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SYNOPSIS

In recent years, the development of donor-acceptor molecular
systems with low HOMO-LUMO gap has gained significant attention
considering their utilization in applications such as organic
photovoltaics, organic field-effect transistors, photodynamic therapy,
sensing, nonlinear optics and bioimaging. The BODIPY (4,4-difluoro-
4-bora-3a,4a-diaza-s-indacene) is a highly conjugated molecule that
consist of pyrrole, azafulvene and diazaborinin-type ring (Figure 1). The
BODIPY dye exhibits excellent properties such as a high absorption
coefficient, strong fluorescence, high thermal and chemical stability,
high solubility and resistance towards self-aggregation, these properties
are useful for various optoelectronic and biological applications. The
BODIPY core can be functionalized at the «, £, meso-positions and the
B(Ill) center. The photophysical, electrochemical and energy gap
between HOMO and LUMO of the BODIPY can be tuned by
incorporating appropriate electron donor and acceptor units and altering
the conjugation length by properly using n-linker or spacer unit. The
BODIPY is an electron-deficient molecule; therefore, incorporating an
electron-donating group promotes a donor-acceptor interaction. The
donor-acceptor BODIPY's exhibit a strong absorption band in the visible
to NIR region with a low HOMO-LUMO gap, which makes them a
good candidate for dye-sensitized solar cells (DSSCs), fluorescent
switches, bulk heterojunction organic solar cells (BHJOSCs), nonlinear
optics, bioimaging and photodynamic therapy.
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4,4-difluore-4-borata-3a-azonia-4a-aza-s-indacene (BODIPY)

Figure 1. The molecular structure of the BODIPY core.
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A variety of electron donors (phenothiazine, carbazole, N,N-
dimethylaniline, triphenylamine etc.) and acceptors (1,1,2,2-
tetracyanoethylene (TCNE) and 7,7,8,8-tetracyanoquinodimethane
(TCNQ)) were incorporated at the g-pyrrolic and meso-positions of the
BODIPY core to tune the photophysical, redox properties and HOMO-
LUMO gap (Figure 2). The photophysical, redox and thermal properties
of these donor—acceptor BODIPY's were explored, which reveals their
application in optoelectronics.
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Figure 2. General representation of donor-bridge-acceptor
functionalized BODIPYs in this work.

The main objectives of the present study are:

1. To design and synthesize the donor-acceptor BODIPYs for
optoelectronic applications.

2. To synthesize BODIPY dyes by altering the donor and acceptor
moieties at the S-pyrrolic and meso-positions and to investigate
their photophysical, electrochemical and thermal properties.

3. To investigate the effect of incorporating various donors,
acceptor units and the incorporation of oxygen atoms in the
thiazine ring on their photophysical, redox properties and energy
gap between HOMO and LUMO energy levels.
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4. To fine-tune the HOMO-LUMO gap by introducing an electron
donor/acceptor unit or w-linker group at the g-pyrrolic and meso-
position of the BODIPY core.

5. To understand the electronic structure, photophysical properties
and to investigate the distribution of electron density in HOMO
and LUMO of the donor-acceptor BODIPYs via density
functional theory (DFT) and time-dependent density functional
theory (TD-DFT) calculations and correlated with the

experimental data.

Chapter 1: Introduction
Chapter 1 describes the design, synthesis, and functionalization of the

BODIPY dyes and their applications in different fields.

Chapter 2: Materials and experimental techniques
Chapter 2 summarizes the general experimental methods,
characterization techniques and details of the instruments used for

molecular structure characterization.

Chapter 3: Phenothiazine and Carbazole Substituted Push-Pull
Boron-Dipyrromethenes: Synthesis, Photophysical,

Electrochemical and Computational Studies

In chapter 3, S-pyrrole functionalized unsymmetrical push—pull
BODIPYs 1-10 were synthesized by the Pd-catalyzed Suzuki, Heck,
Sonogashira cross-coupling and [2+2] CA-RE reactions. The
photophysical, redox properties of the push—pull BODIPY's 1-10 were
explored. The push—pull BODIPY 5 shows a red-shifted intramolecular
charge transfer (ICT) band compared to BODIPY 10 due to strong
donor-acceptor interaction. The push—pull BODIPYs 4, 5, 9 and 10,
exhibit multiple reduction waves due to redox-active TCBD,
cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD and BODIPY unit.
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The computational studies of the BODIPYs 1-10, show that the

HOMOs are localized over phenothiazine and carbazole units, whereas
LUMOs are delocalized over the acceptor BODIPY, TCBD and
expanded TCBD units. The push—pull BODIPYs 1-5 exhibit a low
HOMO-LUMO gap compared to BODIPYs 6-10 due to strong donor—

acceptor interaction.

Chapter 4: p-Functionalized Donor-Acceptor BODIPYs: Design,

Synthesis and Properties

In Chapter 4, donor-acceptor BODIPYs 3-5 and 7-9 were
synthesized via Palladium-catalyzed Sonogashira cross-coupling and
[2+2] CA-RE reactions in good yields. The photophysical, redox and
thermal properties of the donor-acceptor BODIPYs 3-5 and 7-9 were
explored. The dono-acceptor BODIPYs 5 and 9 show bathochromic
shift compared to the BODIPYs 4 and 8 due to strong donor-acceptor
interaction. The redox properties of the donor-acceptor BODIPYs 4, 5,
7, and 9 exhibit multiple reduction waves due to redox-active BODIPY,
TCBD and expanded TCBD units. The BODIPY 3 shows high thermal
decomposition temperature compared to BODIPYs 4, 5, 7, 8, and 9.
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The computational studies of the donor-acceptor BODIPYs 4, 5,
8 and 9 suggest that the HOMOs are presented over the donor unit,
whereas LUMOs are delocalized over acceptor BODIPY, TCBD and
expanded TCBD units. The donor-acceptor BODIPYs 5 and 9 exhibits
strong donor-acceptor interaction and low HOMO-LUMO gap
compared to the BODIPY's 4 and 8.

Chapter 5: Meso-Donor N,N-dimethylaniline Functionalized
BODIPYs: Synthesis, Photophysical, Electrochemical, Thermal and

Theoretical Studies

In chapter 5, the donor-acceptor BODIPYs 1-4 were
synthesized by the Palladium-catalyzed Sonogashira cross-coupling and
[2+2] CA-RE reactions. The effect of donor and acceptor groups on the
photophysical, redox and thermal properties of the donor-acceptor
BODIPYs 1-4 were explored. The BODIPY 4 exhibits a strong donor—
acceptor interaction, low HOMO-LUMO gap compared to the
BODIPY 3.
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The electrochemical properties of the BODIPYs 1-4 exhibit
multiple-redox waves which corresponds to redox-active donor and
acceptor BODIPY, TCBD and expanded TCBD units. The BODIPY 2
shows better thermal stability compared to BODIPYs 1, 3 and 4. The
computational studies on the BODIPY's 1—4 show that the HOMOs are
localized over NND and BODIPY unit, whereas the LUMO is
delocalized over the BODIPY, TCBD and expanded TCBD units. The
strong donor-acceptor interaction in BODIPY 4 minimizes the HOMO-
LUMO gap to a greater extent compared to BODIPY 3.

Chapter 6: Phenothiazine and Phenothiazine-5,5-dioxide Based
BODIPYs: Synthesis, Photophysical, Electrochemical and
Theoretical Studies

In chapter 6, a set of phenothiazine and phenothiazine-5,5-
dioxide functionalized push—pull BODIPYs BPTZ 1-8 were
synthesized via Pd-catalyzed Suzuki cross-coupling reaction and

followed by incorporating the oxygen atoms in the thiazine ring. We
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explored the photophysical and redox features of the BODIPYs BPTZ

1-8.
2 - - HOMO
; i = LUMO
Suii %, ,ﬂ,,;,&
31 Y
;“
2
g -4+ e
50 -
b ; 2
o ™ wi t
5 & |
2
£ -5+
=
5.39 ._, o — —
ool P w;:‘ St = 560
6 , 573 578 &
6 ! Do i TRt
* BPTZ1 BPTZ2 BPTZ 3 BPTZ 4 BPTZ 5 BPTZ 6 BPTZ7 BPTZS
- \ g = 5 -. ~ \ §
- e @

BPTZ 1 BPTZ 2 ; BPTZ 3

Lo, c%yqf”
T S G DL G

0"!
BPTZ 5 BPTZ. [] BPTZ 7

The BPTZ 1-4 shows the red shifted absorption band compared
to the BPTZ 5-8 due to the strong electron donating nature of the
phenothiazine unit. The multi-redox waves were observed due to redox-
active phenothiazine, BODIPY and phenothiazine-5,5-dioxide unit.
Theoretical investigations demonstrate that the phenothiazine
functionalized BPTZ 1-4 exhibits low HOMO-LUMO gap compared
to phenothiazine-5,5-dioxide functionalized BPTZ 5-8 due to strong

donor-acceptor interaction.

Chapter 7: pPyrrole Functionalized Push-Pull BODIPYs:
Synthesis,  Photophysical, Electrochemical, Thermal and

Computational Studies

In chapter 7, a series of f-pyrrole functionalized push—pull
BODIPYs BDP 1-6 were synthesized via Palladium-catalyzed Suzuki

cross-coupling reaction and incorporating the oxygen atom in the

Xl



thiazine ring. The photophysical, redox and thermal properties of the
push—pull BODIPYs BDP 1-6 were studied.
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The BODIPY BDP 6 exhibits a blue-shifted absorption band
compared to the phenothiazine substituted BODIPY BDP 5 due to the
low electron donating power of the phenothiazine-5,5-dioxide unit. The
BDP 5 shows easier oxidation compared to the BDP 6 due to the high
donor ability of phenothiazine unit. The BODIPY BDP 2 shows better
thermal stability compared to the BDP 1, 3, 4, 5, and 6. The
computational results of the push—pull BODIPYs BDP 1-4 show that
the highest molecular orbitals (HOMOs) are delocalized over donor and
BODIPY units, whereas in BODIPYs BDP 5 and BDP 6 the HOMOs
are localized on phenothiazine and phenothiazine 5,5-dioxide unit. The
lowest occupied molecular orbitals (LUMOSs) of the push—pull
BODIPYs BDP 1-6 are centered on the acceptor BODIPY unit. The
phenothiazine 5,5-dioxide-substituted BDP 6 exhibits a large HOMO-
LUMO gap compared to phenothiazine substituted BDP 5 due to weak

donor-acceptor interaction.
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Chapter 8: Conclusions and Future scope

Chapter 8 summarizes the salient features of the work and future
prospectives for developing new donor-acceptor materials for
optoelectronic applications.
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Chapter 1

Introduction

1.1. Donor—-Acceptor Systems

The design and synthesis of novel multi-modular n-conjugated
donor—acceptor (D—A) chromophores have attracted much attention in
the scientific community due to their wide range of applications in
organic solar cells (OSCs), organic light-emitting diodes (OLEDS),
organic photovoltaics (OPVs), thermally activated delayed fluorescence
(TADF) as well as in biological studies.[1-10] The D-A based
chromophores which exhibit a high photochemical and thermal stability,
broad absorption in the UV-vis region and low HOMO-LUMO gap are
the potential candidate for optoelectronic applications.[11] The donor-
acceptor technique is one of the useful method for developing NIR
absorbing/emitting materials with narrov HOMO-LUMO gap.[12] The
optoelectronic properties of the D—A molecules are controlled by the
HOMO-LUMO gap, which may be easily tuned by (a) adjusting the n-
bridge between donor and acceptor units or (b) choosing the appropriate
donor/acceptor unit in the molecular system.[13-16] The donor—
acceptor molecular systems consist of an electron-rich donor unit and an
electron-poor acceptor unit linked by an appropriate spacer. Using a
suitable n-linker (such as a double or triple bond or an aromatic ring),
the hybridization of donor and acceptor moieties significantly perturbs
the HOMO-LUMO energy levels.[17, 18] The strength of the D-A
interaction depends on the donor group, acceptor group, as well as the
type of m-linker/spacer unit which play a significant role in the D-A
systems.[19] The donor-acceptor chromophores with low HOMO-
LUMO gap exhibit potential applications in dye sensitized solar cells
(DSSCs) [20], bulk heterojunction organic solar cells (BHJOSCs) [21],
non-linear optics (NLOSs) [22], organic field effect transistors (OFETS)
[23], bioimaging [24] and photodynamic therapy [25].



The donor—acceptor (D—A) system is made up of an electron-
rich donor and an electron-deficient acceptor unit connected by an

appropriate spacer (Figure 1.1).

LUMO
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Figure 1.1. HOMO-LUMO energy level diagram of the D—A system.

The D-A system's LUMO is more stable than the LUMO of
individual donor and acceptor units, but the HOMO s less stable than
the HOMO of individual donor and acceptor units (Figure 1.1).[26] The
hybridization of the donor and acceptor units increases HOMO energy
levels and decreases the LUMO energy levels via using appropriate n-
linker, such as a double or triple bond or an aromatic ring.[17] This
makes the absorption spectrum shifts towards NIR region and the
HOMO-LUMO gap gets smaller.

The electron-rich moiety in D—A molecules that provides an
electron to another moiety is referred to as the donor, and the electron-
deficient moiety that accepts the electron from the donor is referred to
as the acceptor. In Chart 1, there are numerous examples of donor and
acceptor moieties. The [2+2] cycloaddition-retroelectrocyclization
reaction is generally a rapid, high-yielding, and catalyst-free



reaction.[27] The electron-rich alkynes react with cyano group
containing strong electron acceptor tetracyanoethylene (TCNE) and
7,7,8,8-tetracyanoquinodimethane (TCNQ) via [2+2] cycloaddition
retroelectrocyclic ring-opening reaction, resulted in D—A based m-
conjugated chromophores in excellent yield.[28] The incorporation of
the 1,1,4,4-tetracyanobuta-1,3-diene (TCBD) and cyclohexa-2,5-diene-
1,4-diylidene-expanded TCBD, provides a variable charge transfer, low
HOMO-LUMO gap, longer absorption, and enhances the electron
accepting ability of the chromophores.[29-31]

DONOR ACCEPTOR \

S : : ! 0, \I' o NC CN NC : CN
@N© N N NC CN NC CN
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Triphenlamin N
=) 00 x ;
S_S = B\ =7
S7Ng Fe 0NN BN £
= PRACN |
= BODIPY Aza-BODIPY

Perylene Diimide
ocene N,N-dimethylaniline (PDL) 1

Ferri |
Ar eV o2 0
)
Il\{ 0Py A

. . 1
\ Diphhenylamine Diketopyrrolopyrrole

\ (DPP)

Tetrathiafulvalene

Chart 1. Molecular structures of the donor and acceptor units.

1.2. BODIPY

Dipyrromethene is a bidentate ligand that exists in both cis and trans
isomeric forms and is involved in a wide range of metal complexes. The
synthesis of a complex with BF, constricts the BODIPY framework and
limits cis-trans isomerization. The BODIPY is highly planar, however
the boron atom is slightly distorted from the normal plane in some
cases.[32] The BF.-chelated dipyrromethenes have received
considerable interest in the scientific community as a building
component for artificial photosynthetic systems, light-harvesting arrays,
fluorescent switches, tunable laser dyes, and molecular probes and many
more.[33-38] The BODIPY is an electron-deficient (acceptor)
molecule; therefore, incorporating an electron-donating (donor) group
induces a donor—acceptor interaction in the molecule. In 1968, Treibs &
Kreuzer synthesized BODIPY which exhibit a pyrrole, azafulvene and




diazaborinin-type ring in the z-conjugated systems.[39] The IUPAC
numbering method for 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY) dye differs from that of dipyrromethene (Figure 1.2). These
approaches of naming are broadly accepted across the world and are
frequently used in the current literature. The BODIPY fluorophores
exhibit remarkable optical and redox properties.[40-44] These
properties make them useful candidate for organic electronics,
chemosensors, photodynamic therapy and bioimaging applications.[45—

51] 7 S 3
6 4
8 2
\__~H
. 9 11 10 1
s-indacene dipyrromethene
ﬂ'\ m.iso diazaborinine
1 8 7

ﬂ_>2<:\l/§|:\>6 <j A
3 ®

~
/ F 4\F 5 pyrrole| F NF ' azafulvene
a

. J

4,4-difluoro-4-borata-3a-azonia-4a-aza-s-indacene (BODIPY)

Figure 1.2. Nomenclature of s-indacene, dipyrromethene and BODIPY
core. [32-51]

The BODIPYs generally exhibit a strong absorption band around
500-550 nm (& = 40000-80000 M*.cm™) corresponding to So — S1 (n—
n*) transition and a shoulder peak at lower wavelength region due to a
vibrational transition.[52, 53] The BODIPY also has a weak absorption
band around 350-380 nm, which corresponds to the So — Sz (nm—n*)
transition and emit a narrow spectrum between 530-560 nm.[54, 55]
The BODIPY derivatives exhibit a good photochemical stability and
excellent solubility in common organic solvents.[56] The BODIPY



fluorophore exhibits a high electron affinity, making it an excellent

acceptor in the donor—acceptor type molecular systems.[57]

The BODIPY dyes exhibit excellent photonic properties such as
absorption with high molar extinction coefficient, excellent fluorescent
quantum yield, high electron affinity, high photochemical and thermal
stability. These properties can be perturbed by incorporating suitable
substituent at the «, A-pyrrolic and meso-positions of the BODIPY
core.[58] The properties and easy synthetic modification of the
BODIPYs make them most studied fluorophore and used as a potential
candidate for dye-sensitized solar cells (DSSCs), sensors,
photosensitizers, fluorescent switches, nonlinear optics, photodynamic
therapy (PDT), laser dyes, light harvesters and bioimaging
applications.[59-66]

In this work, the classifications of the donor—acceptor BODIPY's
have been done based on attachment of substituents at the S-pyrrolic and
meso-position of the BODIPY core (Figure 1.3).
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Figure 1.3. General classification of BODIPY based donor-bridge-

acceptor derivatives in this work.

