and alkyl

groups have been omitted for clarity).

The n-n interaction between benzene ring of truxene core (C4, C3, C2, C91, C6,

C5) and (C12, C13, C14, C93, C10, C11, 4.62A) leads to the stacking between
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two adjacent molecules. These adjacent molecules are further connected to
another layer through C-H---n interactions involving H25 with the
cyclopentadenyl ring (C62, C61, C60, C64, C63, 3.63A) of ferrocene ring, H59
with alkyl carbon (C23, 2.85A) and H81 with benzene ring (C2, C91, C6, C5, C4,
C3, 2.83A) of the truxene core, leading to the formation of 2-D network (Figure
3.3).

3.5. Photophysical properties

The UV-vis absorption spectra of the truxenes 4a-4c and 5a were recorded in
dichloromethane at room temperature (Figure 3.4), and the data are listed in Table
3.2. The ferrocenyl truxenes (4a-4c and 5a) show strong absorption band between
333-352 nm, with high extinction coefficient, corresponding to n—n* transition.
The low intensity band at 430 nm is an intramolecular charge transfer from the
ferrocenes to the truxene core. The absorption maxima of truxenes 4a-4c and 5a
show continuous red shift with the enhancement of the conjugation length, and
follows the order 5a >4c>4b>4a. This reflects effective electronic communication
between ferrocenyl unit, and the truxene core in compounds 4a-4c. The TCNE
derivative 5a shows bathochromic shift of the n—n* transition band and charge
transfer band at 618 nm.?® This indicates strong donor-acceptor interaction in

truxene 5a.

1.0

4a
—4b
——>5a
—4c

Normalized Absorption
(=]
»
1

0.0

T T T Y T
300 400 500 600 700
Wavelength (nm)

Figure 3.4. Normalized electronic absorption spectra of truxenes 4a-4c and

5a (1.0x10® M concentration) in dichloromethane.
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Table 3.1. Crystal data and structure refinement parameter for truxene 4a.

Compound

4a

Empirical formula

Formula weight
Temperature

Wavelength
Crystal system, space group

Unit cell dimensions
a(A)
b (A)
B
c(A)
Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta= 25.00
Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [1>2sigma(1)]
R indices (all data)

Largest diff. peak and hole

Cog H1a4 Fe3

1471.45
150(2) K

0.71073 A
Monoclinic, P 21/n

16.3107(3)
b =18.4332(3)
90.4590(10)
27.2131(4)
8181.6(2) A’

4, 1.195 Mg/m?®
0.571 mm™
3144
0.23x0.16 x 0.13 mm
3.11 to 25.00 deg.

-19<=h<=13, -21<=k<=21, -
32<=1<=32

59275 / 14385 [R(int) =
0.0570]

99.8 %
Semi-empirical from
equivalents

0.9295 and 0.8799

Full-matrix least-squares on
F2

14385/0/ 925
1.025
R1 = 0.0553, wR2 = 0.1455
R1=0.0721, wR2 = 0.1614

0.940 and -0.511 e. A
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3.6. Electrochemical properties.

The electrochemical behavior of the truxene 4a-4c and 5a were investigated by
the cyclic voltammetric analysis in dry dichloromethane solution at room
temperature using tetrabutylammoniumhexafluorophosphate (TBAPFg) as a
supporting electrolyte. The electrochemical data are listed in Table 3.2, and the

cyclic voltammogram are shown in Figure 3.5.
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Figure 3.5. Cyclic voltammogram of 1.0x10™ M solutions of compound 4a—4c
and 5a in CH,ClI, containing 0.1M Bu4NPF¢ as supporting electrolyte, recorded at

a scan speed of 100 mVs™.
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All potentials are corrected to be referenced against Fc/Fc”, as required by
IUPAC.? The cyclic voltammogram of the truxene 4a-4c and 5a show reversible
oxidation wave of ferrocene/ferrocenium. Truxene 5a shows two irreversible
reduction peaks corresponding to the successive one electron reductions of the
dicyanovinyl (DCV) groups of the tetracyanoethylene unit.*** The ferrocenyl
moieties in the truxene 4a-4c and 5a show higher oxidation potential compared to
the free ferrocene. This confirms, substantial electronic communication between
ferrocene and truxene core. The incorporation of TCNE group, which is a strong
electron-acceptor, results in harder oxidation of ferrocene unit in truxene 5a. The
trend in the oxidation potential of the ferrocenyl moiety in the ferrocenyl
substituted truxenes follows the order 5a > 4a > 4b> 4c.

Table 3.2. Photophysical and electrochemical data of ferrocenyl truxenes 4a—4c

and 5a.
Photophysical Electro- T4 (°C)
data® cemical®
Compound data
;\-max, [nm] EOX(V)
1ex10°(M™
cm™)
Ferrocene - 0.38 -
4a 333 (1.1) 0.45 437
4b 346 (2.1) 0.43 393
4c 352 (1.3) 0.46 414
5a 350 (1.9) 0.80 230
421, 618 -1.05
-1.54

*Measured in dichloromethane at 1x10® M concentration. "Recorded by cyclic
voltammetry using 1.0x10* M solutions of 4a-4c and 5a containing 0.1M
solution of BusNPFs in DCM at 100 mVs™ scan rate, vs SCE electrode.

‘Decomposition temperature at 10% weight loss, determined by TGA.
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3.7.  Experimental section

General Methods

Chemicals were used as received unless otherwise indicated. All oxygen or
moisture sensitive reactions were performed under nitrogen/argon atmosphere
using standard schlenk method. Triethylamine (TEA) was received from
commercial source, and distilled on KOH prior to use. *H NMR (400 MHz), and
3C NMR (100MHz) spectra were recorded on the Bruker Avance (111) 400 MHz,
using CDClI; as solvent. Tetramethylsilane (TMS) was used as reference for
recording *H (of residual proton; &= 7.26 ppm), and *C (5= 77.0 ppm) spectra in
CDCl3. UV-visible absorption spectra of all compounds in Dichloromethane were
recorded on a Carry-100 Bio UV-visible Spectrophotometer. Cyclic
voltamograms (CVs) were recorded on a CHI620D electrochemical analyzer
using glassy carbon as a working electrode, Pt wire as the counter electrode, and
SCE as the reference electrode. HRMS was recorded on Brucker-Daltonics,
micrO TOF-Q Il mass spectrometer.

Cyclic Voltammetry: Cyclic voltamograms (CVs) were recorded on a CHI620D
electrochemical analyzer using a standard three-electrode cell with Glassy carbon
as working electrode. The 3 mm diameter glassy carbon working electrode from
CH Instruments (CHI 104) were used. The electrode was polished with two
different Alpha alumina powder (1.0 and 0.3 micron from CH Instruments)
suspended in distilled water on a Microcloth polishing pad, at the end of
polishing, the electrodes were thoroughly rinsed with distilled water. Platinum
wire was used as the counter electrode and saturated calomel as reference
electrode. The scan rate was 100 mVs' A solution of
tetrabutylammoniumhexafluorophosphate (BusNPFg) in CH,Cl, (0.1M) was
employed as the supporting electrolyte. CH,Cl, was freshly distilled from CaH,
prior to use. All potentials were experimentally referenced against the saturated
calomel electrode couple but were then manipulated to be referenced against
Fc/Fc* as recommended by IUPAC.?? Under our conditions, the Fc/Fc* couple
exhibited E* = 0.38 V versus SCE.
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Single crystal X-ray diffraction Studies

Single crystal X-ray structural studies of 4a were performed on a CCD Agilent
Technologies (Oxford Diffraction) SUPER NOVA diffractometer. Data were
collected at 293(2) K using graphite-monochromated Mo Ka radiation (Ao =
0.71073 A). The strategy for the Data collection was evaluated by using the
CrysAlisPro CCD software. The data were collected by the standard 'phi-omega
scan techniques, and were scaled and reduced using CrysAlisPro RED software.
The structures were solved by direct methods using SHELXS-97, and refined by
full matrix least-squares with SHELXL-97, refining on F2. The positions of all the
atoms were obtained by direct methods. All non-hydrogen atoms were refined
anisotropically. The remaining hydrogen atoms were placed in geometrically
constrained positions, and refined with isotropic temperature factors, generally
1.2Ueq of their parent atoms. The CCDC number 979595 contains the

supplementary crystallographic data for 4a. This data can be obtained free of
charge via www.ccdc.cam.ac.uk (or from the Cambridge Crystallographic Data
Centre, 12 union Road, Cambridge CB21 EZ, UK; Fax: (+44) 1223-336-033; or

deposit@ccdc.cam.ac.uk.
Synthesis and Characterization

The reactant a was purchased from Sigma-Aldrich, and the reactants b-c were

synthesized according to known methods.?*
General procedure for synthesis of 4a-4c.

A solution of tri-iodotruxene 3 (250 mg, 0.20 mmol) and the corresponding
ethynyl ferrocene (4.5 equivalent) in toluene—triethylamine 5 : 1 (60 mL) was
deareated for 30 min with argon bubbling and then Pd(dba), (40 mg, 0.07 mmol)
and AsPhz (170 mg, 0.55 mmol) were added. The solution was deareated for a
further 5 min; The mixture was heated at 80 °C for 48 h. The solvent was
removed; the remaining residue was suspended in water (50 mL) and extracted
with DCM (3 x 20 mL). The combined organic layers were dried (MgSO,) and
concentrated in vacuum. The resulting crude product was purified by column

chromatography on silica gel eluting with CH,Cl,/hexane (10%). The desired
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compounds obtained from the column was recrystalized from DCM/methanol to
give compounds 4a-4c in 70-80% yield.

Synthesis of truxene 5a

A solution of truxene 4a (40 mg, 0.03 mmol) and TCNE (15 mg, 0.12mmol) in
dichloromethane was heated at 80 °C overnight. After completion of the reaction,
solvent was evaporated and the residue was crystallized multiple times with

DCM/methanol to afford truxene 5a as a dark green solid.

Compound 4a: Orange solid (225 mg, 75%) 'H NMR (400 MHz, CDCls): &
(ppm) 8.3(d, 3H, J = 8.32 Hz), 7.50-7.59 (m, 6H), 4.54 (t, 7H), 4.21-4.36 (m,
20H), 2.85-2.99 (m, 6H), 2.01-2.16 (m, 6H), 0.71.01(m, 36H), 0.39-0.66(m, 30H)
); C NMR (100 MHz, CDCl3): 6 = 153.69, 145.54, 139.81, 138.06, 129.80,
124.99, 124.44, 121.67, 88.65, 86.55, 71.44, 70.00, 68.88, 65.50, 55.76, 37.00,
31.54, 29.50, 23.96, 22.30, 13.90. HRMS (ESI) m/z, calcd for M* (CegH114Fe3):
1471.7000; found: 1471.7006.

Compound 4b: Orange-red solid (199 mg, 72%) *H NMR (400 MHz, CDCls): &
(ppm) 8.38(d, 3H, J = 9.02 Hz), 7.60-7.68 (m, 6H), 7.49-7.58 (m, 12H), 4.72 {(t,
7H), 4.39 (t, 7H), 4.06-4.12 (m, 13H), 2.92-3.02 (m, 6H), 2.09-2.19 (m, 6H) )
0.84-1.03 (m, 36H), 0.46-0.48 (m, 30H) ;**C NMR (100 MHz, CDCls): § =
153.70, 145.85, 140.22, 139.89, 138.03, 131.66, 129.83, 125.88, 125.21, 124.53,
121.23, 120.49, 90.31, 90.22, 84.28, 69.76, 69.74, 69.39, 66.54, 55.82, 37.02,
31.52, 29.48, 23.98, 22.30, 13.89. HRMS (ESI) m/z, calcd for M™ (Cy17H126Fe3):
1699.7940; found: 1699.7938.

Compound 4c: Orange solid (200 mg, 70%) *H NMR (400 MHz, CDCls): &
(ppm) 8.3(d, 3H, J = 8.92 Hz), 7.47-7.66 (m, 18H), 4.53 (t, 6H), 4.20-4.32 (m,
21H), 2.87-3.00 (m, 6H), 2.04-2.18 (m, 6H), 0.78-1.02 (m, 36H), 0.40-0.68(m,
30H) ); *C NMR (100 MHz, CDCly): & = 152.66, 144.97, 139.36, 136.99, 130.47,
130.31, 128.88, 124.24, 123.53, 122.79, 121.51, 119.91, 90.83, 89.61, 88.77,
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84.57, 70.48, 69.00, 68.99, 67.98, 63.93, 54.81, 35.97, 30.47, 28.42, 22.93, 21.25,
12.85 HRMS (ESI) m/z, calcd for M* (CiosHissFes): 1771.7941; found:
1771.7948.