The f-mono and meso substituted BODIPY's were synthesized by

the incorporation of donor/acceptor units at the S-pyrrolic and meso



position of the BODIPY. The donor/acceptor units were added to the
BODIPY core via spacer (n-linker) or phenyl group.

1.2.1. Synthesis of BODIPY core

The methodologies of synthesizing the BODIPY is mentioned in
the following sections. In 1968, Treibs and Kreuzer accidentally found
the typically strong fluorescent F-BODIPY framework, while
attempting to acylate 2,4-dimethylpyrrole with excess acetic anhydride
and BF3.OEt, (Lewis acid as catalyst). The two brightly colored mono
and di-substituted BODIPYs 1 and 2 were isolated in <10% yield
respectively. The chelation of dipyrrin with BF, facilitates tetrahedral

geometry at the boron center (Scheme 1).[67]

Scheme 1. Synthesis of the BODIPYs 1 and 2 from the 2,4-
dimethylpyrrole.

1.2.2. From Aldehyde and pyrrole

The BODIPYs were synthesized by Lindsey method. This approach
is based on the acid-catalyzed condensation reaction of pyrrole with
benzaldehyde. The final product was obtained by using DDQ and
BFs.OEt> in 22% vyield (Scheme 2). The BODIPY 3 exhibits an
absorption band at 503 nm in toluene.[68]

- DDQ ~ N\
[ )+ — ) Q
N NH HN—/ TEA, BF;0Et; NN N~
H _ F/ \F

o 3

Yield =22%

Scheme 2. Lindsey method for the synthesis of BODIPY 3.



1.2.3. From pyrrole and acid chloride

In 2012, Zhang et al. reported a facile one-pot synthesis of
BODIPY 4 by the reaction of pyrrole and acid chloride followed by the
complexation reaction with BF3.OEt, in 21% yield (Scheme 3). The
BODIPY 4 shows absorption band at 494 and emission band at 512 nm.
The BODIPY 4 exhibits high fluorescence quantum yield (0.87) and

longer fluorescence lifetime in dichloromethane (DCM) solvent.[69, 70]

H,Cl
PURR QP @Hﬁy
o] N~ EGN,BF;OEt, \N. Nx
H

/ \
F F
4
Yield =21%

Scheme 3. Synthesis of BODIPY 4 from pyrrole and acid chloride.
1.2.4. From substituted pyrrole-2-carbaldehyde

The BODIPY dyes were synthesized from the self-condensation
reaction with pyrrole-2-carbaldehyde and POCIs followed by TEA and
BF3.OEt,. The 5-tert-butyl-pyrrole-2-carbaldehyde was used to
synthesize BODIPY 5 in a 15% yield (Scheme 4). The BODIPY 5
exhibits a narrow absorption band at a higher wavelength (492-500 nm)
assigned to the So — S: transition and at shorter wavelength assigned to

the So — S» transition.[71]

POCl;, CH,Cl,

[ CHO >
N E;N, BF;.0Et,

Yield = 15%

Scheme 4. Synthesis of BODIPY 5 from 5-tert-butyl-pyrrole-2-
carbaldehyde.

1.2.5. From pyrrole and triethyl orthoformate

In 2014, Kolemen et al. reported BODIPY 6 by using 2,4-
dimethylpyrrole, triethyl orthoformate, POCIs and complexation
reaction with BF3.OEt> at 40 °C which resulted in a 40% yield (Scheme
5).[72]
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Scheme 5. Synthesis of BODIPY 6 from the 2,4-dimethylpyrrole and
triethyl orthoformate.

1.2.6. From pyrrole and thiophosgene

In 2012, Kim et al. reported the synthesis of BODIPY 7 and used
this as an intermediate to form BODIPY 8 for ratiometric fluorescence
sensing of Hg?* ion. The BODIPY 8 undergoes Hg?* promoted
hydrolysis to produce the 8-hydroxy-BODIPY with a large
emission.[73] In 2019, Chai et al. synthesized BODIPY 8 by using
pyrrole and thiophosgene. The pyrrole reacts with CSClI in the presence
of DCM or toluene solvent, which results in an intermediate bis-(1H-
pyrrol-2-yl)-methanethione. The bis-(1H-pyrrol-2-yl)-methanethione
was further reacted with methyl iodide followed by triethylamine and
BFs.OEt> which resulted BODIPY 8 in 26% vyield (Scheme 6). The
BODIPY 8 exhibits an absorption band at 485 nm and emission band at
525 nm. Bright green fluorescence can be seen in a solution of BODIPY
8, however after being exposed to HgCl., blue fluorescence was
produced.[74] Recently, Dehaen and co-workers also reported the
procedure for the design and synthesis of meso-halo BODIPYs via

dipyrryl thione (7) as shown in Scheme 10.[75]

S
ﬂ 4 J\ CH,Cl,/toluene C’/U\(} CH3I CH,(Cl, m
N ' TpcwRT. . \NH HN TEA BF;.OEt, NG
H CH,Cl,, R.T.

8
Yield =26%

Scheme 6. Synthesis of BODIPY 7 and 8 from pyrrole and CSCl..



1.2.7. From substituted pyrroles

In 2012, Boens et al. reported BODIPY 9 by using substituted
pyrroles followed by complexation with TEA and BF3.OEt, (Scheme 7).
The BODIPY 9 consist of two cyclohexane rings fused at the 2,3- and
5,6-position. The BODIPY 9 exhibits absorption at 534-543 nm and
emission band at 543-551 nm with high fluorescence quantum yield
between 0.76-0.89.[76]

H POCI,
Y

O TEA, BF;.0Et,

|\
T |
H

Yield =20%

Scheme 7. Synthesis of BODIPY 9 from substituted pyrrole.

1.3. Functionalization of BODIPY core

The spectroscopic and photophysical properties can be fine-
tuned by adding appropriate groups to the BODIPY core at the right
positions. Boron dipyrrin dyes can be easily functionalized at the pyrrole

C-ring positions, meso-position and the boron atom.[77]

SnAr, Pd-catalyzed cross-coupling,
Libenskid-Srogl cross-coupling

'

meso

N
C-C coupling and ——> NS B~

Knoevenagel reaction for /\ 5

red-emitting dyes SN only with C-, O- or N-nucleophiles

4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)
Figure 1.4. Schematic representation of the structural modifications and

chemical reactions of the BODIPY dye. [77]

There are many different functionalization methods that can be
utilized in order to derivatize the BODIPY framework. Significant

progress has been made in functionalizing the BODIPY dyes at different
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pyrrolic positions by nucleophilic substitution, Knoevenagel-type
condensation reactions, substitution of the fluorine atoms on boron,
direct styrylation, nucleophilic substitution at the meso-position,
Libenskid cross-coupling and metal-catalyzed C-C coupling reactions
(Figure 1.4.).[78] All these methods can be used to synthesize BODIPY
derivatives to tune the optoelectronic properties. The design and
synthesis of donor-acceptor based BODIPYs are widely used for
developing NIR absorbing materials for PDT with a low band gap value
and improved power conversion efficiency of the DSSCs. The
expansion of the m-conjugation is a primary method to enhance the
absorption band from visible to NIR region and improving Jsc value for
DSSCs.[79] Nagano et al. reported D-A BODIPY dyes, which exhibit
low fluorescence quantum yield due to photoinduced electron transfer

(PeT) from donor trimethoxy benzene to acceptor BODIPY.[80]
1.3.1. Halogenation
1.3.1.1. Halogenation reaction at a-position of the BODIPY

In 2005, Rohand et al. reported a-chloro functionalized
BODIPYs 10 and 11. The benzaldehyde reacts with pyrrole and catalytic
amount of trifluoroacetic acid to form dipyrromethane. Chlorination
occurs selectively at the a-position of the dipyrromethane by varying

the equivalents of N-chlorosuccinimide (NCS).

The halogenated dipyrromethane was treated with DDQ or p-
chloranil for oxidation, followed by complexation with TEA and
BFs.OEt> which resulted in a-chloro or a-bromo substituted BODIPY's
in good yields.[81, 82] The BODIPYs 10 and 11 were synthesized using
2 and 14 equivalents of N-chlorosuccinimide in the presence THF
solvent followed by complexation reaction with BF3.Et20, in 20% and
22% vyields respectively (Scheme 8). The a-brominated BODIPYs 12—
17 were synthesized by reacting dipyrromethane with 1-10 equivalents
of N-bromo succinimide (NBS) resulting in 16-40% yields (Scheme 8).
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H o TEA, BF;.0Et, CI F F Ci ca F7F ¢
DDQ 2 equiv. NCS 14 equiv. NCS
NBS, THF | 1 o 10, Yield = 20% 11, Yield = 22%
BF;.OFEt,
0 0 0"
eSS N X =N A\
\NBN\ \_N N\\ Br \NBN\
Bl FPF s FB¥ §, Br F'F pr
1 equiv. NBS 2 equiv. NBS 3 equiv. NBS
12, Yield = 40% 13, Yield = 25% 14, Yield = 19%
o o’
Br
X
Br \NBN\ Br Br \NBN\ Br
Br F'F Br Br F ' F By
4 equiv. NBS 5 equiv. NBS 10 equiv. NBS
15, Yield =20% 16, Yield = 16% 17, Yield = 25%

Scheme 8. Synthesis of halogenated BODIPY's 10-17.
1.3.1.2. Halogenation reaction at g-position of the BODIPY

The BODIPY exhibits electrophilic substitution reaction at the
S-pyrrolic positions of the BODIPY. Different procedures are reported
in the literature in which the BODIPY can be chlorinated, brominated
and iodinated to get f-halogenated BODIPYs in good yields. The
halogenating reagents such as NCS (2-10 equivalents), I2:HIOz (from
0.8 to excess equiv.) and Brz (from 0.8 to excess equivalents) were used
for the synthesis of the f-halogenated BODIPY's 18-29 in 8-98% yields
(Scheme 9). The methyl-substituted BODIPY reacts with 0.8 to excess
equivalents of bromine resulting in A-mono and di-brominated
BODIPYs 30-31 in 76% and 67% vyields. The methyl-substituted

BODIPY was used to avoid excess bromination.[83, 84]
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NCS

THF
2 equiv. NCS 3 equiv. NCS 4 equiv. NCS 10 equiv. NCS
18, Yield = 80% 19, Yield = 85% 20, Yield =32% 21, Yield = 78%
Br,
CH,Cl, Y A\ Y N\
— T \“N_Ns Br Br=q N.p Ns
FF F F
2 equiv. Br, 3 e}]uiv. Br, 6 equiv. Br, 300 equiv. Br,
22, Yield = 80% 23, Yield =93% 24, Yield = 98% 25, Yield = 86%
L~ o~ \ N Ns \ N.p-Ns
PB B
0.8 equiv. I,:HIO; 1 equiv. I,:HIO3 3.5 equiv. 1,:HIO; Excess equiv. I,:HIO;
26, Yield = 75% 27, Yield = 72% 28, Yield = 45% 29, Yield = 8%

0.8 equiv. Br, Excess Br,
30, Yield = 76% 31, Yield = 67%

Scheme 9. Synthesis of chloro/bromo and iodo substituted BODIPY's
18-31.

1.3.1.3. Halogenation reaction at meso-position of the BODIPY

Dehaen et al. reported the synthesis of 8-chloro/ 8-bromo
BODIPYs by using phosphorus oxychloride (POCIz)/ phosphoryl
bromide (POBrs3) respectively and followed by complexation with
BFs.OEt>. The 8-chloro group can be replaced by 8-iodo group by the
sodium iodide (Nal) which resulted in 8-iodo-BODIPY 32c in 66% yield
(Scheme 10). The 8-chloro-BODIPY was synthesized from dipyrryl
ketone. The dipyrryl ketone was obtained from the reaction of pyrrole
and triphosgene or thiophosgene.[85] The dipyrryl thione, on further
reaction with H20», gives dipyrryl ketone. The dipyrryl ketone on
further treatment with POX3 (X = Cl or Br) followed by a complexation
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reaction with TEA and BF3.OEt; resulted in 8-halo-BODIPY 32a-32b
in 59% and 68% yields respectively (Scheme 10).[52, 86]

3

N
H

DCE,0°C,2h

S

Thiophosgene H,0,, KOH 0
CH% MeOH/H,0 ~ _— POX3 (X=Cl or Br) m
N NHEN-/ T \_NHHN-/ N, N<

Yield =52% Yield = 95% TEA, BF3 OEt,

32a,X= Cl, Yield =59%
32b, X = Br, Yield = 68% ] Nal

32¢, X =1, Yield = 66%

Scheme 10. Synthetic route for the 8-halo BODIPY 32a-32c.
1.3.2. Incorporation of S, N and O at meso-position of the BODIPY

The 8-halo BODIPYs are highly fluorescent and have been used
as the starting material for synthesizing BODIPY's 33-41 via aromatic
nucleophilic substitution reaction (Scheme 11). The chloride substituent
is an excellent leaving group in the SnAr reaction and exhibit high
reactivity compared to Br and | group. The 8-chloro-BODIPY
undergoes SNAr reaction to introduce S, N and O atoms at the meso-
position through suitable nucleophile and base (Scheme 11). The
BODIPYs 34, 35 and 37 show absorption bands at 413 nm, 456 nm and
443 nm and emission bands at 420 nm, 495 nm and 486 nm respectively.
The BODIPYs 35 and 37 exhibit high fluorescence quantum yield,
whereas 8-N- and 8-S-substituted BODIPYs 33, 34 and 36 are
nonfluorescent. The BODIPY dye with 8-Nitrogen or 8-Oxygen
substituents exhibited a blue shift of absorption and emission band
compared to unsubstituted BODIPY.[86]
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Scheme 11. Synthesis of meso-heteroatom substituted BODIPYs 33—
41.

Misra et al. investigated a series of O and N-connected
ferrocenyl BODIPY's 38-41 through nucleophilic aromatic substitution
(SNAr) - reaction using 8-chloro BODIPY and ferrocenyl
phenols/anilines (Scheme 11). The BODIPYs 38 and 39 were
synthesized by reacting 8-chloro BODIPY with para- and meta-
ferrocenyl aniline whereas the BODIPY's 40 and 41 were synthesized by
reacting 8-chloro BODIPY with para- and meta-ferrocenyl phenols. The
absorption spectra of nitrogen atom-linked BODIPY's 38 and 39 exhibit
80 nm blue shift. The 8-chloro BODIPY exhibits a strong (So — S1)
absorption band at 503 nm. The oxygen atom linked BODIPY's 40 and
41 exhibit a 50 nm blue shift compared to 8-chloro BODIPY.
The BODIPY's 38-41 exhibit absorption bands at 418 nm, 419 nm, 455
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nm and 455 nm respectively. The donor-acceptor BODIPYs 38-41 have
oxidation potentials of 0.06 V, 1.06 V; 0.03 'V, 1.12 V; 0.06 V, 1.07 V;,
0.10 V, 1.12 V and reduction potentials of -1.19 V, -1.39 V; -1.21 V, —
1.39 V; -1.14 V, -1.25 V; and -1.24 V, —1.28 V respectively. The
ferrocenyl BODIPYs 38-41 show two reduction potential that are
attributed to the BODIPY unit and two oxidation potential that
correspond to the oxidation of the ferrocenyl and BODIPY unit. The
BODIPYs 38-41 exhibited high thermal stability with the
decomposition temperature at 300 °C, 309 °C, 264 °C and 254 °C
respectively.[41]

1.3.3. Vilsmeier-Haack formylation reaction of BODIPY

The a-mono and di-formylated BODIPY's were prepared by
using phosphorus oxychloride (POCIs), dimethylformamide (DMF)
followed by DDQ for oxidation of dipyrromethane intermediate
(Scheme 12).