Compound 5a: green solid (30 mg, 60%) *H NMR (400 MHz, CDCls): & (ppm)
8.4(d, 3H, J = 7.90 Hz), 7.83-7.99 (m, 3H), 7.43-7.57 (m, 3H), 5.27-5.41 (m, 3H),
5.00(s, 3H), 4.8 (s, 3H) 4.63-4.75 (m, 3H), 4.33-4.48 (m, 15H), 2.73-2.95 (m,
6H), 2.02-2.20 (m, 6H), 0.66-1.00 (m, 36H), 0.25-0.65 (m, 30H) ); *C NMR (100
MHz, CDCl;): & = 172.40, 166.05, 154.70, 149.61, 144.96, 137.45, 129.93,
127.46, 125.40, 123.06, 113.72, 113.04, 112.09, 111.78, 85.53, 75.87, 74.97,
72.65, 71.25, 56.75, 36.84, 36.71, 36.70, 31.50, 31.44, 31.34, 29.15, 24.10, 22.18,
13.80. HRMS (ESI) m/z, calcd for M* (Ci17H114Fe3N1,): 1855.7368; found:
1855.7361.

3.8. Conclusions

In summary, we have synthesized a series of star shaped ferrocenyl substituted
truxenes (4a-4c and 5a) by the Pd-catatalyzed Sonogashira cross coupling and
Cycloaddition reaction in good vyields. The electronic absorption and
electrochemical studies of these truxenes show effective electronic interaction,
which can be tuned by the introduction of different spacers. The enhancement of
conjugation leads to red shift of the absorption bands in truxenes 4a-4c. The
compounds 4a-4c exhibited good thermal stability. The truxenes reported here are

potential candidates for opto-electronic applications.
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Chapter 4

Strategy Towards Tuning Emission of Star Shaped

Tetraphenylethene Substituted Truxenes

4.1.  Introduction

Organic molecular systems exhibiting aggregation induced emission (AIE) has
gained significant attention of the scientific community due to their application in
the field of electroluminescent devices." Truxene (10,15-dihydro-5H-
diindeno[1,2-a;10,20-c]fluorene) is a planar, Cs-symmetric polyaromatic
hydrocarbon, which is a fusion of three fluorene moieties.? The truxene scaffold is
a potential building block for the construction of larger molecular architectures,
due to its easy functionalization, rigid structures, and high thermal and chemical
stability.>* Jian Pei et al. have reported several star shaped w-conjugated
molecules based on the truxene core.” Recent reports on truxene based donor—
acceptor systems reveal that these molecular systems are potential candidates for
application in two-photon absorption, organic light-emitting diodes (OLED),

organic solar cells (OSC) and organic fluorescent probes.®®

Literature reveals that the conventional fluorophores suffer from aggregation-
caused quenching (ACQ) effect. This problem can be overcome by introducing
the concept of AIE.*™ Tetraphenylethylene (TPE) and 2,3,3-triphenylacrylonitrile
(TPAN) are propeller shaped AIE active molecules, which have the ability to
promote aggregation induced emission (AIE) in different fluorophores.”*? The
AIE active molecules are poorly emissive in solutions but highly emissive in solid

state.’3

Our group is involved in the design and synthesis of TPE substituted donor-
acceptor systems for their application in aggregation induced emission,
mechanochromism and optoelectronic properties. Recently, we have reported the
aggregation induced emission and mechanochromic studies of tetraphenylethene

substituted pyrenoimidazoles and phenanthroimidazoles.** To the best of our

53




knowledge, there are no reports available on the Tetraphenylethene (TPE)
substituted truxenes. Therefore, in the context of our research on the TPE
functionalized systems and to study the effect of AIE active TPE unit on the
photonic properties of truxene core, the TPE and TPAN substituted truxene 4, 5
and 6 have been synthesised. Their photophysical and thermal properties were
studied and DFT calculations were performed.

4.2.  Results and discussion

TPE and TPAN substituted truxenes 7, 8 and 9 were synthesized by the Pd-
catalyzed Suzuki and Sonogashira cross-coupling reactions of tri-iodotruxene 3
with the corresponding boronic acid and alkyne (Scheme 4.2). The truxene core 1
was synthesized from 1-indanone in the presence of acetic acid and hydrochloric
acid (Scheme 4.1)." The alkylation reaction of the truxene 1 with bromo-hexane
resulted in hexahexylated truxene 2.'> The iodination reaction of truxene 2 in the
presence of HIO3z and I, resulted in hexahexylated tri-iodo truxene 3 in 80% vyield
(Scheme 4.1).%

CeHi3
nBuLi/ THE CGH” CeH13  HIOs,l,,CH;COOH

n-CgHq3Br H,S04,H,0,80 °C

2 (60%) 3 (80%)

Scheme 4.1. Synthesis of tri-iodotruxene 3.

Tetraphenylethene boronic ester (4), triphenylethene boronic ester (5), were
synthesized by reported procedure from corresponding bromo-TPE.*¢ The
TPAN-alkyne (6) was synthesized by the Sonogashira cross-coupling reaction of
bromo-TPAN with trimethylsilylethyne, followed by deprotection of TMS group
by K,COj in overall 69% yield."’
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Pd(PPh;),
Toluene/water
K,CO3, 80 °C

Pd(dba),/AsPh;
Toluene
TEA, 80 °C

9 (72%)

Scheme 4.2: Synthesis of TPE and TPAN substituted truxenes 7, 8 and 9

The reaction of tri-iodo truxene 3 with tetraphenylethene boronic ester (4),
triphenylethene boronic ester (5) using Pd(PPhs)4 and TPAN-alkyne (6), under the
catalytic system Pd(dba),/AsPh;s resulted truxenes 7, 8 and 9 in 70%, 75% and
72% vyields, respectively (Scheme 4.2). Truxenes 7, 8 and 9 are readily soluble in
common organic solvents and were well characterized by *H NMR, *C NMR,
and HRMS techniques

Thermal stability is the significant requisite for practical applications of organic
chromophores. The thermal properties of the TPE and TPAN substituted truxenes
7, 8 and 9 were explored using thermogravimetric analysis (TGA) at a heating
rate of 10 °C min™ under nitrogen atmosphere (Figure 4.1). The truxenes 7, 8 and
9 showed 10% weight loss at 438 °C, 409 °C and 413 °C respectively. The
thermal stability of the TPE and TPAN substituted truxenes follow the order 7 > 9
> 8.
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Figure 4.1. TGA plots of truxene 7-9

4.3.  Photophysical properties

The electronic absorption spectra of the dilute solutions of TPE and TPAN
substituted truxenes 7, 8 and 9 in tetrahydrofuran (THF) are shown in Figure 4.2,
and the data are listed in Table 4.1. The truxenes 7, 8 and 9 show strong
absorption band between 283-285 nm respectively, with high molar extinction
coefficient, corresponding to m—m* transition.’® The low intensity band between
346-370 nm is caused by intramolecular charge transfer from TPE and TPAN to
the truxene core. The emission properties of the TPE and TPAN substituted
truxenes 7, 8 and 9 were studied by steady state and time-resolved fluorescence
techniques. Their emission spectra are shown in Figure 4.2(b). The TPE
substituted truxene 7 exhibit fluorescence maximum at 487 nm, truxene 8 shows
at 512 nm and truxene 9 shows fluorescence maximum at 424 nm (Figure 4.2(b).
The dilute solutions of truxenes 7, 8 and 9 show fluorescence quantum yields of
0.05, 0.05 and 0.14 respectively.
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Figure 4.2. (a) Normalized electronic absorption and (b) fluorescence spectra of
the solutions of truxenes 7, 8, and 9 in tetrahydrofuran at RT.

Table 4.1. Photophysical and thermal properties of truxenes 7, 8, and 9.

Compound Amax[nm] Emission  &® T4°C
(£x10°[mol™ecm™])® Amax[nm]?
7 283(1.1), 346 487 0.05 438
8 283(1.2), 370 512 0.05 409
9 285(2.1), 365 424 0.14 413

& Measured in THF at T = 25 °C, A4 (nm): absorption maximum. &, extinction coefficient. ® Determined by
using quinine sulphate as a standard (O = 0.54)

4.4. Aggregation study:

The aggregation induced emission (AIE) is the characteristic property of TPE
containing flurophores.*® The aggregation behaviour of truxenes 7, 8 and 9 were
studied with the help of fluorescence spectroscopy in THF—water mixture with
varying amount of water fraction. The truxenes 7, 8 and 9 are readily soluble in
tetrahydrofuran (THF) and insoluble in water. The dissolved solute molecules

transform into the nano-aggregate particles by increasing the water fraction in the
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THF—-water mixture. The TPE substituted truxenes 7 and 8 are weakly fluorescent
in pure tetrahydrofuran and become highly fluorescent at higher water fraction.
The fluorescence intensity of TPE substituted truxenes 7 and 8 continuously
increases with increasing water fraction (Figure 4.3 (a & b). This increase in the
fluorescence intensity is attributed to the AIE phenomenon. The quantitative
estimation of the AIE process was obtained by calculating the fluorescence
quantum vyields, in the mixture of water and THF in various proportions, using
quinine sulphate as the standard. In the pure THF solution, truxene 7 and 8 exhibit
poor fluorescence with quantum yields of 0.05 which was increased to 0.76, 0.75
respectively in the aggregated state (90% aqueous).

Water Vol %

|
—30
—A5

Emission Intensity (a.u.)
Emission Itensity {(a.u.)
w - - o = N

Y T ¥
415 a8 s34

Wavelength {nm} °*
Wavelength (nm)

Emission ensity (a.u.)

T
pre

\;Vavelength (n:;
Figure 4.3. Emission spectra of truxenes 7 (a), 8 (b), and 9 (c) (10° M) in
THF/H,O mixtures with different volume fractions of water. (Aex = 283 nm).

Fluorescence color images of the truxenes in the presence of different THF/Water

mixtures under UV light are presented above graphs.
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The TPAN substituted truxene 9 shows decrease in fluorescence intensity with
increasing water fraction (Figure 4.5c). This is attributed to the aggregation-
caused quenching (ACQ) effect which can be assigned to the charge transfer from
TPAN to the truxene core.’® The alkyne linkage increases the distance between
TPE and truxene core, which gives sufficient space for planarization and m-n
stacking.!” Which favours the aggregation-caused fluorescence quenching and
makes TPAN substituted truxene 9 AIE inactive. The truxene 9 shows 0.14

quantum yield in pure THF which was decreased to 0.06 in the aggregated state.

4.5. Computational calculations

In order to gain insight into the electronic structures of truxenes and to understand
the photophysical properties of the TPE and TPAN substituted truxenes 7, 8 and 9
the density functional theory (DFT) and time dependent density functional (TD-
DFT) calculations were performed. The structures of 7, 8 and 9 were optimized
using Gaussian 09W program at the B3LYP/6-31G** level. The TD-DFT
calculations were carried out in tetrahydrofuran (THF) using the polarized
continuum model (CPCM) of Gaussian 09 software. The 6-31G** basis set was

used for all the calculations.*®%?

The truxene core of TPE and TPAN substituted truxenes 7, 8 and 9 show planar
geometry while TPE units show twisted geometry (Figure 4.4). The interplanar
angles between the truxene core and the plane of TPE units in truxene 7 are 35.6°,
35.6° and 35.7°. In truxene 8 the dihedral angles between truxene core and TPE
units are 46.9°, 46.7° and 46.8°. The truxene core of TPAN substituted truxene 9
and phenyl ring of TPAN is in same plane, which reflects stronger electronic

communication compared to truxene 7 and 8.
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Figure 4.5. The comparison of experimental and calculated (TD-DFT) at
CAMB3LYP absorption spectrum the truxenes 7, 8 and 9 in THF solution.
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The TD-DFT predicted vertical excitation energies for truxenes 7, 8 and 9 are
shown in Figure 4.5 along with experimental UV-vis spectra and data are listed in
Table 4.2. The major intense transition in the truxenes 7, 8 and 9 is ©-n* in nature.
The strong absorption bands calculated at CAM-B3LYP level are at 319 nm, and
326 nm for truxenes 7 and 8 respectively. The experimental values for these
transitions are 283 nm for 7 and 8. The TPAN substituted truxene 9 show
calculated band at 360 nm which perfectly matches with the ICT band. This
reveals that electron density transfers from truxene core (donor) to TPAN

(acceptor) unit.

Figure 4.6 shows the electron density distribution of the HOMO and LUMO of
the TPE and TPAN substituted truxenes 7, 8 and 9. The HOMO and LUMO in
TPE substituted truxenes 7 and 8 are delocalized over the truxene and TPE unit.
The TPAN substituted truxene 9 shows HOMO delocalized over the truxene core
while the LUMO is exclusively located on the TPAN units, which indicates
charge transfer from HOMO to LUMO. The HOMO-LUMO gap is lower for
TPAN substituted truxene 9 as compared to truxene 7 and 8, due to the

incorporation of TPAN alkyne as a strong acceptor.
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Figure 4.6. The energy level diagram of the frontier molecular orbitals of the TPE
and TPAN substituted truxenes 7, 8 and 9 using B3LYP/6-31G(d,p) level of DFT
theory.
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Table 4.2. Computed vertical transition energies and their Oscillator strengths (f)

and major contributions for the truxene 7-9.