R R R
~ = DMF, POCl, = = DMF, POCl, = =
B
\_NH HN—/ NaHCO; \_NH HN_/ NaHCO; \ N HN__/
Reflux Reflux

) \ Vi

DDQ \ DDQ

TEA, BF;.0Et, TEA, BF;.0Et,

DDQ
TEA, BF;.0Et,

42, Yield = 15% 43, Yield = 26%
R
\_C')\@ DMF, POCI; C')\@ DMF, POCI; \_<j)\®_//
B
44, Yield = 68% 45, Yield = 82%

Scheme 12. Synthesis of - and fmono and di-formylated BODIPY's
42-45,

15



After complete oxidation, the mixture was treated with TEA and
BFs.OEt, for complexation which results in a-mono and di-formylated
BODIPYs 42 and 43 in 15% and 26% yields respectively. The f-mono
and di-formylated BODIPYs 44 (yield = 68%) and 45 (yield = 82%)
were synthesized after the formation of BODIPY using Vilsmeier
reagent (Scheme 12). The BODIPYs 42-45 showed a characteristic
absorption So — S1 (m—n*) transition at 540-550 nm. The formylated
BODIPYs 42-45 showed weak fluorescence because of the electron-
rich meso-aryl group which is associated with photoinduced electron
transfer with the BODIPY.[87, 88]

1.3.4. Knoevenagel condensation reaction of BODIPY

Zang et al. reported the design and synthesis of carbazole-based
BODIPY derivatives through Knoevenagel condensation reaction for
solar cell application. The methyl-substituted BODIPYs reacts with
aldehyde groups in the presence of piperidine, acetic acid and toluene at
reflux condition (Dean-stark apparatus). The mono-, di- and tetra-vinyl
substituted BODIPY's 46-48 were synthesized by using 1.0, 3.0 and 6
equivalents of carbazole-aldehyde (Ar), which resulted in 37%, 79%,
and 13% vyields respectively (Scheme 13). The BODIPYs 46-48 show
absorption band at 590 nm, 674 nm, 728 nm and emission band at 609
nm, 692 nm and 755 nm respectively. The fluorescence quantum yield
of BODIPYs 46-48 exhibit 0.69, 0.98 and 0.42 respectively. The
frontier molecular orbitals calculated from cyclic voltammetry of
BODIPYs 46-48 are HOMO energy levels at -5.36 eV, -5.34 eV, -5.34
eV and LUMO energy levels at -3.47 eV, -3.52 eV and -3.66 eV
respectively. The electrochemical band gap for BODIPYs 46-48
estimated from HOMMO/LUMO values are 1.89, 1.82 and 1.68 eV
respectively. The decomposition temperatures for the BODIPYs 46-48
were found to be at 346 °C, 372 °C and 305 °C respectively. The
Knoevenagel condensation reaction can be used to synthesize highly
conjugated BODIPY dyes.[89] Obondi et al. reported a set of donor-
acceptor based BODIPYs 49-51 in which the BODIPY unit was

connected to two vinyl linkers that carry phenyl, triphenylamine and
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phenothiazine units (Scheme 13). The fulleropyrrolidine group act as an
electron acceptor at the meso-position of the BODIPYs 49-51. The
BODIPYs 49-51 exhibit absorption and emission in 300-850 nm
region. The absorption spectra of the BODIPYs 49-51 show a

characteristic sharp peak of fulleropyrrolidine at 432 nm.

1.0 equiv. R
Ar XX
\_N B NS
piperidine, acetic acid FF
toluene, reflux 7 J
R Ar 0
<11 _ 270
AL 46, Yield = 37% o
\ <~ N
N B N Ar =
F F
3.0 equiv. R O=
Br Ar
R= piperidine, acetic acid
A toluene, reflux
Ar Ar
47, Yield = 79%
R 6.0 equiv.
o SN A [0} Ar

N\ N . Nx

0o B o piperidine, acetic acid
d F F b toluene, reflux d

50, Yield = 55% 51, Yield = 63%

Scheme 13. Synthesis and molecular structures of the BODIPYs 46-48
and 49-51 respectively.
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The BODIPYs 49-51 exhibit absorption peaks at 634 nm, 676
nm, 702 nm and fluorescence peak at 652 nm, 763 nm, and 709 nm
respectively. The BODIPY's 49-51 show fluorescence quantum yield of
0.114,0.07, < 0.01 respectively. The BODIPY's 49-51 exhibit oxidation
potentials at 0.52 eV, 0.20 eV, 0.39 eV and reduction potentials at -1.00
eV, -1.27 eV; -1.01 eV, -1.36 eV; and -1.00 eV, -1.31 eV respectively.
The triphenylamine and phenothiazine substituted BODIPYs 50 and 51
covers the spectrum range from 300—780 nm.[90]

1.3.5. Cross-coupling Reactions of BODIPYs

Generally, the cross-coupling reactions are used to synthesize
BODIPY based donor—acceptor chromophores. The halogen substituted
BODIPYs shows Pd-catalyzed cross-coupling reactions such as
Sonogashira, Suzuki, Heck and Stille cross-coupling reactions.

1.3.5.1. Sonogashira Cross-Coupling Reactions

Shinde et al. reported the donor—acceptor BODIPY's which were
synthesized by the Palladium-catalyzed Sonogashira cross-coupling
reaction and investigated their photophysical and redox properties. The
precursors a-bromo, S-iodo and 8-chloro BODIPY react with 1-ethynyl-
4-(ethynylferrocene) benzene (1.0 equiv.) in the presence of Pd-catalyst
which gives «,  and meso-ferrocenyl-substituted BODIPYs 52-54 in
80-85% vyield (Scheme 14). The BODIPY's 52-54 shows an absorption
maxima at 568 nm, 545 nm and 550 nm and emission maxima at 580
nm, 608 nm and 568 nm respectively. The highest bathochromic shift
was observed for BODIPY 52 compared to BODIPYs 53 and 54. The
electrochemical studies show that the BODIPY's 52-54 exhibit oxidation
waves at 1.13 V, 0.97 V; 0.11 V, 1.03 V and 0.14 V, 1.04 V, whereas
the reduction wave at -1.16 V, —-1.09 V and -0.97 V, respectively.
Incorporating the ferrocene unit in BODIPYs 52-54 revealed that the
oxidation values anodically shifted by 0.11-0.14 VV compared to pristine
ferrocene oxidation.[91] Ravikanth and co-workers have reported the
BODIPY -ferrocene derivatives 55-57 in which one or two ferrocenyl

units were linked through the ethynyl group at the - and meso-position
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of the BODIPY unit (Scheme 14). The BODIPYs 55-57 exhibit
absorption bands at 531 nm, 631 nm; 558 nm, 680 nm, and 505 nm
respectively. The absorption studies reveal that the BODIPY's 55 and 56
show ICT band in the UV-visible region due to strong conjugation
between donor ferrocene and BODIPY. The CT band was not observed
for BODIPY 57 in which the ferrocene unit is the meso-phenyl group of
BODIPY which shows less effective conjugation between ferrocene and
BODIPY as compared to the BODIPYs 55 and 56.

Fe
—-_—
Pd(PPh;),, THF
TEA, 60 °C, 12 hr

F F Br Toluene/TEA
50 °C, 4 hr

THF:DIPEA
60 °C, 12 hr Br FF Br Toluene/TEA
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Pd(PPhs),Cl,, Cul T &
3)2Ch, Cu ﬁe
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THF:TEA - E.B' \
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Toluene/TEA 57, Yield = 65%

50°C,4h

58, Yield = 70% 59, Yield = 74% 60, Yield =72% 61, Yield = 52%

Scheme 14. Synthesis and molecular structures of the «, £ and meso-
substituted BODIPYs 52-61.

The BODIPYs 55-57 are non-fluorescent in nature due to fast
photo-induced electron transfer from donor ferrocene to acceptor
BODIPY. Generally, BODIPY exhibits single oxidation and single
reduction wave due to the formation of mono-cation and mono-anion
respectively. In BODIPYs 55-57 the BODIPY exhibits a single
irreversible oxidation wave in the range of 1.30-1.50 V and a single

reversible reduction wave in the —0.70 V to —0.80 V region whereas the
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BODIPY 57 shows only one reduction. The BODIPYs 55-57 show
reversible oxidation in 0.64-0.74 V region attributed to formation of
ferrocene to ferrocenium ion.[92] Dhokale et al. reported the synthesis
of BODIPYs 58-61 by using Palladium-catalyzed Sonogashira cross-
coupling reaction (Scheme 14). The BODIPYs 59 and 60 exhibit red-
shifted absorption and emission as well as high fluorescence quantum
yield compared to the BODIPY 58. The BODIPYs 58-61 exhibit
absorption bands at 468 nm, 543 nm; 435 nm, 546 nm; 428 nm, 546 nm;
and 552 nm whereas the emission bands were observed at 561 nm, 731
nm; 564 nm; 564 nm; and 571 nm respectively. The presence of
electron-withdrawing group at the meso-position of the BODIPY shows
a blue shifts in absorption and emission spectra and lowers the quantum
yield.[58]

1.3.5.2. Suzuki Cross-Coupling Reactions

Ravikanth et al. synthesized a set of mono, and di phenyl
substituted BODIPYs 62 and 63 through Pd-catalyzed Suzuki cross-
coupling reaction and investigated their optical and redox properties.
The « and p-bromo BODIPYSs reacted with the phenyl boronic acid in
controlled equivalents in the presence of Pd-catalyst, Na2COgz, Toluene:
THF: H20 (6:3:1) under reflux condition resulting in mono and di
phenyl substituted BODIPYs 62 and 63 in 85% and 87% yield
respectively (Scheme 15). The phenyl-substituted BODIPYs 62 and 63
exhibit absorption bands in 500-600 nm region corresponding to So —
S1 transition and a vibronic transition at about 400 nm corresponding So
— Sy transition. The BODIPY's 62 and 63 exhibit oxidation potential at
1.46 V and 1.33 V and reduction potential at —-0.83 V, -0.84 V
respectively.[93] Recently, Wanwong et al. have reported a series of
donor-—acceptor BODIPYs 64-67 by using Pd-catalyzed Suzuki cross-
coupling reaction in which the triphenylamine and carbazole act as
donor groups and BODIPY as an acceptor (Scheme 15). The BODIPY's
64—67 exhibited two strong absorption band in the range of 269-307 nm
and 511-531 nm with high extinction coefficients (10* M~ cm™). The
absorption maxima of the BODIPY's 66 and 67 show red-shift by 25 nm

20



and 20 nm compared to the BODIPYs 64 and 65 respectively. The
optical bandgap of BODIPYs 64—-67 were 2.05 eV, 2.07 eV, 1.98 eV and
2.00 eV respectively. Triphenylamine and carbazole were used as donor
groups because they easily undergo oxidation into radical cations which
can be employed in various optoelectronic applications. The redox
properties of the BODIPY's 64—67 exhibit oxidation wave at 0.39 V, 0.45
V, 0.23 V and 0.37 V and these are attributed to the HOMO energy
levels of -5.03 eV, -5.10 eV, —4.92 eV and —5.06 eV respectively.[94]
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Scheme 15. Synthesis of the BODIPY's 62—69.

Kim et al. have reported a set of 8-chloro BODIPY based
chromophores 68 and 69 by Suzuki cross-coupling reaction which is

useful for singlet oxygen generation (*O2). The 8-chloro BODIPY was
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reacted with anthraphenylene boronic acid in the presence of palladium
catalyst, potassium carbonate and THF solvent under reflux conditions
resulting in orange color anthracene-based D—A BODIPYs 68 and 69
(Scheme 15). The BODIPY's 68 and 69 exhibit absorption band at 498
nm and emission bands at 517 nm and 519 nm respectively in MeOH
solvent.[95]

1.3.5.3. Stille Cross-Coupling Reaction

In 2014, Ziessel et al. synthesized 3,5-substituted thiophene-
benzothiadiazole-thiophene functionalized BODIPY 70 via Stille cross-
coupling reaction. The «-di bromo BODIPY reacts with stannyl
thiophene-benzothiadiazole-thiophene in the presence of Pd-catalyst
and tri(o-tolyl)-phosphine using toluene at reflux condition which
resulted in «a-di thiophene-benzothiadiazole-thiophene substituted
BODIPY 70 (purple color) in 83% yield (Scheme 16). The BODIPY 70
absorbs up to 800 nm in solution and up to 900 in thin film. The
absorption spectra of the BODIPY 70 shows three peaks. The thiophene
unit shows a peak at 320 nm overlapping with So — S transition of the
BODIPY unitand a CT peak was observed at 537 nm. The intense peak
at 737 nm was assigned due to the So — S1 (n—7*) transition of the
BODIPY.[96] Yang et al. reported the D-A-D based BODIPY's 71 and
72 which were synthesized by Stille cross-coupling reaction for organic
solar cells (OSCs). The p-di-bromo BODIPY reacts with
tributyl(thiophen-2-yl)stannane and [2,2’-bithiophen].-5-
yltributylstannane in the presence of Pd-catalyst using toluene solvent
at 110 °C for 24 h which resulted in BODIPYs 71 and 72 respectively
(Scheme 16). The decomposition temperature of the BODIPYs 71 and
72 exhibits at 221 °C and 305 °C respectively. The BODIPYs 71 and 72
show three absorption bands. The first absorption band at 280-350 nm
region is due to m—m* transition of electron donors thiophene and
bithiophene. The second band at 350-500 nm belongs to the m—n* of the
BODIPY. The third absorption band at 500-800 nm region is attributed

to the m—nt* and ICT. The power conversion efficiency (1) of the organic
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solar cells (OSC) based on BODIPYs/PCs:BM (1:0.5, w/w) are 1.49%
for BODIPY 71 and 2.15% for BODIPY 72.[97]
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Scheme 16. Synthesis of thiophene functionalized BODIPY's 70-74.

Leclerc et al. synthesized BODIPYs 73 and 74 through Stille
cross-coupling reaction. The reaction of 8-chloro and octa-bromo
substituted BODIPY with bis(trimethylstannyl)thiophene and
tributyl(5-hexylthiophene2-yl)stannane using Pd(PPhs)s and toluene at
reflux condition for 3 h resulted in BODIPYs 73 and 74 in 93% and

23



51% yields respectively (Scheme 16). The BODIPY's 73 and 74 exhibit
an absorption maximum at 520 nm, 486 nm, and 697 nm, 706 nm
respectively. The absorption band at higher wavelength region are due
to the So — S: transition and the second band are attributed to
intramolecular charge transfer between donor thiophene and acceptor
BODIPY moiety. The dimerization methodology of polycyclic aromatic
units is a powerful strategy to synthesize BODIPY based material for

organic solar cells application.[98]
1.3.5.4. Heck Cross-Coupling Reaction

In 2021, Knight et al. reported BODIPY derivative 75 which was
synthesized by a Pd-catalyzed Heck coupling reaction. The a-di bromo
BODIPY was reacted with styrene, Pd(OAc)., PPhs, DMF and TEA to
give 3,5-distyrene substituted BODIPY 75 in 51% yield (Scheme
17).[99] Hao et al. have reported regioselective and stepwise synthesis
of BODIPY's 76-78 using Palladium(I1) catalyzed Heck cross-coupling
reaction. The bromo BODIPY reacts with 10-50 equivalent of methyl
acrylate, Pd(OAc)2, PPhs, and Na,COz at different temperatures which
resulted in alkenyl substituted BODIPYs 76—78 in 47%, 53% and 51%
yield respectively (Scheme 17). The BODIPY's 7678 exhibit absorption
band at 612 nm, 622 nm and 634 nm and emission band at 628 nm, 655
nm and 669 nm respectively. The stokes shift of the BODIPYs 7678
are 416 cm™, 810 cm™ and 825 cm? respectively. The BODIPYs 76
and 77 (BODIPYs with bromo atoms at 2,6-position) shows efficient
singlet oxygen (*O2) generation due to heavy atom effect.[100]
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Scheme 17. Synthesis of phenyl substituted BODIPY's 75-78.
1.3.6. C-H Amination of BODIPY

In 2018, You et al. reported a series of highly efficient BODIPY's
79-83 using Ag-mediated direct C-H amination for screening of ER
(endoplasmic reticulum)-targeting reagents. The C-H amination of
BODIPY was done with amines using 4.0 equivalents of AgGOAc as an
oxidant under a nitrogen atmosphere. The best result was obtained in
DMSO (dimethyl sulfoxide) solvent at 80 °C for 12 h (Scheme 18). The
BODIPY's with electron-withdrawing trifluoromethyl and cyano group
and electron-donating methyl group on the meso-aryl group undergo a
direct C-H amination reaction in high yields. The BODIPY's 79-83 show
absorption band at 571 nm, 545 nm, 564 nm, 561 nm, 487 nm and
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emission band at 587 nm, 576 nm, 636 592 nm, and 557 nm respectively.
Most of these m-conjugated BODIPYs emit green and yellow
fluorescence. The cell imaging experiments show that the BODIPY's 80
and 82 containing benzoimidazole have excellent ER-labelling
capacities.[101]
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Scheme 18. Synthesis of a-mono and di-substituted BODIPYs 79-83

synthesized via C-H amination.
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1.3.7. Grignard Reaction

Ziessel et al. synthesized a n-conjugated BODIPYs 84 and 85
based on substitution with alkynylaryl residue at the boron center of the
BODIPY. The use of 2.0 equivalents of ethynyl-Grignard permitted the
substitution of both fluorine atoms by two-ethynylpyrene groups using
THEF at reflux condition (Scheme 19).
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Scheme 19. Synthesis of BODIPY's 84-87 via Grignard reaction.