Compound TD-DFT/ CAM-B3LYP (THF)
Amax f Major contribution (%)
7 319 nm 2.88 HOMO—2—LUMO+1(18%)

HOMO-1—LUMO (10%)
HOMO-1—LUMO+2 (11%)
HOMO—LUMO+2 (14%)
8 326 nm 1.89 HOMO-2—LUMO (18%)
HOMO-2—LUMO (18%),
HOMO-1—>LUMO+1 (16%),
HOMO-1—>LUMO+2 (25%),

HOMO—LUMO (17%)

9 360nm  3.30 HOMO—-2—LUMO (24%)
HOMO—LUMO (11%),
HOMO—LUMO+2 (14%)

HOMO-1—LUMO (8%),

*f is Oscillator strengths
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4.6. Experimental section

General: Chemicals were used as received unless otherwise indicated. All
oxygen or moisture sensitive reactions were performed under nitrogen/argon
atmosphere using standard Schlenk method. Triethylamine (TEA) was received
from commercial source, and distilled on KOH prior to use. *H NMR (400 MHz),
and **C NMR (100MHz) spectra were recorded on the Bruker Avance (I11) 400
MHz, using CDClj; as solvent. Tetramethylsilane (TMS) was used as reference for
recording *H (of residual proton; &= 7.26 ppm), and *C (5= 77.0 ppm) spectra in
CDCl;. UV-visible absorption spectra of all compounds in chlorofom were
recorded on a Carry-100 Bio UV-visible Spectrophotometer. HRMS was recorded
on Bruker-Daltonics, micrO TOF-Q Il mass spectrometer.

4.7.  Synthesis and Characterization

The reactant 4, 5, 6 were synthesized according to known methods.****’
Synthesis of truxenes 7 and 8.

A solution of tri-iodotruxene 3 (200 mg, 0.16 mmol) and the corresponding TPE
boronic ester (4.5 equivalent) in toluene—water 3 : 1 (60 mL) was deareated for 30
min with argon bubbling and then Pd(PPhs), (40 mg, 0.07 mmol) were added. The
solution was deareated for further 5 min. The mixture was heated at 80 °C for 48
h. The solvent was removed; the remaining residue was suspended in water (50
mL) and extracted with DCM (3 x 20 mL). The combined organic layers were
dried (MgSO,4) and concentrated in vacuum. The resulting crude product was
purified by column chromatography on silica gel eluting with CH,Cl,/hexane
(10%). The desired compounds obtained from the column was recrystallized from
DCM/methanol to give compounds 7 and 8 in 70-75% vyield.

Synthesis of truxenes 9

A solution of tri-iodotruxene 3 (250 mg, 0.20 mmol) and the TPAN alkyne (4.5
equivalent) in toluene-triethylamine 5 : 1 (60 mL) was deareated for 30 min with
argon bubbling and then Pd(dba), (40 mg, 0.07 mmol) and AsPh; (170 mg, 0.55
mmol) were added. The solution was deareated for a further 5 min. The mixture

was heated at 80 °C for 48 h. The solvent was removed; the remaining residue
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was suspended in water (50 mL) and extracted with DCM (3 x 20 mL). The
combined organic layers were dried (MgSO,) and concentrated in vacuum. The
desired compounds obtained from the column was recrystalized from
DCM/methanol to give compound 9 in 75% vyield.

Compound 7:

white solid (yield: 70%) "H NMR (400 MHz, CDCls): & (ppm) 8.3(d, 3H, J = 8.70
Hz), 7.58-7.68 (m, 6H), 7.53 (d, 6H, J = 7.50 Hz), 7.01-7.21 (m, 51H), 2.87-3.01
(m, 6H), 2.02-2.17 (m, 6H), 0.75-0.99 (m, 36H), 0.45-0.63 (m, 30H) ); *C NMR
(100 MHz, CDCls): 6 = 154.2, 145.0, 143.8, 142.7, 141.0, 140.6, 139.6, 138.8,
138.3, 138.0, 131.8, 131.4, 131.4, 131.3, 127.8, 127.7, 127.6, 126.4, 126.4, 126.0,
127.8, 124.7, 120.0, 55.0, 37.7, 31.5, 29.5, 23.9, 22.2, 13.8, HRMS (ESI) m/z,
calcd for M* (Cy41H144): 1838.1296; found: 1838.1608.

Compound 8:

white solid (yield: 75%) 'H NMR (400 MHz, CDCls): & (ppm) 7.96(d, 3H, J =
8.58 Hz), 6.72-7.51 (m, 51H), 2.57-2.79 (m, 6H), 1.54-1.69 (m, 6H), 0.59-1.00
(m, 66H) ); *C NMR (100 MHz, CDCls): & = 152.7, 144.9, 144.0, 143.9, 143.8,
141.7, 141.3, 140.5, 138.6, 137.9, 131.5, 131.4, 131.3, 129.9, 129.3, 129.0, 127.6,
127.5,126.4, 126.3, 125.1, 123.9, 55.2, 36.5, 31.5, 29.7, 29.2, 23.6, 22.3, 13.9.
HRMS (ESI) m/z, caled for M* (Cy23H132): 1610.0357; found: 1610.0355.
Compound 9:

yellow solid (yield: 72%) *H NMR (400 MHz, CDCls): & (ppm) 8.33(d, 3H, J =
9.20 Hz), 7.52-7.63 (m, 6H), 7.39-7.51 (m, 20H), 7.18-7.34 (m, 16H), 7.04 (d,
6H, J = 7.36), 2.85-2.99 (m, 6H), 2.00-2.16 (m, 6H), 0.77-0.99 (m, 36H) ), 0.39-
0.67 (m, 30H); **C NMR (100 MHz, CDCls): § = 158.3, 153.6, 146.0, 140.4,
140.2, 138.9, 137.9, 134.6, 131.6, 130.8, 130.0, 129.9, 129.7, 129.2, 128.5, 128.4,
125.3, 1245, 123.4, 120.7, 119.8, 110.9, 91.7, 89.3, 55.84, 36.9, 31.4, 29.6, 29.4,
23.9, 22.2, 13.8. HRMS (ESI) m/z, calcd for M** (C132H125N3): 1756.0214; found:
1757.0510.

4.8. Conclusions

In summary, the tetraphenylethylene (TPE) substituted truxene 7, 8 and 2,3,3-
triphenyl acrylonitrile (TPAN) substituted truxene 9 were designed and
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synthesized by the Pd-catalyzed Suzuki and Sonogashira cross-coupling reactions.

Their photonic and thermal properties were studied. The TPE substituted truxene

7 and 8 show aggregation-induced emission behaviour and TPAN substituted

truxene 9 shows aggregation-caused quenching effect in THF/water medium. The

computational calculations of truxenes 7-9 are in good agreement with the

experimental data.
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Chapter 5

Cs-Symmetric Star Shaped Donor-Acceptor Truxenes:
Synthesis, Photophysical, Electrochemical and Computational
Studies

5.1.  Introduction

The development of novel n-conjugated donor—acceptor (D—A) molecular systems
have drawn immense attention of the scientific community due to their potential
applications in multi-photon absorption, organic light emitting diodes (OLEDs)
and organic field effect transistors (OFETS), organic photovoltaics (OPVs).*? The
electronic and photonic properties of the m-conjugated D—A molecular systems
can be tuned by altering the HOMO-LUMO gap.® The HOMO-LUMO gap in D—
n—A molecular systems can be tuned either by altering the strength of D/A units

or by varying the n-bridge.*”

The D-A systems incorporating the cyano-based acceptors such as
tetracyanoethylene (TCNE) and 7,7,8,8-tetracyanoquinodimethane (TCNQ) are
potential candidates for dye-sensitized solar cells (DSSCs), organic photovoltaics
and non-linear optics.>® Diederich and others have reported the synthesis and
properties of various TCNE and TCNQ substituted derivatives using [2+2]
cycloaddition—retroelectrocyclization reaction.®*° Michinobu et al. have explored
the TCNE and TCNQ substituted polymers which are promising materials for
photovoltaic applications.”®® Shoji et al. have reported donor—acceptor based
TCNE and TCNQ molecules as a redox active ICT chromophores. °
Butenschoen et al. have synthesized a variety of 1,1 -disubstituted ferrocenyl
TCBD derivatives.™ Our group is interested in the design and synthesis of novel

D—A molecular systems for optoelectronic applications.™®

The star-shaped truxene is a rigid building block for constructing extended =-
conjugated molecular systems due to its easy functionalization, excellent

solubility, high thermal and chemical stability.**™* Jian Pei et al. have explored
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various star shaped m-conjugated molecules based on the truxene core for
optoelectronic applications.**'* Literature reveals that truxene based donor—
acceptor systems have potential applications in organic light-emitting diodes

(OLED), organic solar cells (OSC) and organic fluorescent probes.*>*’

Recently, we have explored the reaction pathway and tuning of HOMO-LUMO
gap of TCNE functionalized bisthiazole based donor-acceptor systems.?* We were
further interested to study the [2+2] cycloaddition-retroelectrocyclization reaction
pathway and tuning of HOMO-LUMO energy gap of triphenylamine (donor),
naphthalimide (acceptor) substituted truxene and their TCNE and TCNQ
derivatives. The triphenylamine and naphthalimide substituted truxenes were
synthesized by the Pd-catalyzed Sonogashira cross-coupling reaction and their
photophysical, electrochemical and computational studies were performed. The
triphenylamine (donor) substituted truxene 7 was further subjected to the [2+2]
cycloaddition—retroelectrocyclization reaction with tetracyanoethylene (TCNE)
and 7,7,8,8-tetracyanoquinodimethane (TCNQ), which resulted in truxenes 10 and
11. On the other hand the naphthalimide (acceptor) substituted truxene 6 does not
undergo the cycloaddition retroelectrocyclization reaction due to the lower
HOMO and higher LUMO energy level of TCNE.*®

5.2. Results and discussion

The donor (TPA) and acceptor (NDI) substituted substituted truxenes 6, 7, 10 and
11 were synthesized by the Pd-catalyzed Sonogashira cross-coupling reaction and
[2+2] cycloaddition-retroelectrocyclization reactions (Scheme 5.2). The truxene 1
was synthesized by 1-indanone in the presence of acetic acid and hydrochloric
acid.”® Truxene exhibits poor solubility due to its flat disc like conformation.
Therefore, in order to improve the solubility six hexyl groups were attached to the
C-5, C-10, and C-15 positions of the truxene moiety by alkylation reaction using
bromo-hexane, which resulted readily soluble hexahexylated truxene 2 (Scheme
1)."® The iodination reaction of truxene 2 in the presence of HIO3 and I, resulted

in tri-iodo truxene 3 in 80% yield (Scheme 5.1).%°
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Scheme 5.1. Synthesis of tri-iodotruxene 3.

The  intermediates  4-ethynyl-N,N-diphenylaniline  (5), 4-ethynyl-1,8-
naphthalimide (4) were synthesized by reported procedure.”* To overcome the
solubility problem n-butyl group was attached at the N-position of 4-ethynyl-1,8-
naphthalimide. The reaction of tri-iodo truxene 3 with 4-ethynyl-1,8-
naphthalimide 4, 4-ethynyl-N,N-diphenylaniline 5 under the catalytic system
Pd(dba),/AsPhs resulted truxene 6 and 7 in 70% and 75% vyield respectively
(Scheme 5.2). The triphenylamine substituted truxene 7 was further subjected to
the [2+2] cycloaddition-retroelectrocyclization reactions with TCNE and TCNQ
at 100 °C for 16 h, which resulted truxene 10 and 11 in 71%, and 65% vyield
respectively. The reaction of naphthalimide substituted truxene 6 with TCNE and
TCNQ did not lead to the product formation (Scheme 5.2). The truxenes 6, 7, 10
and 11 showed good solubility in common organic solvents and were well
characterized by *H NMR, *C NMR, and HRMS techniques.