The BODIPY 84 shows absorption and emission band at 531 nm
and 549 nm respectively in DCM. The BODIPY 85 shows absorption
band at 709 nm and emission band 750 nm in DCM solvent with a stoke

shift of 771 cm™. [102, 103] Rousseau et al. reported a 5-hexyl-2,2-
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bithienyl substituted BODIPY 86 for bulk heterojunction solar cell
application (Scheme 19). The BODIPY 86 was synthesized by using
Grignard reagent to replace the fluorine atoms with ethynyl-residue
resulting in 95% yield. The BODIPY 86 shows absorption band at 649
nm, emission at 661 nm and fluorescence quantum yield of 0.63.[104]
Rihn et al. reported the BODIPY 87 by use of excess ethynyl-Grignard
reagent in 66% yield (Scheme 19). The BODIPY 87 exhibit absorption
band at 360 nm, 520 nm emission band at 562 nm and fluorescence
quantum yield of 0.70. The substitution of the boron center by 1-
ethynylpyrene does not affect the emission properties. The pyrene unit
shows two absorption bands at 285 nm and 369 nm assigned to the n—

7* transition.[105]
1.4. Similar Structures as BODIPY
1.4.1. BOIMPY (Bis(borondifluoride)-8-imidazodipyrromethene)

BOIMPY dyes are a new class of fluorophore with large =-
conjugated skeletons and allow various functionalization to extend the
absorption band toward the NIR region. In 2021, Werz et al. reported
red-emitting BOIMPY (bis(borondifluoride)-8-
imidazodipyrromethene) fluorophores 88 and 89 which exhibit high
fluorescence quantum yield. The meso-position of the benzimidazole
contains two BF2 groups which results a rigid and planar conjugated
system. The BOIMPY offers easy functionalization possibilities such as
nucleophilic fluorine substitution, Knoevenagel condensation and cross-
coupling reactions making them valuable fluorophores for
optoelectronic applications. The BOIMPY's 88 and 89 were synthesized
by the reaction of benzimidazole-2-carboxylic acid, oxalyl chloride, and
pyrrole, followed by DBU and BF3.OEt; in 39% and 31% yields
respectively (Figure 1.5). The BOIMPYs 88 and 89 show absorption and
emission band at 596 nm and 605 nm and the fluorescence quantum
yields of 0.72 and 0.73 respectively.[106] Patalag et al. reported highly
fluorescent and photostable fluorophores BOIMPYs 90-93 via
Knoevenagel condensation reaction using substituted aldehydes (Figure
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1.5). The BOIMPYs 90-93 shows an absorption band at 803 nm, 951
nm, 784 nm and 783 nm respectively. The computational studies show
that the LUMO is partially delocalized outside the pyrrole unit whereas
the HOMO is located over the BOIMPY core.[107] Werz and co-
workers have reported a series of red- and NIR-absorbing push—pull
BOIMPYs 94-96 (Figure 1.5) and studied their photophysical,
electrochemical and computational properties. The BOIMPYs 94-96
show absorption band at 703 nm, 719 nm and 826 nm and the emission
band at 736 nm, 811 nm and 835 nm with a fluorescence quantum yield
of 0.13, 0.07 and 0.03 respectively. The absorption spectra reveal that
the absorption band shifts towards a higher wavelength region upon
increasing the donor strength which follows the order 96 > 95 > 94. The
introduction of electron-donating thienyl and furyl groups significantly
altered the HOMO and LUMO energies, suggesting the BOIMPY motifs
are useful candidates for molecular electronics or dye-sensitized solar
cells (DSSCs) applications.[108]
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Figure 1.5. Molecular structures of the red-emitting BOIMPY's 88-96.
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1.42. BOPHY  (Bis(difluoroboron)-1,2-bis  ((1H-pyrrol-2-
yl)methylene)hydrazine)

The tetracoordinate BF, complexes occupy a privileged position
among all the fluorophores due to their easy synthetic procedure, facile
structural  modifications, good photochemical stability and
photophysical properties. These properties have allowed the BOPHY
dyes to be used in photoconductors in vitro and in vivo imaging agents,
electrochromic devices and many more. Ziegler and co-workers have
reported a new fluorophore (bis(difluoroboron)-1,2-bis ((1H-pyrrol-2-
yl)methylene) hydrazine) (BOPHY). The BOPHY is a rigid planar
fluorophore that possesses Coh symmetry. The «, - and meso-positions
of the BOPHY can be functionalized to synthesize various donor—
acceptor BOPHYs. The BOPHY was synthesized via a reaction of
pyrrole-2-carboxaldehyde with hydrazine which results in pyrrole-imine

dimeric chelate, followed by a complexation with BFs.OEt>.[109]
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Figure 1.6. Structures of the BOPHY based derivatives 97-106.
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In 2018, Yu et al. reported a tetramethyl substituted fluorescent
BOPHY 97 which was synthesized by knoevenagel condensation
reaction with 10-methyl-10H-phenothiazine-3-carbaldehyde, and used
for Cu?* ion sensing (Figure 1.6). The Cu?" ion was involved in the
oxidation of the phenothiazine unit and inhibit the ICT process from
donor to acceptor which results the strong fluorescence in solution.[110]
Xiao and co-workers reported the design and synthesis of mono-
substituted BOPHY 98 via knoevenagel condensation reaction with the
(p-dimethylamino)styryl group (Figure 1.6). The BOPHY 98 was non-
emissive due to the intramolecular charge transfer, and strong
fluorescence was observed by the protonation of tertiary amine in
BOPHY 98. The BOPHY 98 was used as a pH probe in biological
applications.[111] Hasegawa et al. reported the synthesis of BOPHY's
99 and 100 by introducing the arylselanyl group at the 2 and 7 positions
(Figure 1.6). The direct C-Se bond formation facilitated the intersystem
crossing (ISC) to the triplet state, which is useful for triplet sensitizer.
The photophysical properties of the BOPHY's 99 and 100 were affected
due to the presence of heavy atom selenium. The BOPHY's 99 and 100
exhibit an absorption maxima at 459 nm, 482 nm and emission maxima
at 519 nm, 517 nm respectively.[112] Wang et al. reported fused
BOPHY's 101-103 (Figure 1.6) and explored their photophysical and
electrochemical properties. The BOPHYs 101-103 exhibit significant
bathochromic shifts in absorption (up to 600 nm in solution), emission
band (up to 648 nm in solution and 717 nm in the solid state) and high
photochemical stability. The BOPHYs 101-103 exhibit absorption
maxima at 423 nm, 571 nm and 563 nm whereas the emission band at
468 nm, 614 nm and 602 nm respectively in DCM solvent.[113] Ziessel
and co-workers have reported the design and synthesis of BOPHY 104
(Figure 1.6) by Knoevenagel reaction, which shows an absorption
maxima above 625 nm. The perylene unit was linked to BOPHY by
Pd(0) catalyzed cross-coupling reaction. The BOPHY 104 is fluorescent
and the intramolecular cascade energy transfer occurs from perylene to
BOPHY, resulting in high stoke shifts (>5100 cm).[114] Nemykin and
co-workers reported fluorescent BOPHYs 105 and 106 by coupling of
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pyrrole-2-carboxaldehyde with hydrazine and complexation reaction
with boron complex in 42% and 38% vyields respectively (Figure 1.6).
The BOPHYs 105 and 106 exhibit absorption band at 424 nm, 442 nm
and 444 nm, 467 nm with high fluorescence quantum yields of 0.95 and
0.92 respectively.[115]

1.4.3. Formazanate

Formazanates are a class of highly colored molecules containing
electron-rich nitrogen atoms and have the formula Ar-NH-N=CR-N=N-
Ar. Their bright color has led to their extensive use as dyes, particularly
in cell biology, where they are frequently used to quantify cell viability.
The formazanate ligands are highly conjugated with excellent
optoelectronic and redox properties. These properties can be tuned via
structural modification on formazanate unit. In 2021, Gilroy et al.
reported the n-conjugated A-D-A based formazanate 107 (Figure 1.7)
and explored its optoelectronic properties. The formazanate 107 exhibits
excellent photophysical and electrochemical properties which can be
tuned by using an appropriate group at para-position of N-aryl rings of
the formazanate. The formazanate 107 shows an absorption band at 596
nm and molar extinction coefficient of 52400 M-t cm™. The oxidation
and reduction potentials of formazanate 107 was observed at 0.82 V,
1.07 V, and -1.96 V, —0.90 V respectively. The formazanate derivatives
show  their  applications in  fluorescence  cell-imaging,
electrochemiluminescent materials and organic solar cells (OSC).[116]
Koenig et al. reported a non-fullerene acceptor formazanate 108 (Figure
1.7) end-capped with N-annulated perylene diimides. The electronic
coupling between BF, formazanate and perylene diimides tuned the
LUMO energy levels which resulted a bathochromic shift in absorption
spectra. The BF, formazanate 108 in solution shows a broad absorption
between 450-750 nm with maximum absorption at 543 nm.[117]
Kumar et al. reported the thiophene-capped BF, formazanates 109 and
110 by using a Pd-catalyzed cross-coupling reaction (Figure 1.7). The
formazanates 109 and 110 possess panchromatic absorption with low

HOMO-LUMO gap and useful for light-harvesting organic materials.

32



109,

= ©/N\B/N
Yield = 84% F F

The absorption band of formazanates 109 and 110 were obtained at 570
nm and 606 nm respectively. The ethylenedioxythiophenyl substituted
formazanate 110 exhibits a red shift compared to thienophenyl
substituted formazanate 109 because of donating nature of thiophene

and extension of the m-conjugation.[118]

Barbon et al. have reported the boron difluoride (BF2)
formazanate dimers 111 and 112 (Figure 1.7) and investigated their
photophysical and electrochemical properties. The dimer 112 exhibits
bathochromic-shifted absorption and emission band as compared to the
monomer due to an increase in conjugation; both the dimers 111 and 112
are non-emissive exhibiting high stokes shifts (>110 nm). The dimers
111 and 112 show absorption bands at 509 nm and 523 nm and the
emission bands at 627 nm and 654 nm respectively in DCM
solvent.[119] Gilroy and co-workers reported the flexidentate pyridine
and toluene-substituted formazanates 113 and 114 respectively (Figure
1.7).
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Figure 1.7. Structures of Formazanate derivatives 107-115.
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The coordination chemistry of both adducts was studied by
reaction with nickel(1) bromide [NiBro(CH3CN):], triflate [Ni(OTf)2]
salt. The photophysical properties of the formazanate adduct indicate a
red-shifted absorption band with low reduction potentials when
coordinated with nickel(lIl) ions. The electronic and physical properties
of the formazanates 113 and 114 can be tuned through protonation.[120]
Hesari et al. reported a boron difluoride formazanate 115 (Figure 1.7)
containing a p-methoxyphenyl unit and explored their redox and
electrogenerated  chemiluminescence  (ECL)  properties. The
formazanate 115 exhibits two quasi-reversible oxidation at 1.00 V and
1.30 V and two reversible reduction at —0.67 V and —1.80 V.[121]

1.5. Applications of BODIPY chromophores

The push—pull or donor-acceptor BODIPYs have a wide range of
applications in optoelectronic and biological studies. Some of the

important applications are summarized below.
1.5.1. Perovskite Solar Cell (PSCs)

In recent years the perovskite solar cells emerged as an important
photovoltaic technology due to their excellent power conversion
efficiency (PCE) in device architecture. The BODIPY based
chromophores are well known for their strong chemical and photo-
stability as well as easy synthetic modifications. In 2021, Cooke et al.
reported the design and synthesis of the phenothiazine functionalized Y-
shaped BODIPY derivative as HTM in perovskite solar cells.
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Figure 1.8. BODIPY based chromophores 116 and 117 for perovskite

solar cells.

The PTZ substituted BODIPY 116 exhibited PCE of 14.6%
(Figure 1.8).[122] In 2019, Vasilopoulou et al. reported a zinc
porphyrin-triazine-bodipy (D-n-bridge-A) BODIPY 117 as a electron
transfer mediator in organic and perovskite solar cell application (Figure
1.8).[123]

1.5.2. Organic Solar cells

Recently, Xu et al. have reported the star shaped m-conjugated
truxene based BODIPY derivatives 118 and 119 for solar cell
application. These BODIPY's shows strong absorption in visible to NIR
range (Figure 1.9). The BODIPYs 118 and 119 exhibit a high electron
mobility, superior short-circuit current density (Js¢) and open-circuit
voltage. The BODIPYs 118 and 119 showed the power conversion
efficiency (PCE) of 13.41 and 11.75%, respectively.[124]
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Figure 1.9. BODIPY based chromophores 118-121.

Li et al. reported the design and synthesis of A-n-D-n-A-type
BODIPYs 120 and 121 via Suzuki cross-coupling reaction in which
carbazole and indolo-[3,2-b]carbazole as the electron-donating (D)
groups attached with the acceptor BODIPY (A) and thiophane act as a
n-bridge (Figure 1.9). The synthesized BODIPYs 120 and 121 exhibit
low HOMO-LUMO gap and strong absorption in the range of 300-900
nm in film. The BODIPYs 120 and 121 exhibited PCE of 5.85 and 3.85
%, respectively.[125]

1.5.3. Sensing

Recently, Hibi et al. have reported the synthesis of hybrid
BODIPY -based fluorescent sensor for fructose detection. The fructose
is widely used in the food industry and it may be involved in diseases
by generating harmful glycation end-products. The BODIPY-based
fluorescent probe 122 was synthesized by combining phenylboronic
acid group and a hydrophobic group in BODIPY. The BODIPY -probe
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122 showed fluorescence response in different concentration with D-
fructose (Figure 1.10).[126] Song et al. have synthesized BODIPY -
based fluorescent sensor for detection of phosgene in both solution and
gas phase. A highly selective BODIPY-based fluorescent sensor 123
exhibit rapid response of various acyl chlorides at low concentration in
solution (Figure 1.10).[127]

Figure 1.10. BODIPY based chromophores 122 and 123 for sensing

application.
1.5.4. Bioimaging

In 2019, Cho et al. reported a triphenylamine substituted
BODIPY derivatives and investigated the ICT characteristics in the S;
state of BODIPY and TPA unit. The BODIPY containing TPA at the S
position exhibit strong red-color fluorescence at the 640 nm in moderate

polar solvent.

Figure 1.11. BODIPY based chromophores 124-127 for bioimaging

application.

The red-color emission and AIIE property of the S-substituted
BODIPYs with TPA are important characteristics for a biological
application. The TPA substituted BODIPYs 124 and 125 were applied
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to L-929 fibroblast cell for cellular imaging (Figure 1.11).[128]
Recently, Guo et al. synthesized a-mono and di TPA substituted NIR
fluorescent materials BODIPYs 126 and 127 with aggregation-induced
emission (AIE) (Figure 1.11).

The nanoparticles of BODIPYs 126 and 127 were obtained by
self-assembly and exhibit NIR emission with good photostability. The
nanoparticles of the BODIPYs 126 and 127 shows remarkable
bioimaging performance specially localized in LDs or lysosomes
depending on the number of triphenylamine donor attached to the
BODIPY.[129]

1.5.5. Photodynamic therapy

In 2021, Kim et al. have reported a phenylthiourea-conjugated
BODIPY photosensitizer 128 for tyrosinase-positive melanoma targeted
photodynamic therapy. Melanoma is the threatening form of metastatic
skin cancer from melanocytes and causes death in majority. A non-
invasive and clinically accepted method is photodynamic therapy
(PDT).

N=N

|

N

Figure 1.12. BODIPY based chromophores 128 and 129 for
photodynamic therapy.

The BODIPY 128 shows excellent effects of increased oxidative
stress by cellular uptake of the tyrosinase positive melanoma cell line
(B16F10) (Figure 1.12).[130] Thompson et al. reported synthesis and
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characterization of the BODIPY 129 which exhibits a five-membered
heterocyclic tellurophene [Te] unit at meso-position (Figure 1.12). The
tellurophene containing BODIPY 129 was synthesized by Suzuki-
Miyaura coupling with tellurophene-2-B  Pin. The presence of
tellurophene moiety detected through mass cytometry, thus the
tellurophene-containing BODIPY 129 act as a novel photodynamic-

therapy-mass-cytometry theranostic agent.[131]
1.6. Current Work

The n-conjugated donor—acceptor molecular systems with a low
HOMO-LUMO gap are an interesting class of materials due to wide
application in the field of optoelectronics. A large variety of electron
donors (phenothiazine, triphenylamine, carbazole, dimethylaniline) and
strong acceptors (TCNE and TCNQ) have been incorporated to the
BODIPY core to enhance and improve the optical characteristics and
HOMO-LUMO gap. The photophysical and electrochemical properties
of BODIPY based donor—acceptor chromophores were investigated.

The main objectives of the current work are as follows:

v' To design and synthesize donor-acceptor based BODIPY
derivatives for optoelectronic applications.

v To synthesize donor-acceptor functionalized chromophores via
using the donor/acceptor moieties at the S-pyrrolic and meso
position of the BODIPY core.

v To investigate the effect of different donor and acceptor units on
the photophysical, electrochemical, thermal and HOMO-LUMO
gap of the donor-acceptor BODIPYSs.

v" To tune the HOMO-LUMO gap, via varying the strength of
donor/acceptor units or the n-linker at the f~pyrrolic and meso
position of the BODIPY core.

v To understand the geometry, distribution of electron density and
photonic properties of the donor—acceptor BODIPYs through

density functional theory (DFT) and time-dependent functional
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theory (TD-DFT) calculations as well as correlated with the

experimental data.
1.7. Organization of thesis

Chapter 1 of the thesis describes the general introduction of the donor—
acceptor system, followed by introduction of BODIPY dye, various
synthetic methods and functionalization for designing various BODIPY

chromophores as well as their application in different fields.

Chapter 2 of the thesis introduces about the instrumentation and general

methods used in the present study.

Chapter 3 of the thesis describes the design and synthesis of the f-
pyrrole functionalized push—pull or donor-acceptor BODIPYs. The
photophysical, electrochemical and theoretical properties were
investigated to analyze the effect of strong acceptor TCBD and
cyclohexa-2,5-diene-1,4-diylidene-expanded TCBD units at the f-
position of the BODIPY core.

Chapter 4 of the thesis describes the design and synthesis of the TCBD
and cyclohexa-2,5-diene-1,4-diylidene-expanded TCBD substituted
donor-acceptor BODIPYs and investigated their photophysical,

electrochemical, thermal and computational studies.

Chapter 5 of the thesis describes the synthesis of meso-donor N,N-
dimethylaniline  functionalized BODIPYs. The photophysical,
electrochemical, thermal, and theoretical studies were studied to
understand the effect of acceptor TCBD and cyclohexa-2,5-diene-1,4-
diylidene-expanded TCBD groups at the meso-position of the BODIPY.

Chapter 6 of the thesis describes the design and synthesis of
phenothiazine and phenothiazine-5,5-dioxide functionalized BODIPY
dyes and explored their photophysical, electrochemical and theoretical

properties.

Chapter 7 of the thesis describes the synthesis of different donor
(anisole, N,N-dimethyl anisole, N,N-dimethylaniline, N-phenyl
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carbazole, N-phenyl phenothiazine and N-phenyl phenothiazine 5,5-
dioxide) functionalized p-pyrrole BODIPYs and explored their
photophysical, electrochemical, thermal and computational studies.

Chapter 8 of the thesis summarizes the salient features of the work and
their future prospectus to develop the donor—acceptor (D—A) materials
for optoelectronic applications.
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Chapter 2

Materials and Experimental Techniques

2.1. Introduction

This chapter discusses about the materials used, spectroscopic
techniques, the computational calculations and the instrumentation
employed in the characterization of synthesized molecules.

2.2. Chemicals for synthesis

Common solvents used for syntheses were purified according to known
procedures. Anisaldehyde, Benzaldehyde, Pyrrole, Thiophosgene,
Phosphorus oxychloride, Boron trifluoride etherate, Phenothiazine,
propyl iodide, sodium hydroxide, anhydrous sodium sulphate, glacial
acetic acid, bromine, hydrogen peroxide, bis(pinacolato)diboron,
potassium acetate, N-Bromo succinimide, hydrochloric acid,
Triphenylamine, N,N-dimethylaniline and carbazole were obtained from

S. D. Fine chem. Ltd. DDQ, was obtained from Spectrochem,

bis(triphenylphosphine)palladium(Il) (PdCI2(PPhgz)2), [1,1"-
bis(diphenylphosphino)ferrocene]dichloro-  palladium(Il)dichloride,
tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)s),

tetrabutylammonium hexafluorophosphate (TBAPFs), 4-ethynyl-N,N-
dimethylaniline were procured 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 chloroform (CHCls), dichloromethane (DCM), N,N-
dimethylformamide (DMF), tetrahydrofuran (THF), 1,2-dichloroethane,
acetone, toluene and methanol were obtained from S. D. Fine chem. Ltd
and Spectrochem India. All moisture sensitive reactions were performed
under nitrogen/argon atmosphere using standard schlenk method. The
N-Bromo succinimide was recrystallized from hot water before use. The

solvents and reagents were used as received unless otherwise indicated.
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Photophysical and electrochemical studies were performed using

spectroscopic grade solvents.
2.3. Spectroscopic Measurements
2.3.1. NMR Spectroscopy

'H NMR (400 MHz and 500 MHz), and 3C NMR (101 MHz and 126
MHz) spectra were recorded on the Bruker Avance (I11) 400 MHz and
Model AVNACE NEO500 Ascend Bruker 500 MHz, using CDCl3 as
solvent. Chemical shifts in *H, and *3C 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 ppm). Multiplicities are given
as: s (singlet), d (doublet), t (triplet), g (quartet), m (multiplet). 3C NMR
chemical shifts are reported relative to the solvent residual peak (CDCl3,
77.02 ppm).

2.3.2. Mass Spectrometry

High resolution mass spectra (HRMS) were recorded on Brucker-
Daltonics, micrOTOF-Q Il mass spectrometer using positive and

negative mode electrospray ionizations.
2.3.3. UV-Vis Spectroscopy

UV-Vis absorption spectra were recorded using a Varian Cary100 Bio
UV-Vis and PerkinEImer LAMBDA 35 UV/Vis spectrophotometer.

2.4. Electrochemical Studies

Cyclic voltammograms (CVs) were recorded on PalmSens 4
electrochemical analyzer using Glassy carbon as working electrode and
Pt wire as the counter electrode, Ag/AgCl as the reference electrode. The
scan rate was 100 mVs'. A solution of tetrabutylammonium
hexafluorophosphate (TBAPFs) in CH2Cl> (0.1 M) was used as the

supporting electrolyte.
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2.5. Thermal Analysis

Thermogravimetric analysis was performed on the Mettler Toledo
thermal analysis system at a heating rate of 10 °C min* under the

nitrogen atmosphere.
2.6. Computational Calculations

The density functional theory (DFT) calculation was carried out at the
B3LYP/6-31G level for C, H, N, O, B, F and S in the Gaussian 09
program.?!
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Chapter 3
Phenothiazine and Carbazole Substituted Push—Pull
Boron-Dipyrromethenes:  Synthesis, = Photophysical,

Electrochemical and Computational Studies

3.1. Introduction

Over the last few decades, the design and synthesis of m-conjugated
donor—-acceptor materials have emerged as an interesting topic of
research due to their potential applications in organic photovoltaics and
bioimaging.[1-6] The donor—acceptor (D—A) interactions are one way
to modify the frontier molecular orbital energies and HOMO-LUMO
gap of the m-conjugated chromophores.[7] In these donor—acceptor
chromophores, the heterocyclic conjugates (containing N, O, and S)
were introduced to tune their photophysical and redox properties.[8] The
electronic and photonic properties of the push—pull chromophores can
be improved by various synthetic modifications at the meso, « and f-
pyrrolic-position of the BODIPY'.[3] During the past couple of decades,
the 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene dyes (BODIPY) have
attracted a lot of interest because of their unique properties such as high
absorption and fluorescence quantum yields, low toxicity, excellent
photo and chemical stability.[9-14] Phenothiazine is a heterocyclic,
non-planar, bowl-shaped structure that exhibits electron-rich nitrogen
(N) and sulfur (S) heteroatoms.[15-18] The high electron density and
good electron donor ability of phenothiazine have found a wide range of
applications in electrochromic displays, semiconductors, organic field-
effect transistors, dye-sensitized solar cells, and organic light-emitting
diodes.[18-20] The 9H-carbazole is a nitrogen-containing heterocyclic
donor molecule exhibits an absorption bands around 300-400 nm in the
UV-visible spectra and an essential building block for synthesizing the
n-conjugated chromophores.[21, 22] It is an electron donating group
which show an excellent thermal and chemical stability as well as allows

the easy structural modification.[23] Several carbazole-based
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derivatives were reported, showing the application in organic light-
emitting diodes (OLEDS), organic field-effect transistors, and organic

photovoltaic devices.[24]

The electron-rich alkynes react with electron acceptor
tetracyanoethylene (TCNE) and 7,7,8,8-tetracyanoquinodimethane
(TCNQ) via [2+2] cycloaddition—retroelectrocyclization reaction which
results in D—A type molecular systems.[25-29] It has been found that
the cross-conjugated molecular system containing TCBD or cyclohexa-
2,5-diene-1,4-ylidene-expanded TCBD groups are useful for tuning the
HOMO-LUMO gap and exhibit intramolecular charge transfer (ICT)
band in the UV-visible spectra.[26, 30] Michinobu et al. have explored
a variety of TCBD and cyclohexa-2,5-diene-1,4-ylidene-expanded
TCBD substituted donor-acceptor (D-A) chromophores for various
optoelectronic applications.[31, 32] Diederich, Shoji, Butenschon,
Trolez and Nakamura et al. have reported various TCBD and cyclohexa-
2,5-diene-1,4-ylidene-expanded = TCBD  substituted  push—pull
chromophores and studied their photophysical and redox
properties.[33—-38] Our group has reported a variety of TCBD, and
cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD substituted push-
pull  chromophores and explored their photophysical and
electrochemical characteristics for various optoelectronic

applications.[39-42]
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Chart 3.1. Molecular structures of the push—pull BODIPYs 1-10.

In this study, we wish to report the design and synthesis of
donor—acceptor BODIPYs 1-10 via S-pyrrole functionalization in good
yields (Chart 3.1). The phenothiazine and carbazole groups used as
donor and BODIPY, TCBD and cyclohexa-2,5-diene-1,4-ylidene-
expanded TCBD as an acceptor unit. Therefore, we have investigated
the photophysical, electrochemical and theoretical properties of the
push—pull BODIPYs 1-10, in order to analyze the effect of donor and

acceptor on the donor—acceptor BODIPYSs.
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3.2. Results and Discussion

The donor—acceptor BODIPYs 1-10 were designed and
synthesized by the Pd-catalyzed Suzuki, Heck, Sonogashira cross-
coupling and [2+2] cycloaddition-retroelectrocyclic ring-opening
reactions in good yields. The BODIPY's 1 and 6 were synthesized by the
Suzuki cross-coupling reaction using boronate ester of phenothiazine 12
and boronate ester of carbazole 16, respectively. The g-mono-iodo
BODIPY 11 was synthesized by the reported procedure.[43] The f-
mono-iodo BODIPYs 11 and 15 were reacted with boronate ester of
phenothiazine 12 and boronate ester of carbazole 16 in the catalytic
amount of Pd(PPhz)4 at 80 °C for 12 h using Toluene: EtOH: H,O (9:3:1)
solvent to give BODIPYs 1 and 6 in 72% and 75% yields, respectively
(Scheme 3.1 and 3.2). The BODIPY's 2 and 7 were synthesized via a Pd-
catalyzed Heck coupling reaction. The f-mono-iodo BODIPYs 11 and
15 reacted with compound 13 and 17 using Pd(OAc). and
tetrabutylammonium  bromide (BusNBr) in the presence of
dimethylformamide (DMF) solvent, resulting the BODIPYs 2 and 7 in
35% and 40% vyields, respectively (Scheme 3.1 and 3.2). The f~mono-
iodo BODIPYs 11 and 15 reacts with compounds 14 (3-ethynyl-10-
propyl-10H-phenothiazine) and compound 18 (3-ethynyl-9-propyl-9H-
carbazole) in presence of catalytic amount of Pd(PPhs)s using
THF:DIPEA solvent at 60 °C for 12 hours resulted in BODIPY 3 and 8
in 70% and 60% yields, respectively (Scheme 3.1 and 3.2).
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Scheme 3.1. Synthetic methodology of the BODIPYs 1-5.

The reaction of BODIPYs 3 and 8 with strong electron acceptor
tetracyanoethylene (TCNE) in dichloromethane (DCM) solvent at room
temperature for 6 h gave TCBD substituted BODIPYs 4 and 9 in 76%
and 80% vyields, respectively. Similarly, the BODIPYs 3 and 8 reacts
with strong electron acceptor 7,7,8,8-tetracyanoquinodimethane
(TCNQ) in dichloroethane (DCE) solvent at 60 °C for 12 h, resulting in
cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD substituted
BODIPYs 5 and 10 in 76% and 73% yields, respectively (Scheme 3.1
and 3.2).
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Scheme 3.2. Synthetic methodology of the BODIPY's 6-10.

The n-conjugated push—pull BODIPYs 1-10 were purified by
column chromatography (silica gel size = 100-200 mesh) using Hexane:
DCM as a solvent. 'H NMR, 3C NMR, and HRMS techniques were
used to characterize the molecular structures of all push—pull BODIPYSs.
The push—pull BODIPY's 1-10 are readily soluble in common organic

solvents such as acetone, chloroform, dichloromethane, and acetonitrile.
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Thermal [2 + 2] Cycloaddition of TCNE and TCNQ with Donor-substituted Alkynes to Give a New Class of Nonplanar, CT Chromophores

Reaction Mechanism for TCNE :
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3.3. Photophysical properties

NC CN
e R’ ‘
l R
NC CN
NC CN
R |
R
— = l
Rl
l
NC CN

The normalized electronic absorption spectra of the push—pull
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phenothiazine and carbazole unit exhibit an intense absorption band at
316 nm and 300-400 nm, respectively.[15, 22] The BODIPYs 1-10
exhibit strong donor—acceptor interaction and displays two absorption
bands in the UV-visible spectra; the first band from 400-500 nm and the
second from 500-600 nm. The BODIPYs 1 and 6 exhibit absorption
band at 467 nm, 587 nm, and 438 nm, 576 nm, respectively due to n—m*
transition. The BODIPY 1 exhibits a slight bathochromic shift compared
to the BODIPY 6 due to the strong electron donor ability of the
phenothiazine unit. The vinylene bridged BODIPY's 2 and 7 exhibit two
absorption bands at 457 nm, 599 nm, and 411 nm, 595 nm, respectively,
due to m—m* transition. The ethynyl bridged BODIPY 3 exhibits an
absorption band at 550 nm, and BODIPY 8 exhibits two absorption
bands at 432 nm and 548 nm in the UV-visible spectra. The
phenothiazine substituted BODIPYs show a bathochromic shift
compared to carbazole substituted BODIPY's due to the strong electron-
donating nature of the phenothiazine unit. The TCBD-substituted
BODIPYs 4 and 9 show an intense intramolecular charge transfer (ICT)
band at 519 nm and 518 nm, respectively, due to strong electronic
communication between the donor and acceptor group. The cyclohexa-
2,5-diene-1,4-ylidene-expanded TCBD functionalized BODIPYs 5, and
10 exhibit two absorption bands at 523 nm, 643 nm, and 523 nm, 597
nm, respectively. The higher energy transition bands correspond to the
n—m* transition, and the lower energy transition bands belong to the ICT
transition from donor to acceptor moiety. The electronic absorption
spectra of cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD substituted
BODIPYs show a bathochromic shift compared to the TCBD substituted
BODIPYs due to strong donor—acceptor (D—A) interactions.
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Table 3.1. Photophysical and electrochemical data of the push—pull
BODIPYs 1-10.

Photophysical data?

Electrochemical data®

Compound | Aabs e(Mtcm?) | Optical Eox (V) Ered (V)
(nm) band gap
(eV)
1 467 7220 1.69 0.61 -0.65
587 9410 1.27
2 457 5610 1.71 0.60 -0.68
599 11790 1.13
3 550 16930 1.78 0.68 -0.62
1.33
4 373 7060 2.02 0.95 -0.23
519 18410 1.38 -0.39
-0.81
5 523 34330 1.29 0.86 -0.05
643 10960 1.47 -0.25
-0.85
6 438 10620 1.78 0.99 -0.76
576 12350 1.30
7 411 3610 1.73 0.84 -0.74
595 3640 1.17
8 432 6470 1.81 1.03 -0.64
548 10720 1.28
9 450 32540 2.20 1.03 -0.33
518 48980 1.26 -0.52
-0.87
10 523 40220 1.46 0.13 -0.31
597 19820 1.09 -0.87
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2 Absorbance recorded in dry DCM at 1x10° M conc. Aaps: absorption
wavelength. &: extinction coefficient. ® Electrochemical analysis was
estimated by differential pulse voltammetry in 0.1 M solution of
BusNPFs in DCM at 100 mV s scan rate versus Ag/AgCl at 25 °C. Eoxi

and Ereq values are based on DPV analysis.

The experimentally calculated optical bandgap of TCBD and
cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD substituted push-
pull BODIPYs 4, 9, 5, and 10 follow the order 9>4>10>5. The optical
bandgap trend clearly indicates that the incorporation of cyclohexa-2,5-
diene-1,4-ylidene-expanded TCBD unit results in a bathochromic shift
in the UV-visible spectra compared to the TCBD due to strong

electronic communication between donor and acceptor unit.