The triphenylamine substituted truxene 7 undergoes cycloaddition reaction with
TCNE as shown by negative Gibbs free energy -0.14 kcal/mol calculated by
computational studies, shown in Figure 5.1. In case of naphthalimide substituted
truxene 6 the cycloaddition reaction was unsuccessful as shown by positive Gibbs
free energy (0.59 kcal/mol).?? This confirms that donor substituted truxenes are
favourable for cycloaddition reaction, whereas truxenes substituted by electron
withdrawing groups are not favourable (Figure 5.1). In triphenylamine substituted
truxene (7) the HOMO energy level (-4.99 eV) is closer to the LUMO level of
TCNE (-4.56 eV) as compared to HOMO energy level of truxene 6 (-5.68 eV)
(Figure 5.2). Therefore overlapping of HOMO orbital of truxene 7 and LUMO
orbital of TCNE is feasible in cycloaddition reaction whereas the overlapping of

orbitals between TCNE and truxene 6 is not favourable.?®
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Scheme 5.2: Synthesis of donor/acceptor substituted truxenes 6, 7, 10 and 11.
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Figure 5.1. The Gibbs free energy differences of the truxenes 6 and 7 by using 6-
311+ g(d,p)/B3LYP at 100 °C in 1,2-dichloroethane solvent.
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Figure 5.2. The HOMO and LUMO molecular orbitals of truxene 7, TCNE and

truxene 6.

5.3. Thermal stability: The thermal stability of the donor and acceptor
substituted truxenes 6, 7, 10 and 11 were explored using thermogravimetric
analysis (TGA) at a heating rate of 10 °C min ' under nitrogen atmosphere
(Figure 5.3). The decomposition temperature for 10% weight loss in truxenes 6—
11 were above 370 °C. The naphthalimide substituted truxene 6 showed better
thermal stability, as the 10% weight loss is at higher temperature (426 °C) as
compared to other truxenes (Table 1). The overall thermal stability of truxenes
follow the order 6 > 7 > 11 > 10.

100 -

—

90 7
10

80 —1n

70 4

% weight loss

50 4

40

400 500 800
Temperature (°C)

Figure 5.3. TGA plots of truxenes 6, 7, 10 and 11
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5.4. Photophysical properties:

The UV-vis absorption spectra of the truxenes 6, 7, 10 and 11 were recorded in
dichloromethane at room temperature (Figure 5.4), and the data are listed in Table
5.1. The truxenes exhibit absorption band between 273-320 nm corresponding to
n-n* transition. The absorption spectra of truxene 6 and 7 exhibit charge transfer
(CT) band at 418 nm and 383 nm respectively. In truxene 10, the incorporation of
TCNE unit results in red shifted strong charge transfer band at 433 nm whereas
TCNQ acceptor unit result in multi-CT bands in truxene 11.** This indicates
strong donor—acceptor interaction in truxene 10 and 11 with TCNE and TCNQ
linkers. The presence of strong CT transition results in intense colour solution of
truxenes 6-11 in dichloromethane (Figure 5.5).

=)
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7 —6
—10
—n

—7

Emission intensity (a.u.)
=
y

Normalized Absorption

T T T T
0.0 T T T Y 400 500 600 700

300 400 500 80 700 800
Wavelength (nm) Wavelength (nm)

Figure 5.4. Normalized electronic absorption spectra of truxene 6, 7, 10 and 11
and fluorescence spectra of truxenes 6 and 7 (1.0x10° M concentration) in

dichloromethane.

The trend observed in the HOMO-LUMO gap values exhibit the order
7>6>10>11. This reveals that the HOMO-LUMO gap values were considerably
lowered in the TCNQ linked truxene 11 followed by the TCNE substituted
truxene 10 and naphthalimide substituted truxene 6. Hence, HOMO-LUMO gap
in these truxene derivatives are function of the acceptor strength. The

fluorescence emission wavelengths for truxenes 6 and 7 were observed at 611 nm
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and 430 nm respectively (Table 5.1). The TCNE and TCNQ linked truxenes 10
25,26

and 11 are non-emissive in nature.

Figure 5.5: Truxenes 6, 7, 10 and 11 at 1 x 10 > M concentration in
dichloromethane in day light.

Table 5.1. Photophysical and electrochemical data of truxenes 6, 7, 10 and 11

Compound  Photophysical Emission @;° Electro-chemical data’ dT 4°
data® Amax[nM]?
Theoretical
hmax, [NM] Eox(V) Erea(V) HOMO-
(£x10°[mol*cm™]) LUMO
gap (eV)
Ferrocene - - - 0.00
6 320(1.1), 418 611 0.42 131 -1.47 2.98 426
7 300(1.2), 383 430 0.54 0.37 -1.44 3.31 424
0.96
10 273(1.5), 433 - - 1.30 -1.49 2.34 370
11 290(1.8), 380, - - 1.25 -1.46 1.92 388
440, 655

*Measured in DCM at T = 25 °C, Amax (nm): absorption maximum. &, extinction coefficient. ° Determined by using quinine
sulphate as a standard (®% = 0.54). “Recorded by cyclic voltammetry using 1.0 x 10~ M solutions of 611 containing 0.1
M solution of BusNPFs in DCM at 100 mV s 'scan rate, vs. FcH/FcH*. “Decomposition temperature at 10% weight loss,
determined by TGA.

5.5. Electrochemical properties: The electrochemical behaviour of the truxenes
6, 7, 10 and 11 were investigated by the cyclic voltammetric analysis in dry
dichloromethane  solution at room  temperature (25 °C) using

tetrabutylammoniumhexafluorophosphate (TBAPFg) as a supporting electrolyte.
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The electrochemical data are listed in Table 5.1. The cyclic voltammograms of the
truxenes 6, 7, 10 and 11 are shown in the Figure 5.6. All potentials are corrected
to be referenced against FcH/FcH', as required by IUPAC.?” The cylic
voltammogram of the truxenes 6, 10 and 11 show one irreversible oxidation wave
in the range of 1.25-1.31 V (Figure 5.6). The triphenylamine substituted truxene 7
shows one reversible oxidation peak and one quasireversible peak. The first
oxidation potentials of truxene 7 is at E1, = 0.37 V, and the second oxidation
potential at Ei, = 0.96 V, suggesting a successive formation of the monocation
and then dication radical, which is attributed to the removal of electrons from the
triphenylamine moiety.?® The truxenes 6, 7, 10 and 11 exhibit one reversible
reduction wave in the range of -1.44 to -1.49 V. The acceptor substituted truxenes
6, 10, and 11 exhibit harder oxidation and reduction as compared to donor
substituted truxene 7. This reflects strong donor-acceptor interaction in truxene 6,
10 and 11.
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Figure 5.6. Cyclic voltammogram of 1.0x10” M solutions of truxenes 6, 7, 10
and 11 in CH,CI, containing 0.1M BusNPFg as supporting electrolyte, recorded at

a scan speed of 100 mV s™.

5.6. Time dependent density functional (TD-DFT) studies:

To understand the photophysical and electrochemical properties of donor-acceptor
substituted truxenes 6, 7, 10 and 11 the density functional theory (DFT) and time
dependent density functional (TD-DFT) calculations were performed. The
structures 6, 7, 10 and 11 were optimized using Gaussian 09 program at the
B3LYP/6-31G** level.?® The TD-DFT calculations were carried out in the 1,2-
dichloroethane (DCE) using the polarized continuum model (CPCM) of Gaussian
09 software. The 6-31G**/CAM-B3LYP basis set was used for all the

calculations.?

The TD-DFT predicted vertical excitation energies of truxene 6 and 7 are shown
in Figure 5.7 along with experimental UV-vis spectra and data are listed in Table
5.2. The truxene 6 shows absorption bands calculated at CAM-B3LYP level at

284 nm and 389 nm. The experimental values for these transitions are 320 nm and
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418 nm respectively. The truxene 7 shows calculated band at 272 nm and 355 nm
which corresponds to experimental bands at 300 nm and 383 nm (Figure 6). The
incorporation of TCNE (truxene 10) results major intense transitions at 383 nm
and TCNQ (truxene 11) results bands at 370 nm and 570 nm, which belongs to
intramolecular charge transfer (ICT), this is in accordance with the experimental
values (Figure 5.7). These bands are supported by the frontier molecular orbitals,
which show that intramolecular charge transfer (ICT) takes place from
triphenylamine (donor) to TCNE or TCNQ (acceptor) as shown in 5.8.
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Figure 5.7. The comparison of experimental and calculated (TD-DFT at CAM-

B3LYP level) absorption spectrum of truxene 6, 7 in 1,2-dichloroethane solution.

78



PO
>, o,
., 9%

b

x 354
" " LUMO+9 ;0.'
1]
A

. LuMo
2 g
b L
® - ;G
. N
n-n* transition o N B o
HOMO-1 —>LUMO+1 (12%) ICT transition Tn* transition ICT transition
HOMO-2 —>LUMO+1 (26%) HOMO-2 —LUMO+9 (15%) HOMO-2—>LUMO(21%)
. o b
& & e
W WS
<deddgp™ Adoly. >
AP, 2%e%s5,
4"- 4“ 5
®,
i L)
it
2380 HOMO-L *%e* HOMO-2

Figure 5.8. The major transitions in truxene 6 and 7

The optimized structures of truxene 6 and 7 exhibit planar conformation with
respect to truxene core. The incorporation of the TCNE and TCNQ groups results
in loss of planarity in truxene 10 and 11. The dihedral angle between the
triphenylamine groups and truxene core is 76.1°, 89.6°, 74.9° in truxene 10, and
74.0°, 74.8°, 74.8° in truxene 11 (Figure 5.9).

Ny

Figure 5.9. The DFT optimized structures of the truxenes 6, 7, 10 and 11 with
Gaussian 09 at the B3LYP/6-31G** level of theory.



Table 5.2. Computed vertical transition energies and their Oscillator strengths (f)
and major contributions for the truxenes 6, 7, 10 and 11

Truxenes TD-DFT/ CAM-B3LYP (DCE)
Amax f Major contribution (%6)
6 284nm 0.0087 HOMO-1—LUMO+1(12%)
389 nm 2.29 HOMO—2—LUMO+1(26%)
7 272nm 0.352 HOMO-2—LUMO+9 (15%)
355 nm 3.369 HOMO-2—LUMO (21%)
10 383nm 0.6231 HOMO—-4—>LUMO+2 (12%)
11 370nm 0.2677

HOMO-1-LUMO (27%)

520 0.7923
nm HOMO—5—LUMO (11%)

*f is Oscillator strengths

Figure 5.10 shows the electron density distribution of the HOMO and LUMO of
the truxenes 6, 7, 10 and 11. In truxene 6 the HOMO is delocalized on the truxene
core and LUMO is on the naphthalimide unit, this separation of HOMO and
LUMO results in strong charge transfer and low energy gap (2.98 eV). The
truxene 7 shows that, the HOMO is delocalized over the triphenylamine groups,
whereas the LUMO is delocalized on the tuxene core. In case of TCNE and
TCNQ substituted truxene 10 and 11 the HOMO is delocalized over the
triphenylamine group and LUMO is on TCNE and TCNQ acceptor unit
respectively. Thus, the electron density transfers from triphenylamine groups
(HOMO) to TCNE (LUMO) and TCNQ groups in truxene 10 and 11. The
HOMO-LUMO gap is lowest in truxene 11 as compared to other truxenes due to

the incorporation of TCNQ as a strong acceptor.
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Figure 5.10. The energy level diagram of the frontier molecular orbitals of the
truxenes 6, 7, 10 and 11 calculated using B3LYP/6-31G(d,p) level of DFT theory.

5.7. Experimental section

General experimental. All reagents were obtained from commercial sources, and
used as received unless otherwise stated. *H NMR (400 MHz) and *3*C NMR (100
MHZz) spectra were recorded on a Bruker Avance (I11) 400 MHz instrument by
using CDCl; as solvent. *H NMR chemical shifts are reported in parts per million
(ppm) relative to the solvent residual peak (CDCl3, 7.26 ppm). Multiplicities are
given as s (singlet), d (doublet), t (triplet), g (quartet), and m (multiplet), and the
coupling constants, J, are given in Hz. *C NMR chemical shifts are reported
relative to the solvent residual peak (CDCl;, 77.36 ppm). Thermogravimetric
analyses were performed on the Mettler Toledo Thermal Analysis system.
UV-visible absorption spectra were recorded on a Cary-100 Bio UV-—visible
spectrophotometer. Cyclic voltamograms (CVs) were recorded on a CHI620D
electrochemical analyser using glassy carbon as the working electrode, Pt wire as
the counter electrode, and the saturated calomel electrode (SCE) as the reference

electrode. The scan rate was 100 mVs ™. A solution of tetrabutylammonium
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hexafluorophosphate (TBAPFg) in CH,Cl, (0.1 M) was employed as the
supporting electrolyte. DCM was freshly distilled from CaH, prior to use. All
potentials were experimentally referenced against the saturated calomel electrode
couple but were then manipulated to be referenced against FcH/FcH® as
recommended by IUPAC. Under our conditions, the FcH/FcH" couple exhibited
E° =0.38 V versus SCE. HRMS was recorded on Bruker-Daltonics micrOTOF-Q

Il mass spectrometer.

Synthesis and Characterization

The reactants 4 and 5 were synthesized according to known methods.**
Procedure for the preparation of truxenes 6 and 7.

A solution of tri-iodotruxene 3 (250 mg, 0.20 mmol) and the corresponding
alkyne (4.5 equivalent) in toluene—triethylamine 5 : 1 (60 mL) was deareated for
30 min with argon bubbling and then Pd(dba), (40 mg, 0.07 mmol) and AsPh;
(170 mg, 0.55 mmol) were added. The solution was deareated for a further 5 min.
The mixture was heated at 80 °C for 48 h. The solvent was removed; the
remaining residue was suspended in water (50 mL) and extracted with DCM (3 x
20 mL). The combined organic layers were dried (MgSO,) and concentrated in
vacuum. The resulting crude product was purified by column chromatography on
silica gel eluting with CH,Cl,/hexane (10%). The desired compounds obtained
from the column was recrystallized from DCM/methanol to give compound 6 and
7in 70% and 75% yield respectively.

Procedure for the preparation of truxenes 10 and 11.

A solution of alkyne derivative (40 mg) and TCNE/TCNQ (5 equivalent) in 1,2-
dichloroethane was refluxed for 24 h at 100 °C. After completion of the reaction,
the reaction mixture was concentrated under reduced pressure. The crude
compound was purified by column chromatography on silica eluting with
CH,Cl,/hexane (10%) and crystallized multiple times with DCM/methanol to
afford truxene 10 and 11 in 71% and 65% yield.
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Truxene 6: yellow solid (yield: 70%), M. P. above 280 °C. IR data (KBr, cm™)-
754, 815, 854, 1083, 1381, 1661, 1701, 2159. *H NMR (400 MHz, CDCls): &
(ppm) 8.86 (d, 3H, J = 8.18 Hz,-naphthalimide core protons), 8.69 (d, 3H, J =
7.36 Hz,-naphthalimide core protons), 8.61 (d, 3H, J = 7.77 Hz,-naphthalimide
core protons), 8.46 (d, 3H, J = 8.45 Hz, -naphthalimide core protons), 8.05 (d, 3H,
J = 7.77 Hz-truxene core protons), 7.90 (t, 3H,-naphthalimide core protons), 7.76-
7.82 (m, 6H, truxene core protons), 4.21 (t, 6H, N-butul chain protons), 2.94-3.01
(m, 6H, truxene hexyl chain protons), 2.14-2.25 (m, 6H, truxene hexyl chain
protons), 1.70-1.80 (m, 6H, N-butyl chain protons), 1.41-1.51 (m, 6H, N-butul
chain protons), 0.80-1.05 (m, 45H, truxene hexyl chain and methyl protons of
butyl chain), 0.47-0.68 (m, 30H, truxene hexyl chain protons) *C NMR (100
MHz, CDCls): 6 = 164.0, 163.8, 153.9, 146.6, 141.1, 138.0, 132.4, 131.6, 130.8,
130.5, 130.4, 128.2, 127.7, 127.4, 125.5, 124.7, 123.1, 122.1, 120.3, 99.9, 87.0,
56.07, 40.0, 37.0, 31.5, 30.2, 29.7, 29.4, 24.0, 22.2, 20.4, 13.9, 13.8. HRMS (ESI)
m/z, calcd for M* (C117H120N306): 1671.9981; found: 1671.9994.

Truxene 7: brown solid (yield: 75%), M.P. 130 °C, IR data (KBr, cm™)- 617,
648, 695, 2160. '"H NMR (400 MHz, CDCls): & (ppm) 8.31 (d, 3H, J = 8.91 Hz,
truxene core protons), 7.52-7.61 (m, 6H, truxene core protons), 7.44 (d, 6H, J =
7.80 Hz, triphenyl amine core protons), 7.24-7.32 (m, 12H, triphenyl amine core
protons), 7.01-7.06 (m, 24H, triphenyl amine core protons), 2.85-2.91 (m, 6H,
hexyl chain protons), 2.00-2.15 (m, 6H, hexyl chain protons), 0.77-0.91 (m, 36H,
hexyl chain protons), 0.39-0.66 (m, 30H, hexyl chain protons).

C NMR (100 MHz, CDCls): & = 153.6, 147.9, 147.2, 145.7, 140.0, 138.0,
132.5, 129.4, 129.7, 125.0, 124.4, 123.5, 122.3, 121.2, 116.2, 99.0, 89.4, 55.7,
36.9, 31.5, 29.6, 29.4, 23.9, 22.2, 13.8. HRMS (ESI) m/z, calcd for M"
(Ci123H129N3): 1649.0214; found: 1649.0620.

Truxene 10: Reddish brown solid (yield: 71%), M. P. above 280 °C. IR data
(KBr, cm™)- 803, 748, 1185, 1337, 1466, 1443, 2158, 2221. *H NMR (400 MHz,
CDCl3): 6 (ppm) 8.44 (d, 3H, J = 8.01 Hz, TPA core protons), 8.17 (s, 3H,
truxene core protons), 7.77 (d, 6H, J = 9.01 Hz, truxene core protons),7.37-7.50
(m, 13H, Triphenyl amine core protons), 7.20-7.32 (m, 20H, Triphenyl amine
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core protons), 6.99 (d, 6H, J = 10.01 Hz, Triphenyl amine core protons), 2.79-
2.91 (m, 6H, hexyl chain protons), 2.11-2.24 (m, 6H, hexyl chain protons), 0.74-
0.98 (m, 36H, hexyl chain protons), 0.35-0.60 (m, 30H, hexyl chain protons). *3C
NMR (100 MHz, CDCl3): 6 = 168.6, 163.8, 154.6, 153.9, 150.0, 145.3, 144.4,
137.5, 132.0, 130.5, 130.1, 128.3, 126.9, 126.8, 125.5, 124.0, 121.7, 118.0, 113.6,
112.6, 112.4, 111.4, 86.3, 78.0, 56.8, 36.7, 31.4, 29.1, 24.0, 22.1, 13.8. HRMS
(ESI) m/z, caled for M™ (C141H120N15): 2032.0555; found: 2032.1007.

Truxene 11: Black solid (yield: 65%), M. P. above 280 °C. IR data (KBr, cm™)-
695, 755, 815, 1177, 1575, 2209. *H NMR (400 MHz, CDCls): & (ppm) 8.37 (d,
3H, J =9.23 Hz, TPA core protons), 7.90 (s, 3H, truxene core protons), 7.65 (d,
3H, J = 9.80 Hz, truxene core protons), 7.58 (d, 3H, J = 9.80 Hz, triphenyl amine
core protons), 7.29-7.38 (m, 15H, triphenyl amine core protons), 7.19-7.25 (m,
12H, triphenyl amine core protons), 7.13-7.19 (m, 15H, triphenyl amine core
protons), 7.04 (d, 3H, J = 10.38 Hz, triphenyl amine core protons), 6.97 (d, 6H, J
= 9.23 Hz, triphenyl amine core protons), 2.74-2.86 (m, 6H, hexyl chain protons),
1.99-2.10 (m, 6H, hexyl chain protons), 0.72-0.91 (m, 36H, hexyl chain protons),
0.32-0.56 (m, 30H, hexyl chain protons).

¥3C NMR (100 MHz, CDCly): & = 171.4, 154.5, 153.7, 151.6, 150.5, 149.5,
145.2, 140.6, 137.5, 135.2, 134.0, 133.4, 133.0, 132.7, 129.9, 128.5, 127.1, 126.5,
126.0, 125.4, 123.7,119.1, 114.0, 113.8, 113.3, 112.3, 86.6, 74.8, 56.5, 53.4, 36.5,
31.2, 28.9, 23.9, 22.0, 13.8. HRMS (ESI) m/z, calcd for M* (CisoH141N1s):
2261.1521; found: 2261.2406.

5.8. Conclusions

In summary, we have described the synthesis of star shaped donor-acceptor
substituted truxenes 6, 7, 10 and 11. Their photophysical, electrochemical
properties, thermal stability and HOMO-LUMO gap can be tuned by varying the
strength of donor and acceptor groups. The optical properties of the truxenes 6, 7,
10 and 11 were explained from the TD-DFT calculations. The computational
calculation show significant lowering of the HOMO-LUMO gap by the
incorporation of TCNE and TCNQ groups in truxene 7. The truxene 10 and 11 are
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non-emissive in nature which further supports strong donor—acceptor interaction.
The thermal stability can be improved by the incorporation of planar
naphthalimide unit on truxene core. The [2+2] cycloaddition
retroelectrocyclization reaction pathway was studied by computational
calculations. These studies show that, the donor substituted truxenes are favorable
for the cycloaddition reaction whereas truxene substituted by acceptor groups are
not favourable for [2+2] cycloaddition-retroelectrocyclization reactions. The
results obtained here, provide a new avenue for the design and synthesis of
organic molecules with low HOMO-LUMO gap and enhanced thermal stability
for various optoelectronic applications. The study on photovoltaic properties of
truxenes 6, 7, 10 and 11 are currently in progress in our laboratory.
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Chapter 6

Phenothiazene Based 1,1,4,4-Tetracyanobuta—1,3-Diene
(TCBD) Substituted Donor-Acceptor Truxenes: Synthesis,

Photophysical and Electrochemical Properties

6.1. Introduction

There has been a continuous growing interest in the development of novel n-
conjugated donor—acceptor (D—A) systems, because of their applications in the
field of non-linear optics organic light emitting diodes (OLEDs) and
electroluminescent devices.? The photonic properties of the n-conjugated donor—
acceptor systems can be tuned by altering the strength of donor or acceptor units,

and by varying the connecting n-linker.>*

The star-shaped truxene is a planar Cs-symmetric, fused fluorene trimer, which
provides easy functionalization, high thermal and chemical stability.” Truxene has
a large m-conjugated system and multi reactive sites which can further offer the
extension of 7-conjugation which leads to diverse derivatives.®’ Jian Pei et al. and
others have devoted considerable synthetic effort on various star shaped mu-
conjugated truxene based molecular systems, which are useful for optoelectronic
applications.2° Recently, Guijiang Zhou et al. have reported spirobifluorene

substituted truxene based emitters for blue-emitting OLEDs.*

Phenothiazine is a well-known heterocyclic compound with electron-rich sulfur
and nitrogen heteroatoms, exhibits butterfly shaped nonplanar geometry, high
electron-donating ability, good thermal and electrochemical stability.'* The
molecules containing phenothiazine exhibit unique optoelectronic properties and
are useful in various applications such as organic field-effect transistors (OFETS),

chemiluminescence and light-emitting diodes.****

Diederich and co-workers have reported the synthesis of various TCNE and
TCNQ substituted derivatives using [2+2] cycloaddition—retroelectrocyclization

reaction.’® Shoji et al. have explored donor-acceptor based TCBD and
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cyclohexa—2,5-diene—1,4—ylidene—expanded TCBD molecules as a redox active
chromophores.”® Butenschoen et al. have synthesized a variety of 1,1'-
disubstituted ferrocenyl TCBD derivatives.’* Our group has reported a vast
variety of TCBD functionalized chromophores for optoelectronic applications.*®
' We have explored the ferrocenyl substituted truxene based donor-acceptor
systems.™® In continuation of our work on truxene based donor-acceptor systems
herein we report the design and synthesis of phenothiazine substituted truxenes 4—
7. In this manuscript our aim was- (i) To study the effect of substitution of
phenothiazine unit through different positions i.e. through N-substitution (10-
position) and 3-position. (ii) To improve the photonic and electronic properties of
phenothiazine substituted truxene 5 by incorporating TCNE and TCNQ acceptors

in between phenothiazine and truxene.

To the best of our knowledge, there are no reports available on phenothiazene
substituted truxenes. Therefore, to study the effect of phenothiazine unit, the
truxene 4 and 5 were synthesized using the Ullmann and Sonogashira cross-
coupling reactions. The [2+2] cycloadditions of tetracyanoethylene (TCNE) and
7,7,8,8-tetracyanoquinodimethane (TCNQ) with the phenothiazine substituted
truxene 5 followed by the electrocyclic ring-opening resulted in donor—acceptor
truxene 6 and 7. Their photophysical, electrochemical and thermal properties were

studied and DFT calculations were performed.

6.2.  Results and discussion

The synthesis of phenothiazene substituted truxenes 4-7 are shown in Scheme
6.1. The truxene core 1 was synthesized by 1-indanone in the presence of acetic
acid and hydrochloric acid followed by the alkylation reaction of the truxene 1
with bromo-hexane and further iodination reaction in the presence of HIO3 and I,
resulted in hexahexylated tri-iodo truxene 3 in 80% vyield.***° The intermediate
ethynyl phenothiazine (b) was synthesized by reported procedure.” The Ulimann
and Pd-catalyzed Sonogashira cross-coupling reaction reaction of tri-iodo truxene
3 with phenothiazine and ethynyl phenothiazine resulted truxene 4 and 5 in 80%

and 75% vyields respectively (Scheme 6.1).
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Scheme 6.1. Synthesis of phenothiazine substituted truxenes 4—7.