3.4. Electrochemical properties

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were performed to investigate the redox behaviour of the push—
pull BODIPYs 1-10. The electrochemical data of BODIPYs 1-10 are
compiled in Table 3.1. All the measurements were recorded in dry
dichloromethane (DCM) solvent at room temperature using
tetrabutylammonium hexafluorophosphate (BusNPFs) as a supporting
electrolyte. The representative CV and DPV plots of the push—pull
BODIPYs 1-10 are shown in Figure 3.2.
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Figure 3.2. CV and DPV plots of the push—pull BODIPYs 1-10in 0.1
M solution of BusNPFs using DCM at 100 mV s scan rate versus
Ag/AgClat 25 °C.
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The push—pull BODIPYs 1-10 exhibit multiple oxidations and
reduction waves at different potentials, which play a key role in
determining the donor ability in the electron transfer process. The
phenothiazine exhibits one reversible oxidation wave at low potential
[44], and the BODIPY unit exhibits one oxidation and one reduction
wave, each signifying the formation of a mono z-radical cation and a
mono 7-radical anion.[45] The oxidation and reduction potential values
of the push—pull BODIPYs 1-10 were identified by DPV analysis. The
push—pull BODIPY's 1-5 exhibit oxidation potentials at +0.61, +1.27 V,
+0.61, +1.13 V; +0.68, +1.33 V; +0.95, +1.38 V; +0.86, 1.47 V and
reduction potentials at —0.65 V; —-0.68 V; —-0.62 V; -0.23, -0.39, -0.81
V; —0.05, -0.25, -0.85 V, respectively (Table 3.1). Similarly, the
BODIPYs 6-10 exhibits two oxidation potentials at +0.99, +1.30 V;
+0.84, +1.17 V; +1.03, +1.28 V; +1.03, +1.26 V; +0.13, +1.09 V and
reduction potentials at —0.76 V; -0.74 V; —-0.64 V; -0.33, -0.52, -0.87
V; —0.31, -0.87 V, respectively (Table 3.1). The push—pull BODIPYs
1-10 exhibits two oxidation waves the first oxidation wave at lower
potential due to donor phenothiazine/carbazole unit and the second
oxidation wave at higher potential attributed to BODIPY unit. The
BODIPYs 1-3 and 6-8 exhibit only one reduction wave due to the
presence of the acceptor BODIPY unit.

The TCBD and cyclohexa-2,5-diene-1,4-ylidene-expanded
TCBD substituted BODIPYs 4, 5 and 9, 10 exhibit two reversible
reduction waves at low potential, and each step belongs to one-electron
transfer and an additional one reduction wave from —-0.81 to -0.87 V
range which are attributed to acceptor BODIPY unit. Compared to
conventional electron acceptors quinone and fullerene, the TCBD and
cyclohexa-2,5-diene-1,4-ylidene-expanded  TCBD  functionalized
BODIPYs exhibit easy reduction at a low potential.[46] The
electrochemical data reveals that incorporation of a cyano-based
electron acceptor can perturb the redox properties of BODIPY's and the
cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD unit and stabilize the
LUMO energy level more as compared to TCBD unit. Comparing the

first oxidation potential of phenothiazine functionalized BODIPYs 1-5
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with carbazole substituted BODIPYs 6-10 reflects that the
phenothiazines are more facile to oxidize than carbazole due to the

strong electron-donating nature of the phenothiazine unit.

3.5. Theoretical calculations

To understand the geometry and the electronic structures of the
push—pull BODIPYs 1-10, density functional theory (DFT) and time-
dependent density functional theory (TD-DFT) calculations were
performed using Gaussian 09W program at the B3LYP/6-31G (d, p)
level. The frontier molecular orbitals and energy gap values of all the
investigated push—pull BODIPYs 1-10 are shown in Figures 3 and 4. In
the case of BODIPY's 1-3 and 6-8, the HOMOs are delocalized over the
whole molecule, whereas the LUMOs are centered on the BODIPY core.
The BODIPYs 4,5, 9, and 10 exhibit non-planar molecular structure due
to the incorporation of TCBD and cyclohexa-2,5-diene-1,4-diylidene-
expanded TCBD moiety.
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Figure 3.3. Energy profile diagram and frontier molecular orbitals of
the push—pull BODIPYs 1-5 estimated by DFT calculations (B3LYP/6-
31G (d,p) level).
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The theoretically calculated HOMO and LUMO energy levels of
multi-modular push-pull BODIPYs 1-10 shows that the donor
(phenothiazine and carbazole), acceptors, and zw-linker groups can tune
the HOMO and LUMO energy levels. The HOMO energy levels of
BODIPYs 1-10 are —-4.79 eV, -4.72 eV, —4.86 eV, -5.61 eV, -5.49 eV,
—5.10 eV, -4.91 eV, -5.02 eV, -5.91 eV and -5.60 eV and associated
LUMO energy levels are —2.77 eV, -2.81 eV, -2.85eV, -3.51 eV, -3.68
eV, -2.62eV,-2.66 eV,-2.70 eV, —-3.37 eV and —3.56 eV, respectively
(Figure 3.3 and 3.4).
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Figure 3.4. Energy profile diagram and frontier molecular orbitals of
the push—pull BODIPY's 6-10 estimated by DFT calculations (B3LYP
16-31G (d, p) level).

The HOMO-LUMO gap values of the BODIPYs 1-10 are 2.02,
1.91, 1.70, 2.10, 1.81, 2.48, 2.25, 2.32, 2.53 and 2.04 eV, respectively
(Figure 3.3 and 3.4). The theoretically calculated HOMO-LUMO gap
of the BODIPY's 1-10 follows the trend 9>6>8>7>4>10>1>2>5>3. The
theoretically calculated HOMO-LUMO energy gap values of BODIPYs
1-10 exhibit good agreement with experimentally calculated optical
bandgap (Egep) Vvalues. In the case of BODIPYs 4, 5, 9, and 10, the
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HOMOs are delocalized over donor phenothiazine and carbazole units,
while LUMOs are mainly centered on the acceptor TCBD and
cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD unit, which shows
good electronic communication between donor and acceptor unit. The
cyclohexa-2,5-diene-1,4-ylidene-expanded  TCBD  functionalized
BODIPYs exhibit low LUMO energy levels as compared to TCBD
substituted BODIPY's due to strong donor—acceptor interactions.

Table 3.2. Theoretically calculated electronic transitions for the push-
pull BODIPYs 1-10.

BODIPYs | Wavelength | Composition fa Assignment
(nm)
1 381 HOMO-1-LUMO (0.55) |0.24 | n—m*
476 HOMO—LUMO (0.58) 0.63 | m—n*
2 380 HOMO-1-LUMO (0.45) |0.15 | n—m*
501 HOMO—LUMO (0.55) 0.82 | m—m*
3 471 HOMO—LUMO (0.51) 0.87 | n-n*
4 425 HOMO-1—-LUMO (0.56) |0.61 | mn—m*
443 HOMO—LUMO+1 (0.42) |0.72 | ICT
5 571 HOMO-1-LUMO (0.60) |0.11 | m—m*
668 HOMO—LUMO+1 (0.64) | 0.20 |ICT
6 361 HOMO-2—LUMO (0.47) |0.29 | n—m*
464 HOMO—LUMO (0.62) 0.66 | m—m*
7 366 HOMO-2—LUMO (0.44) |0.28 | m—m*
494 HOMO—LUMO (0.62) 0.78 | m—m*
8 364 HOMO-3—LUMO (0.53) |0.31 | n—m*
466 HOMO—LUMO (0.59) 0.83 | m—m*
9 399 HOMO—LUMO+1 (0.44) |0.43 | n—n*
431 HOMO-1—-LUMO (0.44) |0.96 |ICT
10 443 HOMO-2—LUMO (0.48) |0.75 | n—m*
538 HOMO—LUMO (0.67) 1.19 |ICT

2 oscillator strength
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The time-dependent DFT calculation was performed to evaluate
the electronic transitions of push—pull BODIPYs 1-4 and 6-10 at CAM-
B3LYP/6-31G (d, p) level in DCM solvent, and for BODIPY 5 the
B3LYP/6-31G (d, p) level in gas phase used for calculation. The TD-
DFT data of push—pull BODIPYs 1-10 are compiled in Table 3.2. The
polarized continuum model (PCM) was used to analyse the solvent
effect in TD-DFT calculation. The push—pull BODIPYs 1-3 and 6-8
exhibit two major electronic absorption bands in the UV-vis region in
which both the absorption bands correspond to the n—n* transition. The
absorption band of BODIPY 1 and 6 obtained at 476 nm and 464 nm
respectively, originating from HOMO — LUMO due to the m—m*
transition (Figure 3.5). The cyclohexa-2,5-diene-1,4-ylidene-expanded
TCBD substituted push—pull BODIPYs 5 and 10 exhibits absorption
bands at 571 nm, 668 nm, and 443 nm, 538 nm, respectively, in which
the absorption spectra in the lower wavelength region corresponds to m—
n* transition and the spectra in the longer wavelength region
corresponds to the ICT transition. The absorption band at lower
wavelength region originating from HOMO-1 — LUMO at 571 nm for
BODIPY 5 and HOMO-2 — LUMO at 443 nm for BODIPY 10,
attributed to n—m* transition. The push—pull BODIPY 5 shows a strong
absorption band at longer wavelength region which corresponds from
HOMO — LUMO+1 at 668 nm attributed to the intramolecular charge
transfer (ICT) transition. The BODIPY 10 exhibits an absorption band
at 538 nm, occurs from HOMO — LUMO which belongs to the ICT
transition from donor to acceptor unit (Figure 3.6). Overall, the TD-DFT
calculations suggest that the intramolecular charge transfer (ICT) band
of the BODIPYs 5 and 10 exhibits a bathochromic shift with low
HOMO-LUMO gap as compared to the TCBD substituted BODIPYSs 4
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and 8 due to strong accepting nature of the cyclohexa-2,5-diene-1,4-

ylidene-expanded TCBD unit.
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Figure 3.5. UV-vis absorption spectra of the push—pull BODIPYs 1 and
6. Experimental (bottom) and TD-DFT predicted (top) in DCM solvent.
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10. Experimental (bottom) and TD-DFT predicted (top).

83



The theoretically calculated electronic transitions were observed
more than the experimental values due to many factors like solvent
effect, temperature, and dipole moment. The UV-vis transitions with
composition, assignment, and oscillator strength are shown in Table 3.2.

3.6. Experimental Section

General Methods

All the moisture and oxygen-sensitive reactions were performed
in an inert atmosphere using the standard inert atmosphere method. 'H
NMR was measured in Bruker Avance (111) 400 MHz, and *C NMR
spectra were measured in 100 MHz using CDCls as the internal solvent.
The *H NMR chemical shifts are recorded in parts per million (ppm)
relative to the solvent residual peak (CDCls, 7.26 ppm). The 3C NMR
shifts are reported relative to the solvent residual peak (CDClIs, 77.00
ppm). The multiplicities are given as s (singlet), d (doublet), t (triplet),
g (quartet), m (multiplet), and the coupling constants values (J) are
reported in Hz. The UV-visible absorption spectra of all compounds
were recorded in PerkinElmer’s LAMBDA 35 UV-visible
Spectrophotometer in DCM solvent at room temperature. High-
Resolution Mass Spectrometry (HRMS) was recorded on a Bruker-
Daltonics micrOTOF-Q Il mass spectrometer. Cyclic voltammogram
and differential voltammogram (DPVs) were recorded on an
electrochemical analyzer using glassy carbon as the working electrode,
Pt wire as the counter electrode, and the Ag/AgCl as the reference
electrode.
Synthesis and characterization of BODIPY 1: Compound 11 (0.1 g,
0.25 mmol), compound 12 (0.102 g, 0.27 mmol), Pd(PPhs)s (0.015 g,
0.01 mmol), and potassium carbonate (0.115 g, 0.83 mmol) was
dissolved in Toluene/ethanol/ water (9/3/1 v/v/v) and heated to reflux
for 12 h under a nitrogen atmosphere. The reaction mixture was cooled
to room temperature and poured into water. The organic layer was
extracted with dichloromethane and the combined organic layers were
washed with saturated brine solution and water and dried over

anhydrous sodium sulphate. After filtration and solvent evaporation, the
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residue was purified by silica-gel column chromatography using
hexane/dichloromethane (60/40 v/v) as the eluent. A light purple solid
of BODIPY 1 was obtained in 75% yield (0.096 g). 'H NMR (CDCls,
400 MHz, ppm): & 8.22 (s, 1H), 7.93 (s, 1H), 7.64-7.55 (m, 5H), 7.31-
7.27 (m, 2H), 7.16-7.11 (m, 2H), 6.99 (s, 1H), 6.92-6.89 (m, 2H), 6.86-
6.82 (m, 2H), 6.55 (s, 1H), 3.82 (t, J = 4 Hz, 2H), 1.87-1.79 (m, 2H),
1.01 (t, J = 8 Hz, 3H). ¥3C NMR (CDCls, 100 MHz, ppm): 146.5,
144.8, 144.6, 143.7, 142.0, 135.6, 135.0, 133.8, 131.1, 130.7. 130.4,
128.5, 127.4, 127.2, 126.8, 125.4, 124.5, 124.2, 124.1, 124.1, 122.4,
118.3, 115.5, 115.4, 49.1, 20.0, 11.2; HRMS (ESI, positive) m/z
calculated for C3oH24 BF2N3S 507.1752 [M]*,measured 507.1769 [M] *.

Synthesis and characterization of BODIPY 2: Compound 11 (0.1 g,
0.25 mmol), compound 13 (0.074 g, 0.27 mmol), palladium acetate
(0.003 g, 0.01 mmol), potassium carbonate (0.042 g, 0.30 mmol), and
tetra-n-butylammonium bromide (0.098 g, 0.30 mmol) were mixed with
20 ml DMF. The reaction mixture was heated under Ar atm at 110 °C
for 12 h. The resultant mixture was diluted with DCM and washed with
1 N HCl solution. The organic layer was collected, dried over anhydrous
Na>SO4 and evaporated under vacuum. The solid was adsorbed on silica
gel and purified by column  chromatography, using
hexane/dichloromethane (60/40 v/v) as the eluent. A dark green solid of
BODIPY 2 was obtained in 35% yield (0.047 g). *H NMR (CDCls, 400
MHz, ppm): & 8.14 (s, 1H), 7.92 (s, 1H), 7.59-7.54 (m, 5H), 7.21-7.12
(m, 4H), 6.91-6.80 (m, 7H), 6.55 (s, 1H), 3.82 (t, J = 4 Hz, 2H), 1.86-
1.81 (m, 2H), 1.02 (t, J = 4 Hz, 3H). 3C NMR (CDCls, 100 MHz,
ppm): 146.2, 144.8, 143.5, 143.5, 135.6, 135.0, 133.9, 132.6, 131.4,
130.9, 130.7, 130.4, 128.5, 128.3, 127.5, 127.4, 127.2, 125.7, 125.4,
124.7,124.2,123.5,122.4,118.2,117.7,115.9, 115.4, 115.3, 49.2, 20.1,
11.3; HRMS (ESI, positive) m/z calculated for Cs2Hzs BF2N3S
533.1909 [M] ¥, measured 533.1927 [M] .

Synthesis and characterization of BODIPY 3: Under argon
atmosphere a solution of compound 11 (0.1 g, 0.25 mmol) and the

corresponding compound 14 (0.074 g, 0.27 mmol) in dry THF (20 ml),
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added N,N-Diisopropylethylamine (DIPEA) (20 ml), Pd(PPhs)s (0.016
g, 0.014 mmol), Cul (0.002 g, 0.014 mmol), stirred for 12 h at 60 °C,
after completion of the reaction, the reaction mixture was concentrated
under reduced pressure, the crude compound was purified by column
chromatography on silica, using Hexane/DCM (70:30, v/v), and
afforded pure BODIPY 3 (Purple colour) around 70% vyield. 'H NMR
(CDCls, 400 MHz, ppm): 6 8.01 (d, J = 16 Hz, 2H), 7.16-7.52 (m, 5H),
7.23-7.20 (m, 2H), 7.16-7.10 (m, 2H), 6.99 (s, 2H), 6.91 (t, J = 4 Hz,
1H), 6.84 (d, J =8 Hz, 1H), 6.76 (d, J = 8 Hz, 1H), 6.59 (s, 1H), 3.80 (t,
J = 8 Hz, 2H), 1.86-1.77 (m, 2H), 1.00 (t, J = 8 Hz, 3H). 3C NMR
(CDCls, 100 MHz, ppm): 147.2, 145.6, 145.4, 1445, 135.5, 134.2,
133.4, 132.4, 131.5, 130.9, 130.5, 130.4, 129.9, 128.5, 127.4, 127.3,
124.7,124.0, 122.7, 119.1, 116.5, 115.5, 115.0, 91.5, 81.8, 49.2, 20.0,
11.2; HRMS (ESI, positive) m/z calculated for CszH2s BF2N3S
532.1830 [M + H] *, measured 532.1838 [M + H] .