The tetracyanobutadiene (TCBD) and 7,7,8,8-tetracyanoquinodimethane (TCNQ)
linked truxene 6 and 7 were synthesized via [2 + 2] cycloaddition—
retroelectrocyclization reaction of the truxene 5 with tetracyanoethene (TCNE)
and 7,7,8,8- tetracyanoquinodimethane (TCNQ). The reaction of truxene 5 with
three equivalents of TCNE and TCNQ resulted truxene 6 and 7 in 65% and 60%
yields respectively (Scheme 6.1). The truxenes 4—7 are readily soluble in common
organic solvents. The truxenes 4-7 were well characterized by 'H NMR, **C
NMR, HRMS and MALDI techniques.

6.3. Thermal stability.

The thermal stability of the truxenes 47 were explored using thermogravimetric
analysis (TGA) at a heating rate of 10 °C min * under nitrogen atmosphere. The
decomposition temperature for 10% weight loss in phenothiazene substituted
truxenes 4 and 5 was above 400 °C, whereas TCNE and TCNQ substituted
truxenes 6 and 7 show 10% weight loss at 376 °C and 335 °C respectively (Table
6.1). The overall thermal stability of truxenes 4-7 follows the order 4 >5>6 > 7
(Figure 6.1). The TGA results indicate that the materials are thermally stable

enough to be used as a organic optoelectronic materials.
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Figure 6.1. TGA plots of truxenes 4-7.

6.4. Photophysical properties:

The UV-vis absorption spectra of the truxenes 4-7 were recorded in
dichloromethane at room temperature (Figure 6.2), and data are listed in Table 1.
The truxenes 4—7 exhibit absorption band between 258-392 nm corresponding to
n-n* transition. The truxene substituted by phenothiazine through 3-position (5)
shows bathochromic shift of the m-n* transition band compared to truxene
substituted through N-position of phenothiazine (4). Truxene 5 exhibits strong
charge transfer band at 374 nm, reflecting effective electronic communication
between phenothiazene unit and truxene core. The incorporation of the
tetracyanobutadiene (TCBD) and tetracyanoquinodimethane (TCNQ) acceptor
unit result in multi-CT bands® in truxene 6 and 7. This indicates strong donor—
acceptor interaction in the truxene 6 and 7 with TCNE and TCNQ linkers. The
effect of donor—acceptor interaction is also displayed in the photograph of the

truxenes 4—7 in dichloromethane solvent in day light (Figure 6.3).

The emission properties of the truxene 4 and 5 were studied by steady state
fluorescence technique. Their emission spectra are shown in Figure 6.2b. The
phenothiazine substituted truxene 4 exhibit fluorescence maxima at 453 nm. The
truxene 5 shows red shifted fluorescence maxima at 579 nm. This reflects better

electronic communication in truxene 5 compared to truxene 4. The TCNE and
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TCNQ linked truxene 6 and 7 are non-emissive in nature due to the fast non-

radiative deactivation of the excited state with intramolecular charge transfers.?*%*
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Figure 6.2: (a) Normalized electronic absorption spectra of truxene 4—7 and (b)
fluorescence spectra of truxenes 4 and 5 (1.0x10° M concentration) in

dichloromethane.

Figure 6.3: Truxenes 4-7 at 1 x 10> M concentration in dichloromethane in day
light.
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6.5. Electrochemical propetries.

The electrochemical behaviour of the truxenes 4—7 were investigated by the cyclic
voltammetric analysis in dry dichloromethane solution at room temperature using
tetrabutylammoniumhexafluorophosphate (TBAPFg) as a supporting electrolyte.
The electrochemical data are listed in Table 6.1 and the cyclic voltammograms of
the truxenes 5-7 are shown in Figure 6.4. All potentials are corrected to be
referenced against FcH/FcH®, as required by ITUPAC.? Generally phenothiazine
exhibits one reversible oxidation, as this is electron-rich tricyclic heterocycle.?®
The phenothiazine substituted truxenes 4—7 undergo reversible oxidation in the
range of 0.16-0.51 V due to the presence of phenothiazine donor unit. The
truxene 5 exhibits harder oxidation of phenothiazine as compared to N-substituted
phenothiazine truxene 4, which indicates better electronic communication in
truxene 5. Further incorporation of TCNE and TCNQ units results much harder
oxidation of phenothiazine in truxene 6 and 7. This reflects strong donor-acceptor
interaction in phenothiazine substituted truxene 6 and 7. The trend in the first
oxidation potential of the truxenes 4-7 follows the order 6>7>5>4. The truxenes

47 exhibit one reversible reduction wave between -1.46 V and -1.47 V.
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Figure 6.4. Cyclic voltammogram of 1.0x10™ M solutions of truxene 4 in CH,Cl,
containing 0.1M BusNPFg as supporting electrolyte, recorded at a scan speed of
100 mv s™

6.6. Computational Studies:

To gain insight into the photophysical and electrochemical properties of truxenes
4-7 the density functional theory (DFT) and time dependent density functional
(TD-DFT) calculation was performed. The geometries of truxenes 4-7 were
optimized using Gaussian 09 program at the B3LYP/6-31G** level.?’ The TD-
DFT calculations were carried out in the dichloromethane (DCM) using the
polarized continuum model (CPCM) of Gaussian 09 software. The 6-
31G**/CAM-B3LYP basis set was used for all the calculations.?’

In phenothiazine substituted truxenes 4-7, the truxene core shows planar
conformation and phenothiazine exhibits butterfly shaped non planar geometry
(Figure 6.5).
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Table 6.1. Photophysical and electrochemical data of truxenes 4—7

Compound Photophysical Emission Electro-chemical CTd°c
data® ma[NM]®  data®
;\'max, [n m] on(v) E red(v)
(£x10*[mol™'cm™
1
D
Ferrocene - - 0.00
4 258 (1.1), 311 453 0.16, -1.46 424
0.94
5 340 (1.2), 374 579 0.28 -1.47 404
1.08
6 317(1.4), 436, - 0.51 -1.46 376
545 1.07
7 392 (1.2), - 0.38 -1.47 335
444,
659

*Measured in DCM at T = 25 °C, Aqax (nm): absorption maximum. €, extinction coefficient. ® Recorded by
cyclic voltammetry using 1.0 x 10~* M solutions of 4-7 containing 0.1 M solution of BusNPFgin DCM at

100 mV s ' scan rate, vs. FcH/FcH®. © Decomposition temperature at 10% weight loss, determined by TGA.

Figure 6.5. The DFT optimized structures of the truxenes 4—7 with Gaussian 09 at
the B3LYP/6-31G** level of theory.
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In truxene 4 the dihedral angle between truxene core and phenothiazine units are
40.4°, 40.3°, 40.2° respectively whereas in truxene 5 the truxene core and phenyl
ring of phenothiazine is in same plane, which results stronger electronic
communication compared to truxene 4. The incorporation of the TCNE and
TCNQ groups result in loss of planarity in truxene 6 and 7. The dihedral angle
between truxene core and phenothiazine units are 75.1°, 81.0°, 81.2° in truxene 6
and 74.3°, 75.7°, 72.3° in truxene 7.

The TD-DFT predicted theoretical UV-vis absorption spectra of the truxenes 4—7
are shown in Figure 6.6 along with experimental UV-vis spectra and the
composition of the electronic transitions and oscillator strength values are

compiled in Table 6.2.
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Figure 6.6. The comparison of experimental and calculated (TD-DFT at CAM-
B3LYP level) absorption spectrum of truxene 4—7 in DCM solution.
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The truxene 4 and 5 show absorption band calculated at CAM-B3LYP level at
301lnm 343 nm respectively, which corresponds to m-n* and ICT band
respectively as shown by molecular orbitals (Figure 6.7). The incorporation of
TCNE (truxene 6) results in major intense transitions at 379 nm and TCNQ
(truxene 7) results bands at 375 nm and 517 nm, which belongs to intramolecular

charge transfer (ICT).
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Figure 6.7. The major transitions in truxene 4 and 5

Table 6.2. Computed vertical transition energies and their Oscillator strengths (f)
and major contributions for the truxene 4—7

Truxenes TD-DFT/ CAM-B3LYP (THF)

Amax f Major contribution (%)

4 301nm 151  HOMO-2—LUMO (14%)
5 343nm 297  HOMO-2—>LUMO+1 (17%)
6 379nm  0.72  HOMO-4—>LUMO+1 (16%)

7 5l7nm 066 HOMO-4-LUMO+1 (11%)

*f is Oscillator strengths
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Figure 6.8 shows the electron density distribution of the HOMO and LUMO of
the truxenes 4—7. In truxene 4 the HOMO is mainly localized on the truxene core
and LUMO is on the phenothiazene unit whereas in truxene 5 HOMO is mainly
delocalized over phenothiazene unit and LUMO is delocalized on the tuxene core.
In truxene 6 and 7 the HOMO is delocalized over the phenothiazene unit and
LUMO is on TCNE and TCNQ acceptor unit respectively. Thus, the electron
density transfers from phenothiazene (HOMO) to TCNE (LUMO) and TCNQ
(LUMO) groups in truxene 6 and 7. The HOMO-LUMO gap is lowest in truxene
7 as compared to other truxenes due to the incorporation of TCNQ as a strong

acceptor.
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Figure 6.8. The energy level diagram of the frontier molecular orbitals of the
truxenes 4—7 using B3LYP/6-31G(d,p) level of DFT theory.
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6.7. Experimental section

General experimental. All reagents were obtained from commercial sources, and
used as received unless otherwise stated. *H NMR (400 MHz) and *C NMR (100
MHz) spectra were recorded on a Bruker Avance (I11) 400 MHz instrument by
using CDCls as solvent. *H NMR chemical shifts are reported in parts per million
(ppm) relative to the solvent residual peak (CDCls, 7.26 ppm). Multiplicities are
given as s (singlet), d (doublet), t (triplet), g (quartet), and m (multiplet), and the
coupling constants, J, are given in Hz. *C NMR chemical shifts are reported
relative to the solvent residual peak (CDCls, 77.36 ppm). Thermogravimetric
analyses were performed on the Mettler Toledo Thermal Analysis system.
UV-—visible absorption spectra were recorded on a Cary-100 Bio UV—visible
spectrophotometer. Cyclic voltamograms (CVs) were recorded on a CHI620D
electrochemical analyser using glassy carbon as the working electrode, Pt wire as
the counter electrode, and the saturated calomel electrode (SCE) as the reference
electrode. The scan rate was 100 mV s *. A solution of tetrabutylammonium
hexafluorophosphate (TBAPFg) in CH,Cl, (0.1 M) was employed as the
supporting electrolyte. DCM was freshly distilled from CaH, prior to use. All
potentials were experimentally referenced against the saturated calomel electrode
couple but were then manipulated to be referenced against FcH/FcH® as
recommended by IUPAC. Under our conditions, the FcH/FcH" couple exhibited
E° =0.38 V versus SCE. HRMS was recorded on a Bruker-Daltonics micrOTOF-

Q Il mass spectrometer.

Synthesis and Characterization

The intermediate b was synthesized according to known methods.?*
Procedure for the preparation of truxenes 4 and 5.

Truxene 4: Phenothiazene (a) (0.325 g, 1.63 mmol), iodo-truxene 3 (0.500 g,
0.40 mmol), anhydrous potassium carbonate (3.18 g, 23 mmol), 18-crown-6
(0.10g, 0.38mmol), cupric sulfate (83 mg), and 1,2-dichlorobenzene (30 mL) were

added to a round bottom flask, degassed, and flushed with N,.The reaction
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mixture was heated at 180 ‘C for 2 days, and then cooled to room temperature.
After that dichloromethane and water were added. The organic phase was washed
with water and then dried over Na,SO,4. After removal of the solvent, the residue
was purified by silica column chromatography, using DCM:hexane (10%)
mixture as eluent to afford compound 4 in 80% yield.

Truxene 5: A solution of tri-iodotruxene 3 (250 mg, 0.20 mmol) and the
phenothiazene alkyne (4.5 equivalent) in toluene—triethylamine 5 : 1 (60 mL) was
deareated for 30 min with argon bubbling and then Pd(dba), (40 mg, 0.07 mmol)
and AsPhz (170 mg, 0.55 mmol) were added. The solution was deareated for a
further 5 min. The mixture was heated at 80 °C for 48 h. The solvent was
removed; the remaining residue was suspended in water (50 mL) and extracted
with DCM (3 x 20 mL). The combined organic layers were dried (MgSO,) and
concentrated in vacuum. The resulting crude product was purified by column
chromatography on silica gel eluting with CH,Cly/hexane (10%). The desired
compound obtained from the column was recrystallized from DCM/methanol to
give compound 5 in 75% yield.

Procedure for the preparation of truxenes 6 and 7.

A solution truxene 5 (40 mg) and TCNE/TCNQ (5 equivalent) in dichloroethane
was stirred for 24 h at 100 °C reflux condition. After completion of the reaction,
the reaction mixture was concentrated under reduced pressure. The crude
compound was purified by column chromatography on silica and crystallized
multiple times with DCM/methanol to afford truxene 6 and 7 in 65% and 60%
yield.

Truxene 4: white solid (yield: 80%) *H NMR (400 MHz, CDCls): & (ppm) 8.56
(d, 3H, J = 8.80 Hz), 7.52 (s, 3H), 7.41 (d, 3H, J = 8.80 Hz), 7.02-7.10 (m, 6H),
6.79-6.89 (m, 12H), 6.27-6.36 (m, 6H), 2.97-3.10 (m, 6H), 2.05-2.18 (m, 6H),
0.86-1.05 (m, 36H), 0.59-0.73 (m, 30H). *C NMR (100 MHz, CDCls): 5 = 156.4,
146.0, 139.8, 137.9, 126.7, 115.7, 56.1, 36.6, 31.4, 29.2, 24.0, 22.2. HRMS (ESI)
m/z, calcd for M* (CgoH111S3N3): 1437.7935; found: 1437.7970.

Truxene 5: Greenish yellow solid (yield: 75%) *H NMR (400 MHz, CDCls): &
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(ppm) 8.32 (d, 3H, J = 9.19 Hz), 7.49-7.61 (m, 6H), 7.30-7.43 (m, 6H), 7.08-7.20
(m, 6H), 6.76-6.98 (m, 6H), 3.83-4.09 (m, 6H), 2.84-2.99 (m, 6H), 2.01-2.14 (m,
6H), 1.44 (t, 9H), 0.74-1.01 (m, 36H), 0.38-0.65 (m, 30H). **C NMR (100 MHz,
CDCly): 6 = 153.6, 145.7, 144.9, 144.2, 140.1, 138.0, 130.8, 130.0, 129.6, 127.4,
127.3, 125.0, 124.5, 124.3, 123.7, 122.6, 121.1, 117.1, 115.2, 114.7, 90.0, 89.2,
55.7, 41.9, 37.0, 31.4, 29.7, 29.4, 23.9, 22.2, 13.8, 12.9. MALDI calcd for M*
(C105H108S3N3): 1595.379 found: 1595.589.

Truxene 6: Red solid (yield: 65%) *H NMR (400 MHz, CDCls): & (ppm) 8.47 (d,
3H, J = 6.86 Hz), 8.15 (s, 3H), 7.82 (d, 3H, J = 9.79 Hz), 7.41-7.49 (m, 6H),
7.19(t, 3H), 6.90-7.07 (m, 12H), 3.96-4.05 (m, 6H), 2.80-2.93 (m, 6H), 2.10-2.23
(m, 6H), 1.48 (t, 9H), 0.74-1.00 (m, 36H), 0.34-0.63 (m, 30H). *C NMR (100
MHz, CDCl3): 6 = 129.8, 129.5, 127.4, 127.44, 127.2, 126.9, 126.8, 126.7, 126.3,
123.7, 123.6, 122.6, 122.6, 122.3, 116.1, 115.7, 115.2, 114.4, 53.4, 41.9, 31.9,
29.7,29.3,22.7,14.1,12.9, 12.8.

MALDI calcd for M* (C123H108S3N15): 1979.652; found: 1979.232.

Truxene 7: Greenish black solid (yield: 60%) '"H NMR (400 MHz, CDCls): &
(ppm) 8.37 (d, 3H, J = 8.52 Hz), 7.88 (s, 3H), 7.62 (d, 3H, J = 7.61 Hz), 7.52 (d,
3H, J = 8.52 Hz), 7.34 (d, 3H, J = 10.84 Hz), 7.06-7.25 (m, 12H), 6.98-7.03 (m,
6H), 6.94 (t, 3H), 6.82-6.90 (m, 6H), 3.87-3.97 (m, 6H), 2.71-2.89 (m, 6H), 1.96-
2.14 (m, 6H), 1.42 (t, 9H), 0.69-0.92 (m, 36H), 0.26-0.58 (m, 30H). *C NMR
(100 MHz, CDCls): 6 = 170.6, 154.5, 153.7, 149.6, 148.9, 148.2, 144.7, 142.2,
137.5, 134.7, 133.8, 133.5, 132.5, 132.0, 128.9, 128.4, 127.9, 127.4, 126.4, 126.1,
125.4, 125.1, 123.9, 123.7, 122.0, 115.6, 114.6, 113.6, 113.5, 113.1, 112.3, 86.5,
56.5, 42.6, 36.6, 31.9, 31.2, 29.6, 29.3, 29.0, 23.8, 22.6, 22.0, 14.1, 13.8, 12.7.
MALDI calcd for M" (C141H120S3N1s): 2207.640 found: 2207.512.

6.8. Conclusions

In summary, Cs; symmetric, star shaped phenothiazene based 1,1,4,4—
Tetracyanobuta—1,3-diene (TCBD) and cyclohexa—2,5-diene-1,4-ylidene—
expanded TCBD substituted donor-acceptor truxenes 4-7 were designed and
synthesized by using the Ullmann, Pd-catalyzed Sonogashira cross-coupling and

[2+2] Cycloaddition-retroelectrocyclization reactions. Their photophysical,
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electrochemical, thermal properties were explored. The truxenes 4—7 exhibited
good thermal stability. The substitution of phenothiazine through N-position at
truxene core enhances the thermal stability compared to the 3-position
substitution. The electronic absorption spectra reveals that the incorporation of
TCBD and cyclohexa—2,5-diene—1,4—ylidene—expanded TCBD acceptor group
results strong ICT at longer wavelength, donor—acceptor interactions and lower
HOMO-LUMO gap. The optical and electrochemical properties of the truxenes
4-7 were explained from the TD-DFT calculations. The computational calculation
show significant lowering of the HOMO-LUMO gap by the incorporation of
TCNE and TCNQ groups. The truxene 6 and 7 are non-emissive in nature which
further supports strong donor—acceptor interaction. The truxenes reported here are
potential candidates for organic photovoltaic applications and their detailed study

is currently on going in our laboratory.
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Chapter 7

p-Substituted Truxene Porphyrins: Synthesis and Photophysical

Properties

7.1.  Introduction

The synthesis of m-conjugated macromolecules has become a vigorous research
topic due to their applications in material science, organic light-emitting diodes
(OLED), nonlinear optics, covalently linked assemblies involving energy and

electron transfers, and optoelectronic devices.'™

Truxene is a planar Cs-symmetric, fused fluorine trimer and a promising building
block for the construction of larger molecular architectures.® The facile
functionalization at the para position (2,7,12 positions) of the truxene core results
in a variety of -conjugated macromolecules.” There are handful of reports which
reveals that truxene based donor—acceptor systems are potential candidates for
application in two-photon absorption, organic light-emitting diodes (OLED), and
organic fluorescent probes.®'? Recently, Guijiang Zhou et al. have reported
spirobifluorene substituted truxene based emitters for blue-emitting OLEDs.** Our
group has also explored the ferrocenyl substituted truxene based donor-acceptor

systems.**

Porphyrin is an important building block which provides extensively conjugated
n-system and facile synthetic approach.™ There are couple of reports on truxene
containing porphyrins through meso position, which explored photoinduced
energy transfer processes.*® Particularly, Pierre D. Harvey et al. and Jian Pei et al.
have studied the porphyrins containing truxene and tritruxene linked at the meso

positions for singlet and triplet energy transfer process,’*?

where huge dihedral
angle due to the covalent bond linkage and poor orbital overlap between the
truxene and porphyrin hinders the electronic communication. Therefore, to

enhance the electronic communication, the g-substitution through ethynyl linkage
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is of interest because this substitution is in direct conjugation with the 18xu-
molecular system, which results in substantial perturbation of the photophysical
and electrochemical properties.*® Our group has explored g-substituted ferrocenyl
porphyrins?®and triarylborane appended porphyrins for sensing applications.?! To
our knowledge, there are no reports on truxene substituted through g-position of
porphyrin. In continuation of our work on f-substituted porphyrins we have
designed and synthesized the star shaped n-conjugated truxene 4, where truxene
core is flanked by three units of porphyrin through g-position and its Zn-metalated
derivative 5 using the Pd-catalyzed Sonogashira cross-coupling reaction and
metalation reaction. Their photophysical properties and computational

calculations were studied.
7.2. Results and discussion

The synthetic route of porphyrin substituted truxenes 4 and 5 are shown in
Scheme 1. The porphyrin substituted truxenes 4 was synthesized by the Pd-
catalysed Sonogashira cross-coupling reaction of the pg-bromo tetraphenyl

porphyrin with the ethynyl truxene 3.

The tetraphenylporphyrin (H,TPP) 1 was synthesized by the condensation
reaction of pyrrole and benzaldehyde following the Lindsey procedure.?” The f-
bromination of porphyrin using N- bromosuccinimide in refluxing CHCI; resulted
in B-bromo tetraphenyl porphyrin 2, which was purified by column
chromatography using dichloromethane—hexane (10:90) as the eluent.”® The
truxene core (a) was synthesized by 1-indanone in the presence of acetic acid and
hydrochloric acid followed by the alkylation reaction and iodination reaction
resulted hexahexylated tri-iodo truxene (c) (Scheme 7.1).2*% The reaction of tri-
iodo truxene (c) with TMS-acetylene using Sonogashira cross-coupling reaction
condition, followed by deprotection of TMS group by NaOH resulted truxene 3 in
70% yield (Scheme 7.1).
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Scheme 7.1: Synthesis of ethynyl truxene 3.

The Sonogashira cross-coupling reaction of f-bromo porphyrin 2 with truxene 3
under the catalytic system Pd(dba),/AsPhs, resulted star shaped porphyrin
substituted truxene 4 in 50% vyield. The porphyrin substituted truxene 4 was
purified by column chromatography on silica gel and repetitive crystallization.
The p-substituted truxene porphyrin 4 was further reacted with four equivalents of
zinc acetate (Zn(OAc),.2H,0 at room temperature in chloroform/methanol which
resulted Zn-metalaetd truxene porphyrin 5 in 75% yield (Scheme 7.2). The
porphyrin substituted truxene 4 and 5 possess good solubility in common organic
solvents. The porphyrin substituted truxene 4 and 5 were well characterized by *H
NMR and **C NMR and MALDI techniques. The *H NMR spectrum of porphyrin
substituted truxene 4 displays one singlet at 9.17 (3H) and multiplet between
8.75-8.93 (18H), corresponding to the S-protons of porphyrin ring. The chemical
shifts for the internal NH-pyrrole proton appear as a singlet at -2.62 due to the
symmetric nature, which confirms the formation of truxene 4. The two doublets of
nine protons at 8.41 and 8.33 ppm are ascribed to the truxene core protons. The
doublets at 8.27, 8.22 and multiplets between 7.68-7.86 and 7.46-7.53 belongs to
the phenyl rings of porphyrin. In the aliphatic region, mulitiplet signals between
3.04-3.17 and 2.20-2.34 ppm belongs to the hexyl chain protons. The Zn metaled
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truxene 5 exhibit similar *"H NMR spectra, the disappearance of internal NH
proton signals confirms the Zn metalated product formation. The *H NMR data

are given in the experimental section and the spectra are placed in the supporting

information.

NBS

Pd(dba),/AsPhy
Toluene, TEA, 60 °C,

Scheme 7.2: Synthesis of porphyrin substituted truxene 4 and 5.

7.3. Photophysical properties

The UV-vis absorption and emission spectra of the porphyrin substituted truxene
4 and 5 were recorded in dichloromethane at room temperature (Figure 7.1), and
the data are compiled in Table 7.1. The porphyrin substituted truxene 4 and 5
show truxene centered absorption band at 334 nm corresponding to m-m*
transition. The porphyrin substituted truxene 4 show intense Soret band at 424 nm
and four Q-bands in the region of 524-655 nm. The metalated truxene porphyrin

5 exhibit characteristic Soret band at 430 nm, and two Q-bands in the region of
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557-593 nm. The truxene linked with f-position of porphyrins 4 and 5 resulted in
bathochromic shift of the Soret band and the Q-bands. The Soret band of
porphyrin substituted truxene 4 and 5 are red shifted by 6 nm and 8 nm compared
to H,TPP and ZnTPP respectively (Table 7.1).