Synthesis and characterization of BODIPY 4: In a 50 mL round
bottomed flask, tetracyanoethylene (TCNE, 24 mg, 0.1 mmol) was
added to solution of compound 3 (100 mg, 0.1 mmol) in DCM (20 mL).
The reaction mixture was stirred in room temperature for 6 h. After
completion of reaction, the reaction mix. was dried under vacuum and
purified by column chromatography with hexane/DCM (30:70, v/v) as
eluent to give BODIPY 4 as dark red solid (Yield: 76%). *H NMR (400
MHz, CDCls): 6 8.27 (s, 1H), 7.92 (s, 1H), 7.73-7.61 (m, 7H), 7.35 (s,
1H), 7.28 (s, 1H), 7.17 (t, J = 8 Hz, 1H), 7.06 (d, J = 8 Hz, 1H), 6.99 (t,
J =8 Hz, 1H), 6.90-6.82 (m, 3H), 3.86 (t, J = 8 Hz, 2H), 1.90-1.81 (m,
2H), 1.04 (t, J = 8 Hz, 3H). 3C NMR (CDCls, 100 MHz, ppm): ¢
162.3, 159.0, 152.0, 151.4, 148.7, 141.8, 141.5, 138.0, 136.5, 135.6,
132.3, 132.2, 130.6, 130.3, 129.1, 127.9, 127.6, 127.5, 126.6, 125.5,
124.5,123.8,122.5,116.2,115.1,112.8,112.7,112.1, 111.6, 80.0, 79.9,
49.9, 20.0, 11.1; HRMS (ESI, positive) m/z calculated for CagH24
BF2N7S 660.1954 [M + H] *, measured 660.1966 [M + H] *.

Synthesis and characterization of BODIPY 5: In 50 mL round
bottomed flask, tetracyanoquinodimethane (TCNQ, 38 mg, 0.1 mmol)
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was added to solution of compound 3 (100 mg, 0.1 mmol) in DCE (20
ml) under argon atmosphere. The reaction mixture was heated at 60 °C
for overnight. After completion of reaction, the reaction mixture was
dried under vacuum and purified by column chromatography with
hexane/DCM (20:80, v/v) (eluent: CH2Cl,) BODIPY 5 as dark black
(Yield: 71%). 'H NMR (400 MHz, CDCls): 6 8.22 (s, 1H), 7.87 (s,
1H), 7.68 (t, J = 8 Hz, 1H), 7.62-7.55 (m, 5H), 7.50-7.47 (m, 1H), 7.31-
7.29 (m, 1H), 7.24-7.07 (m, 5H), 7.01-6.92 (m, 3H), 6.89-6.86 (m, 2H),
6.78 (d, J =4 Hz, 1H), 3.85 (t, J = 8 Hz, 2H), 1.90-1.81 (m, 2H), 1.04
(t, J=8 Hz, 3H); 3C NMR (100 MHz, CDClIs, ppm): 6 162.5, 154.0,
151.4, 148.8, 148.6, 147.9, 142.8, 142.5, 136.2, 134.4, 133.8, 132.3,
132.2, 131.6, 130.5, 129.0, 128.8, 127.7, 127.5, 126.3, 125.9, 125.8,
123.8,122.9, 122.8, 116.0, 115.4, 113.7, 113.5, 112.5, 80.5, 75.9, 49.7,
20.0, 11.1; HRMS (ESI, positive) m/z [M] * calculated for
C,,H,BF,N,S 737.2268, measured 737.2309 [M] *.

Synthesis and characterization of BODIPY 6: Compound 15 (0.1 g,
0.23 mmol), Compound 16 (0.086 g, 0.25 mmol), Pd(PPhs)4 (0.013 g,
0.01 mmol), and potassium carbonate (0.107 g, 0.77 mmol) was
dissolved in Toluene/ethanol/ water (9/3/1 v/viv) and heated to reflux
for 12 h under a nitrogen atmosphere. The reaction mixture was cooled
to room temperature and poured into water. The organic layer was
extracted with dichloromethane and the combined organic layers were
washed with saturated brine solution and water and dried over
anhydrous sodium sulphate. After filtration and solvent evaporation, the
residue was purified by silica-gel column chromatography using
hexane/dichloromethane (60/40 v/v) as the eluent. A light purple solid
of BODIPY 6 was obtained in 72% yield (0.085 g). *H NMR (CDCls,
400 MHz, ppm): & 8.42 (s, 1H), 8.27 (s, 1H), 8.12 (d, J = 8 Hz, 1H),
7.92 (s, 1H), 7.65 (d, J = 8 Hz, 3H), 7.49 (t, J = 8 Hz, 1H), 7.43-7.41 (m,
2H), 7.25-7.22 (m, 2H), 7.12 (d, J = 8 Hz, 2H), 6.97 (s, 1H), 6.56 (s,
1H), 4.29 (t, J = 8 Hz, 2H), 3.96 (s, 3H), 1.97-1.90 (m, 2H), 0.99 (t, J =
8 Hz, 3H). 3C NMR (CDCls, 100 MHz, ppm): 162.0, 146.5, 144.8,
144.7, 143.7, 142.4, 142.0, 135.7, 135.0, 133.8, 132.4, 131.19, 130.7,
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130.4, 128.5, 127.4, 127.3, 126.8, 125.9, 1255, 1245, 124.2, 124.1,
123.5, 1225, 120.4, 119.0, 118.3, 117.2, 1155, 115.4, 114.1, 109.1,
108.9, 55.5, 49.2, 20.1, 11.3; HRMS (ESI, positive) m/z calculated for
Cs1H26 BF2N30 528.2035 [M + Na] *, measured 528.2071 [M + Na] *.

Synthesis and characterization of BODIPY 7: f-mono-iodo BODIPY
15 (0.1 g, 0.23 mmol), compound 17 (0.060 g, 0.25 mmol), palladium
acetate (0.003 g, 0.01 mmol), potassium carbonate (0.039 g, 0.28 mmol),
and tetra-n-butylammonium bromide (0.091 g, 0.28 mmol) were mixed
with 20 ml DMF. The reaction mixture was heated under Ar atm at 110
°C for 12 h. The resultant mixture was diluted with DCM and washed
with 1 N HCI solution. The organic layer was collected, dried over
anhydrous Na»SOs and evaporated under vacuum. The solid was
adsorbed on silica gel and purified by column chromatography, using
hexane/dichloromethane (60/40 v/v) as the eluent. A dark green solid of
BODIPY 7 was obtained in 40% yield (0.050 g). *H NMR (CDCls, 400
MHz, ppm): & 8.20 (s, 1H), 8.16 (s, 1H), 8.11 (d, J = 8 Hz, 2H), 7.90
(s, 1H), 7.62-7.59 (m, 2H), 7.48 (t, J = 8 Hz, 1H), 7.42-7.38 (m, 2H),
7.25-7.24 (m, 1H), 7.18 (s,1H), 7.15 (s, 1H), 7.10 (d, J =8 Hz, 2H), 7.01
(s, 1H), 6.97-6.96 (m, 1H), 6.55 (s, 2H), 4.28 (t, J = 8 Hz, 2H), 3.95 (s,
3H), 1.97-1.90 (m, 2H), 0.99 (t, J = 8 Hz, 3H). 1*C NMR (CDCls, 100
MHz, ppm): 162.0, 143.1, 142.5, 140.9, 140.4, 134.9, 132.4, 130.5,
128.2, 126.5, 125.8, 125.1, 124.2, 123.2, 122.8, 120.4, 119.1, 118.5,
117.1, 116.8, 114.1, 109.0, 55.5, 44.7, 22.3, 11.7; HRMS (ESI,
positive) m/z calculated for CzsHazs BF2N3O 531.2294 [M] ¥, measured
531.2308 [M] *.

Synthesis and characterization of BODIPY 8: Under argon
atmosphere a solution of compound 15 (0.1 g, 0.23 mmol) and the
corresponding compound 18 (0.060 g, 0.25 mmol) in dry THF (20 ml),
added N,N-Diisopropylethylamine (DIPEA) (20 ml), Pd(PPhs)2Cl;
(0.008 g, 0.011 mmol), Cul (0.002 g, 0.011 mmol), stirred for 12 h at 60
°C, after completion of the reaction, the reaction mixture was
concentrated under reduced pressure, the crude compound was purified

by column chromatography on silica, using Hexane/DCM (70:30, v/v),
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and afforded pure BODIPY 8 (Purple colour) around 60% vyield (0.074
g). *HNMR (CDClIz, 400 MHz, ppm & 8.24 (s, 1H), 8.08-8.07 (m, 2H),
7.97 (s, 1H), 7.48 (t, J = 8 Hz, 1H), 7.41 (d, J = 8 Hz, 1H), 7.36 (d, J =
8 Hz, 2H), 7.08 (t, J = 8 Hz, 3H),7.03 (d, J = 4 Hz, 1H), 6.58 (s, 1H),
4.27 (t, J =8 Hz, 2H), 3.93 (s, 3H), 1.95-1.89 (m, 2H), 0.98 (t, J = 4 Hz,
3H). 13C NMR (CDCls, 100 MHz, ppm): 162.2, 147.1, 145.1, 144.2,
140.8, 140.1, 135.3,134.1, 132.4, 131.9, 131.4, 129.0, 126.1, 123.8,
122.8,122.3,120.4,119.3,118.7, 114.1, 112.8, 108.9, 108.7, 93.4, 80.2,
55.5,44.7,22.2,11.7; HRMS (ESI, positive) m/z calculated for Cs3Hzs
BF2N30 552.2035 [M + Na] *, measured 552.2067 [M + Na] *.

Synthesis and characterization of BODIPY 9: In a 50 mL round
bottomed flask, tetracyanoethylene (TCNE, 12 mg, 0.09 mmol) was
added to solution of compound 8 (50 mg, 0.09 mmol) in DCM (20 mL).
The reaction mixture was stirred in room temperature for 6 h. After
completion of reaction, the reaction mix. was dried under vacuum and
purified by column chromatography with hexane/DCM (50:50, v/v) as
eluent to give BODIPY 9 as dark red solid 80% yield (0.049 g). *H
NMR (CDCls, 400 MHz, ppm) & 8.57 (s, 1H), 8.19 (s, 1H), 8.14 (d, J
= 8 Hz, 1H), 7.98-7.94 (m, 2H), 7.78 (s, 1H), 7.61-7.55 (m, 3H), 7.51-
7.47 (m, 2H), 7.35 (t, J =8 Hz, 1H), 7.29 (d, J =4 Hz, 1H), 7.12 (d, J =
8 Hz, 2H), 6.81 (d, J = 4 Hz, 1H), 4.33 (t, J = 4 Hz, 2H), 3.94 (s, 3H),
2.00-1.92 (m, 2H), 1.01 (t, J = 4 Hz, 3H). 13C NMR (CDCls, 100 MHz,
ppm): 165.4, 163.5, 160.0, 150.5, 148.7, 144.1, 141.4, 141.3, 137.5,
136.1, 135.6, 132.9, 127.3, 126.5, 124.9, 124.2, 123.0, 122.5, 122.4,
121.3, 121.2, 121.1, 114.8, 113.4, 113.1, 112.4, 111.8, 110.2, 109.8,
80.0, 79.8,55.7,45.1, 22.3, 11.7; HRMS (ESI, positive) m/z calculated
for C3gH26BF2N70 680.2159 [M + Na]*,measured 680.2160 [M + Na] *.

Synthesis and characterization of BODIPY 10: In 50 mL round
bottomed flask, tetracyanoquinodimethane (TCNQ, 19 mg, 0.09 mmol)
was added to solution of compound 8 (50 mg, 0.09 mmol) in DCE (20
mL) under argon atmosphere. The reaction mixture was heated at 60 °C
for overnight. After completion of reaction, the reaction mixture was

dried under vacuum and purified by column chromatography with
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hexane/DCM (20:80, v/v) as eluent to give BODIPY 10 as dark black
solid 73% yield (0.050 g). *H NMR (CDCls, 400 MHz, ppm): & 8.13
(s, 1H), 8.11-8.10 (m, 1H), 7.93 (s, 1H), 7.71 (s, 1H) 7.61 (d, J = 4 Hz,
1H), 7.59 (d, J = 4 Hz, 1H), 7.56 (s, 3H), 7.53 (s, 1H), 7.51 (s, 1H), 7.48
(s, 2H), 7.46 (s, 1H), 7.35 (s, 1H), 7.34-7.33 (m, 1H), 7.24-7.22 (m, 1H),
7.08 (d, J =4 Hz, 1H), 7.06-7.05 (m, 1H), 6.76 (d, J = 4 Hz, 1H), 4.32
(t, J = 4 Hz, 2H), 3.91 (s, 3H), 1.99-1.92 (m, 2H), 1.01 (t, J = 4 Hz, 3H).
13C NMR (CDCIls, 100 MHz, ppm): 163.4, 154.2, 151.2, 150.0, 142.5,
142.3, 141.2, 135.9, 135.7, 134.3, 132.8, 132.3, 131.1, 129.2, 127.3,
127.1, 126.3, 125.9, 125.6, 125.0, 124.3, 124.1, 122.3, 121.0, 120.6,
114.7, 113.9, 110.0, 109.6, 80.4, 74.9, 55.6, 45.0, 22.3, 11.7; HRMS
(ESI, positive) m/z calculated for C4sH3z0BF2N7O 756.2473 [M + Na] ,
measured 756.2471 [M + Na] *.

3.7. Conclusion

The design and synthesis of push—pull BODIPYs 1-10 via Pd-
catalyzed Suzuki, Heck, Sonogashira cross-coupling, and [2+2]
cycloaddition—retroelectrocyclization reactions in good yields were
explored. The UV-visible absorption spectra of cyclohexa-2,5-diene-
1,4-ylidene-expanded TCBD functionalized BODIPYs exhibit
intramolecular charge transfer (ICT) band in the longer wavelength
region as compared to TCBD substituted BODIPYs due to strong
donor—acceptor interactions. The electrochemical studies of push—pull
BODIPYs 4, 5, 9 and 10 demonstrate that the cyclohexa-2,5-diene-1,4-
ylidene-expanded TCBD unit acts as a strong electron acceptor and
exhibit multiple reduction wave at low potential as compared to TCBD
unit. The theoretically predicted HOMOs of BODIPYs 1-10 are
delocalized on the donor phenothiazine and carbazole unit, whereas the
LUMOs are localized over acceptor BODIPY, TCBD, and cyclohexa-
2,5-diene-1,4-ylidene-expanded TCBD unit. These findings suggest that
the introduction of strong acceptor cyclohexa-2,5-diene-1,4-ylidene-
expanded TCBD decreases the HOMO-LUMO gap more as compared
to the TCBD unit which resulted in a bathochromic shift in UV-vis

spectra. This research work opens new avenue to explore the design and
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synthesis of push—pull chromophores with low HOMO-LUMO gap for

various optoelectronic applications.
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Chapter 4

SFunctionalized Donor-Acceptor BODIPYs: Design,

Synthesis and Properties

4.1. Introduction

The donor-acceptor (D-A) based m-conjugated systems have
been widely studied for their valuable applications in molecular
electronics, organic photovoltaics and nonlinear optics.[1-5] To achieve
high efficiency in optoelectronic applications, it is essential to fine-tune
the photonic and electronic properties of the donor-acceptor systems by
modulating the strength of the donor/acceptor or m-linker groups.[5, 6]
Recently, the BF2-chelated dipyrromethenes have received considerable
interest in the scientific community as a building component for
artificial photosynthetic systems, light-harvesting arrays, fluorescent
switches, tunable laser dyes, and molecular probes, among others.[7-9]
The BODIPY core is electron-deficient (acceptor); therefore,
incorporating electron-donating (donor) groups induces a donor-
acceptor interaction in the molecule.[3] The BODIPY-based
fluorophores are of considerable interest because of their remarkable
optical properties, including high photostability, significant absorption
coefficients, robust fluorescence quantum yields, and adjustable redox
potential. These properties have a wide range of applications in

optoelectronics and biological chemistry.[10-15]

Triphenylamine (TPA) has a non-planar molecular structure due
to the sp® hybridization of nitrogen atom.[16—18] The triphenylamine is
the most extensively studied donor unit in the designing of donor-
acceptor chromophores due to its more vital electron-donor ability,
electrochemical stability, and relatively low HOMO-LUMO gap. These
properties of the triphenylamine unit make it a good candidate in
photovoltaics materials, hole-transport layer in organic field-effect
transistors (OFRT), organic solar cells (OSCs), and organic light-
emitting diodes (OLEDs).[1, 16, 19-21] The [2+2] cycloaddition of
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electron-deficient olefin bonds is one of the most straightforward and
valuable reaction of acetylene-containing compounds.[22-25] Material
scientists have explored the cycloaddition-retroelectrocyclization (CA—
RE) reaction to synthesize non-planar m-conjugated donor-acceptor
chromophores for various optoelectronic applications.[26-29] It is
common for TCNE and TCNQ units to undergo two reversible one-
electron reductions, which makes CA-RE derivatives suitable for use as
p-type dopants in organic electronics.[26] Diederich et al. synthesized
TCBD-linked small molecules for organic semiconductors.[24, 30-32]
Michinobu et al. reported several TCBD derivatives, emphasizing the
reactivity of the alkyne bond via substitution of donor unit.[33, 34]
Butenschon, Soji, and Trolez et al. have reported various TCBD and
cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD functionalized push-
pull chromophores and investigated their photophysical and redox
properties.[35-38]

Our group reported various TCBD and cyclohexa-2,5-diene-1,4-
ylidene-expanded TCBD substituted n-conjugated push-pull dyes and
explored their photophysical and electrochemical properties for
applications of optoelectronic devices.[39-42] In this research context,
we have synthesized a new m-conjugated push-pull chromophore via
Sonogashira cross-coupling and formal [2+2] cycloaddition
retroelectrocyclization (CA-RE) reactions between electron-rich
alkynes and electron-deficient olefins. These chromophores have a
tunable near-infrared absorbance, amphoteric redox activity, and
reduction potentials comparable to those of the organic acceptors
tetracyanoethylene (TCNE) and 7,7,8,8-tetracyanoquinodimethane
(TCNQ).