The emission properties of the porphyrin substituted truxene 4 and 5 were studied
by steady state fluorescence technique. The emission spectra are shown in Figure
7.1b. The porphyrin substituted truxene 4 and 5 show considerable red shift in
fluorescence maxima compared to TPP and ZnTPP respectively. The porphyrin
substituted truxene 4 and 5 show enhanced fluorescence quantum yields of 0.30
and 0.20 respectively. These results demonstrate that there is considerable

electronic communication between S-substituted porphyrins and truxene core.

Normalized Absorption
Normalized Emission
) L )

T
300 400 500 600 700 600 800

Wavelength (nm)

(@ (b)

T
Wavelength (nm) o0

Figure 7.1. (a) Electronic absorption spectra of the TPP, ZnTPP and porphyrin
substituted truxene 4 and 5 at 1.0 x10° M concentration, recorded in
dichloromethane. The inset shows enlarged view. (b) Emission spectra of TPP,

ZnTPP and porphyrin substituted truxene 4 and 5.
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Table 7.1. Absorption and emission data of porphyrin substituted truxene 4 and 5

Compound aps(NM)? dem(NM)  “@;
truxene abs.band  Soretband Pg(M™cm™)x10° Q-bands
TPP - 418 - 515, 551, 589, 647 650,716 0.11
ZnTPP - 422 - 549,587 595,645
4 334 424 550 524,563,600,655 666,731 0.30
5 334 430 441 557,593 606,660 0.20

*Measured in DCM. A4 (NM): absorption maximum of the Soret band. %,extinction coefficient.
“Determined by using H,TPP as a standard (®st = 0.11)

7.4. Computational Studies:

To understand the photophysical properties of porphyrin substituted truxene 4 and
5 the density functional theory (DFT) and time dependent density functional (TD-
DFT) calculation was performed. The geometries of porphyrin substituted truxene
4 and 5 were optimized using Gaussian 09 program at the B3LYP/6-31G** level
for C, H, N and LANL2DZ for Zn.?” The TD-DFT calculations were carried out
in the dichloromethane using the polarized continuum model (CPCM) of
Gaussian 09 software. The 6-31G**/CAM-B3LYP basis set was used for all the
calculations.?” In porphyrin substituted truxene 4 and 5, the truxene core and
porphyrin rings are almost in same plane (Figure 7.2), which favours the
electronic communication. The Figure 7.3 shows the electron density distribution
of the HOMO and LUMO of the porphyrin substituted truxene 4 and 5. In truxene
4 the HOMO and LUMO orbitals are mainly localized on the porphyrin unit
whereas in truxene 5 HOMO is delocalized over truxene core and two units of

porphyrin and LUMO is delocalized on the porphyrin unit.
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Figure 7.2. The DFT optimized structure of porphyrin substituted truxene 4 and 5
using B3LYP level. The 6-31G** basis set for C, N, H and LANL2DZ for Zn.

-2.0 -

&
o
1

%edn.,
.’ !

AE=2.60 LUMO(-2.40) LUMOl-Z’.32)

B2
'eed

& -, 5’4“
&

Orbital energy (eV)
A &
o (4]

A
(3]
1

S

-5.0

HOMO(-5.00) 4 HOMO(-494) 5  =———

Figure 7.3. The energy level diagram of the frontier molecular orbitals of the

porphyrin substituted truxene 4 and 5 using B3LYP/6-31G(d,p) level of DFT
theory.
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7.5. Experimental section
General experimental.

All reagents were obtained from commercial sources, and used as received unless
otherwise stated. '"H NMR (400 MHz) and *C NMR (100 MHz) spectra were
recorded on a Bruker Avance (l11) 400 MHz instrument by using CDCl; as
solvent. '"H NMR chemical shifts are reported in parts per million (ppm) relative
to the solvent residual peak (CDCls, 7.26 ppm). Multiplicities are given as s
(singlet), d (doublet), t (triplet), q (quartet), and m (multiplet), and the coupling
constants, J, are given in Hz. **C NMR chemical shifts are reported relative to the
solvent residual peak (CDCls, 77.36 ppm). UV-visible absorption spectra of all
compounds in Dichloromethane were recorded on a Carry-100 Bio UV-visible
Spectrophotometer. The quantum yields (®) were calculated using H,TPP (® =
0.11) as reference.

Fluorescence quantum yield.

The fluorescence quantum yields (®f) of truxene 4 and 5 were calculated (eqn(1))

by the steady-state comparative method using H,TPP as a standard (®st=0.11).

O =0 x Sy/Sg % Agt / Ay X n’Du/n’Dst (Eq.1)

where ®f is the emission quantum yield of the sample, @ iS the emission
quantum yield of the standard, As: and A, represent the absorbance of the standard
and the sample at the excitation wavelength, respectively, while S¢: and S, are the
integrated emission band areas of the standard and the sample, respectively, and
nDg and nD, are the solvent refractive index of the standard and the sample, and u

and st refer to the unknown and the standard, respectively.
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Synthesis and Characterization
Procedure for the preparation of truxene 4 and 5.

Truxene 4: A solution of 2-bromo-5,10,15,20-tetraphenylporphyrin (150 mg,
0.21 mmol) and ethynyl truxene 3 (50 mg, 0.05 mmol) in toluene/triethylamine
2:1 (60 mL), was deareated for 15 min with argon bubbling and then, Pd(dba);
(40 mg, 0.07 mmol) and AsPhsz (170 mg, 0.55 mmol) were added. The solution
was deareated for further 5 min; after that, reaction was left under argon at 80 °C.
After completion, the mixture was cooled at room temperature and the solvent
was evaporated. The product was purified by column chromatography on silica
gel eluting with CH,Cl,/Hexane. The product was further recrystallized from
dichloromethane/methanol to give porphyrin 4 in 50% vyield.

Red solid (yield: 50%) ‘H NMR (400 MHz, CDCls): & (ppm) 9.17 (s, 3H), 8.75-
8.93 (m, 18H), 8.41 (d, 3H, J =9.19 Hz), 8.33 (d, 6H, J = 7.22 Hz), 8.27 (d, 6H, J
= 8.26 Hz), 8.22 (d, 12H, J = 7.22 Hz),7.68-7.86 (m, 36H), 7.46-7.53 (m, 6H),
3.04-3.17 (m, 6H), 2.20-2.34 (m, 6H), 0.95-1.10 (m, 36H), 0.64-0.76 (m, 30H), -
2.62 (s, 6H). *C NMR (100 MHz, CDCls): 153.2, 145.8, 142.2, 142.1, 141.8,
141.4, 140.0, 138.2, 134.6, 134.6, 134.5, 128.7, 127.9, 127.8, 126.8, 126.8, 126.7,
121.8, 120.7, 120.5, 120.1, 120.1, 120.0, 99.9, 86.5, 55.8, 53.4, 37.2, 31.9, 31.6,
29.7,29.6,24.1,22.7, 22.4,13.1, 14.1, 14.0.

MALDI calcd for M" (Cz01H174N12): 2757.61 found: 2757.59.

Synthesis of truxene 5:

A solution of Zn(OAc),.2H,0 (15 mg, 0.06 mmol) in MeOH (2 mL) was added to
a solution of compound 4 (20 mg, 0.02 mmol) in 15 mL of chloroform and the
reaction mixture was stirred for overnight at room temperature. The reaction

mixture was concentrated in vacuo and further purified by column

124



chromatography using dichloromethane/hexane. The porphyrin 5 was obtained as
a red colour solid in 75% yield.

Red solid (yield: 75%) *H NMR (400 MHz, CDCls): & (ppm) 9.36 (s, 3H), 8.82-
9.02 (m, 18H), 8.45 (d, 3H, J = 8.69 Hz), 8.35 (d, 6H, J = 6.51 Hz), 8.30 (d, 6H, J
= 7.24 Hz), 8.25 (d, 12H, J = 7.24 Hz),7.73-7.86 (m, 36H), 7.53-7.68 (m, 6H),
3.09-3.21 (m, 6H), 2.26-2.37 (m, 6H), 1.01-1.12 (m, 36H), 0.71-0.77 (m, 30H).
MALDI calcd for M*™ (Cao1H16sN12Zn3): 2948.70 found: 2949.59.

7.6. Conclusions:

In summary, Cs symmetric, star shaped f-substituted truxene porphyrin 4 and its
Zn-metalated derivative 5 have been designed and synthesized by using the Pd-
catalyzed Sonogashira cross-coupling and metalation reaction. The substitution of
porphyrin results in bathochromic shift of absorbance and fluorescence maxima.
The absorption and emission studies exhibit considerable electronic
communication. The f-substituted truxene porphyrins reported here are potential
candidate for optoelectronic application and their energy transfer studies are

currently in progress in our laboratory.
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Chapter 8

Conclusions and Future Scope

8.1.  Conclusions

Truxene is a donor moiety and its derivatives exhibit red shifted
absorption, fluorescence and high thermal stability."* The photonic properties of
truxene derivatives can be tuned by m-donors and m-acceptors.’ We have
functionalized truxene with various donor/acceptor units to tune photophysical
and electrochemical properties.*

In Chapter 3, the truxene core was functionalized with ferrocenyl donor
unit at 2, 7, and 12 positions through various m-spacers and =-linkers. The
electronic absorption and electrochemical studies show effective electronic
interaction, which can be tuned by the introduction of different spacers. The
enhancement of conjugation leads to red shift of the absorption bands in
truxenes.

In Chapter 4, the tetraphenylethylene (TPE) substituted truxene and 2,3,3-
triphenyl acrylonitrile (TPAN) substituted truxene were designed and synthesized
by the Pd-catalyzed Suzuki and Sonogashira cross-coupling reactions. Their
photonic and thermal properties were studied. The TPE substituted truxene show
aggregation-induced emission behaviour and TPAN substituted truxene shows
aggregation-caused quenching effect in THF/water medium.

Chapter 5 describes the synthesis of star shaped donor-acceptor substituted
truxenes. Their photophysical, electrochemical properties, thermal stability and
HOMO-LUMO gap can be tuned by varying the strength of donor and acceptor
groups. The optical properties of the truxenes were explained from the TD-DFT
calculations. The computational calculation show significant lowering of the
HOMO-LUMO gap by the incorporation of TCNE and TCNQ groups in truxene.
The [2+2] cycloaddition retroelectrocyclization reaction pathway was studied by
computational calculations. These studies show that, the donor substituted

truxenes are favorable for the cycloaddition reaction whereas truxene substituted
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by acceptor groups are not favourable for [2+2] cycloaddition-
retroelectrocyclization reactions.”

In chapter 6 the C3 symmetric, star shaped phenothiazene based 1,1,4,4—
Tetracyanobuta—1,3-diene (TCBD) and cyclohexa—2,5-diene-1,4—ylidene—
expanded TCBD substituted donor-acceptor truxenes 4-7 were designed and
synthesized by using the Ullmann, Pd-catalyzed Sonogashira cross-coupling and
[2+2] Cycloaddition-retroelectrocyclization reactions. Their photophysical,
electrochemical, thermal properties were explored. The truxenes 4—7 exhibited
good thermal stability. The substitution of phenothiazine through N-position at
truxene core enhances the thermal stability compared to the 3-position
substitution. The electronic absorption spectra reveals that the incorporation of
TCBD and cyclohexa—2,5-diene—1,4—-ylidene—expanded TCBD acceptor group
results strong ICT at longer wavelength, donor—acceptor interactions and lower
HOMO-LUMO gap. The optical and electrochemical properties of the truxenes
4-7 were explained from the TD-DFT calculations. The computational calculation
show significant lowering of the HOMO-LUMO gap by the incorporation of
TCNE and TCNQ groups.

Chapter 7 describes the design and synthesis of C3 symmetric, star shaped
[-substituted truxene porphyrin 4 and its Zn-metalated derivative 5 by using the
Pd-catalyzed Sonogashira cross-coupling and metalation reaction. The
substitution of porphyrin results in bathochromic shift of absorbance and
fluorescence maxima. The absorption and emission studies exhibit considerable

electronic communication.

8.2.  Future scope

e The thesis highlights the tuning of HOMO-LUMO gap of a series of
donor-acceptor molecules. The HOMO-LUMO gap of the donor-acceptor
molecules can be tuned by changing the strength of donor, acceptor unit or
by altering the =m-linkers. The strength of donor/acceptor unit results in
significant tuning of the optical (HOMO-LUMO) gap as well

photophysical and electrochemical properties.®™
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8.3.

The incorporation of strong acceptor units such as TCNE and TCNQ in
the donor—acceptor truxenes result the red shifted absorption and strong
intramolecular charge-transfer. These truxene molecules are promising
candidates for solar cell applications.

The TPE substituted truxenes show aggregation-induced emission
behaviour and TPAN substituted truxene shows aggregation-caused
quenching effect in THF/water medium, which makes them useful for
optoelectronic applications.
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