100



Chart 4.1. Molecular structures of the push—pull BODIPY's 3-5 and 7—
9.

Herein, the donor-acceptor BODIPYs 3-5 and 7-9 were
synthesized. The variation of electron donor and acceptor units on the
photophysical, electrochemical, and theoretical properties of the
BODIPY were investigated (Chart 4.1). The incorporation of the
cyclohexa-2,5-diene-1,4-diylidene-expanded TCBD unit shows a
bathochromic shift in electronic absorption spectra due to strong donor-
acceptor interactions compared to the TCBD unit. The redox properties
of donor-acceptor BODIPYs 4, 5, 8, and 9 exhibit multiple reduction
waves at low potential due to the presence of TCBD and cyclohexa-2,5-
diene-1,4-diylidene-expanded TCBD wunit. The computational
calculations of BODIPYs 4, 5, 8, and 9 show that the incorporation of
cyclohexa-2,5-diene-1,4-diylidene-expanded TCBD unit decreases the
HOMO-LUMO gap more compared to the TCBD unit.

4.2. Results and Discussion

The multi-modular =-conjugated donor-acceptor based
chromophore BODIPY's 3-5 and 7-9 were synthesized by palladium-
catalyzed Sonogashira cross-coupling and [2+2] cycloaddition
retroelectrocyclization reactions in good vyields. The N,N-
dimethylaniline (NND), and triphenylamine (TPA) units were used as
electron donors, and BODIPY, tetracyanoethylene (TCNE), and 7,7,8,8-
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tetracyanoquinodimethane (TCNQ) units act as a strong electron
acceptor. The BODIPY 1 reacts with compounds 2 and 6 using a
catalytic amount of Pd(PPhs)s in THF: DIPEA solvent at 60 °C for 12
hours, resulted in BODIPYs 3 and 7 in 74% and 70% vyields,
respectively. The ethynyl bridged BODIPYs 3 and 7 further react with
strong electron acceptor tetracyanoethylene (TCNE) in dichloromethane
(DCM) solvent at room temperature for 6 h offered TCBD substituted
BODIPYs 4 and 8 in 83% and 80% yields, respectively. Similarly, the
reaction of BODIPY 3 and 7 reacts with strong acceptor
tetracyanoquinodimethane (TCNQ) using dichloroethane (DCE) solvent
at reflux condition for 6 h resulted in cyclohexa-2,5-diene-1,4-diylidene-
expanded TCBD functionalized BODIPYs 5 and 9 in 77% and 75%
yields, respectively (Scheme 4.1).

NHN
N N
——

DCM, 6 h, r.t.

Pd(PPh,),Cl,, Cul
THF:DIPEA

60°C,12h 3 Yield = 74%

Pd(PPh,),Cl,, Cul
THF:DIPEA

60°C,12h Yield = 70%

Scheme 4.1. Synthetic route of the BODIPY's 3-5 and 7-9.
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Normalized Absorbance (a.u.)

The donor-acceptor BODIPYs 3-5 and 7-9 are easily soluble in
common organic solvents such as chloroform, dichloromethane,
acetonitrile, tetrahydrofuran. The purification was done by column
chromatography (silica gel size = 100-200 mesh) using Hexane and
DCM solvents. The *H NMR, *C NMR and high-resolution mass
spectrometry (HRMS) techniques were used to characterize the

molecular structures of all BODIPYs.

4.3. Photophysical properties

The normalized electronic absorption spectra of donor-acceptor
conjugates BODIPY 3-5 and 7-9 were recorded in dry dichloromethane
(DCM) solvent at room temperature (Figures 4.1a and 4.1b), and the
corresponding data are tabulated in Table 4.1.

12 (®) 12

1.0+

0.84

0.6 4

044

Normalized Absorbance (a.u.)

0.24

— ¥ 0.0 T ¥
600 800 600 800

Wavelength (nm) Wavelength (nm)
Figure 4.1. Normalized absorption spectra of donor-acceptor BODIPY's
3-5 (Figure 4.1a) and 7-9 (Figure 4.1b) in DCM (10° M).

The donor-acceptor BODIPYs 3 & 7 exhibits two intense
absorption band at 454 nm, 561 nm, and 503 nm, 565 nm, respectively,
and both electronic absorption bands correspond to m-t* transition. The
TCBD-functionalized BODIPYs 4 and 8 exhibit two absorption bands
at 468 nm, 521 nm, and 492 nm, 520 nm, respectively, and at the lower
wavelength region, the absorption band attributed to ©-n* transition, and
at the longer wavelength region, the electronic absorption band belongs
to intramolecular charge transfer (ICT) transition from donor to acceptor
moiety. Similarly, the cyclohexa-2,5-diene-1,4-ylidene-expanded
TCBD functionalized BODIPY's 5 and 9 exhibit absorption bands at 521
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nm, 662 nm, and 524 nm, 643 nm, respectively. At the higher
wavelength region, the electronic absorption band belongs to the
intramolecular charge transfer (ICT) transition. The cyclohexa-2,5-
diene-1,4-ylidene-expanded TCBD substituted BODIPYs exhibit an
intramolecular charge transfer (ICT) band at the higher wavelength
region compared to TCBD substituted BODIPY's due to strong donor-
acceptor interactions.

Table 4.1. Photophysical and electrochemical data of push-pull
BODIPYs 3-5 and 7-9.

Photophysical data? Electrochemical data®
Compound | Aabs ¢ (M1cm?) | Optical band | Eox (V) Ered (V)
(nm) gap (eV)
3 454 10600 1.77 0.72 -0.68
561 17200 1.15
4 468 34500 2.16 0.80 -0.54
521 15370 1.25 -0.78
-1.15
5 521 25100 151 0.07 -0.30
662 16300 0.72 -0.85
-1.48
7 503 10800 1.73 0.86 -0.69
565 11500 1.24
8 492 34600 2.12 0.93 -0.31
520 37800 1.86 -0.45
-1.08
9 524 16900 1.54 0.11 -0.35
643 10300 0.91 -0.90
-1.49

2 Absorbance recorded in dry DCM at 1x10° M conc. Aaps: absorption
wavelength. &: extinction coefficient. ® Electrochemical analysis was
estimated by differential pulse voltammetry in 0.1 M solution of
BusNPFs in DCM at 100 mV st scan rate versus Ag/AgCl at 25 °C. Eoxi
and Ereq values are based on DPV analysis.
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The optical bandgap values calculated from UV-vis absorption
spectra of TCBD and cyclohexa-2,5-diene-1,4-ylidene-expanded-
TCBD functionalized push-pull BODIPYs 4, 8, 5, and 9 follow the order
4>8>9>5. The trend suggests that the incorporation of the cyclohexa-
2,5-diene-1,4-ylidene-expanded TCBD resulted in a bathochromic shift
with a low optical bandgap compared to TCBD functionalized

BODIPYs due to strong donor-acceptor interactions.

4.4. Electrochemical properties

The electrochemical properties of push-pull BODIPYs 3-5 and
7-9 were explored by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) in dry dichloromethane (DCM) solvent at room
temperature  using  tetrabutylammonium  hexafluorophosphate
(BusNPFg) as a supporting electrolyte. The glassy carbon is used as a
working electrode, Pt wire as a counter electrode, and Ag/AgCl as the
reference electrode. The electrochemical data are tabulated in Table 4.1,
and representative CV and DPV plots of BODIPYs 3-5 and 7-9 are

shown in Figure 4.2.
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Figure 4.2. CV and DPV plots of the BODIPYs 3-5and 7-9in 0.1 M

solution of BusNPFs in dry dichloromethane solvent at 100 mV s scan

rate versus Ag/AgCl at 25 °C.

The BODIPY exhibits a single oxidation and reduction wave at
low potential due to the formation of a mono n-radical cation and a mono
n-radical anion. The BODIPYs 3 and 7 exhibit two oxidation waves at
+0.72 V, +1.15V, and +0.86 V, +1.24 V, respectively (Table 4.1). The
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first oxidation at lower potential due to the presence of the donor unit,
and the second oxidation at higher potential belongs to the BODIPY
unit. The BODIPY's 3 and 7 exhibit one reduction wave at -0.68 V and
-0.69 V, respectively, due to the presence of the acceptor BODIPY unit.
The TCBD functionalized BODIPYs 4 and 8 exhibit two oxidation
waves at +0.80 V, +1.25 V and +0.93 V, +1.86 V and three reduction
waves at -0.54 V, -0.78 V, -1.15 V and -0.31 V, -0.45 V, -1.08 V,
respectively (Table 4.1). The first oxidation wave belongs to the donor
groups, and the second oxidation wave corresponds to the BODIPY unit.
In the reduction region, the first two reduction waves correspond to
TCBD, and each step corresponds to one-electron transfer due to the
generation of mono and di-anion. The third reduction wave corresponds
to the acceptor BODIPY unit. The cyclohexa-2,5-diene-1,4-ylidene-
expanded TCBD substituted BODIPYs 5 and 9 exhibit multiple
reduction waves due to acceptor BODIPY and cyclohexa-2,5-diene-1,4-
ylidene-expanded TCBD unit. The BODIPYs 5 and 9 show oxidation at
+0.07 V and +0.72 V and +0.11 V and +0.91 V, respectively. In the
reduction region, the push-pull BODIPYs 5 and 9 show multiple
reduction waves at -0.54 V, -0.85 V, -1.48 V, and -0.35 V, -0.90 V, and
-1.49 V, respectively (Table 4.1). The first two reduction wave
corresponds to cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD unit
at lower potential related to the generation of mono and di-anion, and
each step exhibits single electron transfer. The third reduction wave
corresponds to the BODIPY unit. The cyclic voltammetry results show
that the incorporation of strong acceptor cyclohexa-2,5-diene-1,4-
ylidene-expanded TCBD decreases the LUMO energy level more than
TCBD unit.

4.5. Thermal Properties

The thermal stability is an important characterization of the
material for various optoelectronic applications. The thermal properties
of the push-pull BODIPYs 3-5 and 7-9 were measured by

thermogravimetric analysis (TGA) at a heating rate of 10 °C min™* and
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monitoring the weight loss against temperature under the nitrogen

atmosphere.

The donor—acceptor BODIPYs 3-5 and 7-9 exhibit excellent
thermal stability and the corresponding thermograms are shown in
Figure 4.3. The decomposition temperatures for the BODIPY's 3-5 and
7-9 at 5% weight loss were found to be at 328 °C, 144 °C, 232 °C and
253 °C, 201 °C and 221 °C, respectively. The N,N-dimethylaniline
substituted donor—acceptor BODIPY 3 exhibits the highest thermal
stability as compared to BODIPYs 4,5, 7, 8, and 9. The thermal stability
of the donor—acceptor BODIPY's 3-5 and 7-9 follows the order 3> 7>
5> 9> 8> 4.
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Figure 4.3. Thermogravimetric analysis (TGA) of the donor-acceptor
BODIPYs 3-5 and 7-9 measured at a heating rate of 10 °C min ! under

a nitrogen atmosphere.

4.6. Theoretical calculations
To understand the geometry and electronic properties of the push-pull
chromophore BODIPYs 3-5 and 7-9, we have performed density
functionalized theory (DFT) at the B3LYP/6-31G (d, p) level in the
Gaussian 09W program.

The computationally estimated HOMO and LUMO energy
levels of the multi-modular BODIPYs 3-5 and 7-9 revels that the
terminal donor groups (N,N-dimethylaniline, and triphenylamine) can

109



tune the HOMO and LUMO energy levels. The highest occupied
molecular orbitals (HOMOs) of the BODIPYs 3 and 7 are spread over
the whole molecule, whereas the lowest unoccupied molecular orbitals
(LUMOSs) are localized on the BODIPY unit.
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Figure 4.4. Energy level diagram and frontier molecular orbitals of the
push-pull BODIPYs 3-5 and 7-9 estimated by DFT calculation at the
B3LYP/6-31G (d, p) level.

The optimized structure of TCBD and cyclohexa-2,5-diene-1,4-
ylidene-expanded TCBD substituted push-pull BODIPYs 4, 5, 8, and 9
exhibit non-planer geometry. The HOMOs are mainly spread over donor
NND and TPA units, whereas LUMOs are cantered on acceptor TCBD
and cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD unit in
BODIPYs 4, 5, 8 and 9. The theoretically estimated HOMO levels of
push-pull BODIPYs 3-5 and 7-9 are —4.85, -5.85, -5.47, -4.91, -5.63
and -5.42 eV, respectively whereas the LUMO levels are —2.73, —-3.44,
-3.60,-2.85,-3.47 and -3.63 eV, respectively. The theoretical band gap
of the push-pull BODIPY's 3-5 and 7-9 were estimated to be 2.11, 2.41,
1.87, 2.00, 2.15, and 1.79 eV, respectively (Figure 4.4). The cyclohexa-
2,5-diene-1,4-ylidene-expanded TCBD substituted BODIPY's exhibit a
low HOMO-LUMO energy gap and shows bathochromic shift in the
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UV-visible spectrum as compared to TCBD functionalized BODIPYs
(Figure 4.4).

The time-dependent DFT calculation was performed to evaluate
the electronic transitions of the push—pull BODIPYs 3, 5, 7, 8, 9 and 4
at CAM-B3LYP/6-31G (d, p) level in DCM solvent and B3LYP/6-31G
(d, p) level in gas phase, respectively. The polarized continuum model
(PCM) was used to analyse the solvent effect in TD-DFT calculation.
The electronic transitions with composition, oscillator strengths, and
assignments of the donor—acceptor BODIPY's 3-5 and 7-9 are compiled
in Table 4.2. The donor-acceptor BODIPYs 3 and 7 exhibit absorption
bands at 369 nm, 488 nm and 366 nm, 473 nm, respectively.
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Figure 4.5. UV-vis absorption spectra of donor—acceptor BODIPYs 5
and 9. Experimental (bottom) and TD-DFT predicted (top) at CAM-
B3LYP/6-31G (d, p) level in DCM solvent.

The absorption band at lower wavelength region originating from
HOMO -1 — LUMO and at longer wavelength region originating from
HOMO — LUMO for BODIPYs 3 and 7 which corresponding to the n—
n* transition. The TCBD substituted BODIPY's 4 and 8 exhibit ICT band
at 459 nm and 445 nm, respectively which attributed to HOMO —
LUMO+1 transition (Table 4.2). The cyclohexa-2,5-diene-1,4-ylidene-
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expanded TCBD functionalized BODIPYs 5 and 9 exhibit ICT band at
576 nm and 583 nm respectively originating from HOMO — LUMO

transition (Figure 4.5). The theoretical calculation reveals that the

cyclohexa-2,5-diene-1,4-ylidene-expanded

TCBD

substituted

BODIPYs exhibits low HOMO-LUMO gap compared to the TCBD

functionalized BODIPY's due to strong donor—acceptor interactions.

Table 4.2. Calculated electronic transitions for donor-acceptor

BODIPYs 3-5 and 7-9.

Compound | Wavelength | Composition fa Assignment
(nm)

369 HOMO-1-LUMO 0.26 | n—m*
488 (0.57) 0.75 | n—m*
HOMO—LUMO (0.61)

378 HOMO—-LUMO+2 053 | n—m*
459 (0.56) 0.10 | ICT

HOMO—-LUMO+1
(0.61)
447 HOMO-1—-LUMO 0.69 | m—m*
576 (0.49) 1.04 | ICT
HOMO—LUMO (0.66)
366 HOMO-1-LUMO 0.15 | n-—m*
473 (0.42) 0.90 | m—m*
HOMO—LUMO (0.53)
421 HOMO-1-LUMO 0.61 | m—m*
445 (0.54) 098 |ICT
HOMO—-LUMO+1
(0.40)
446 HOMO-2—LUMO 0.77 | m—m*
583 (0.52) 1.17 |ICT
HOMO—LUMO (0.66)

f2 oscillator strength
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The theoretically calculated electronic absorption wavelengths were
found to be longer than experimental data, which could be due to several

factors such as solvent effect, temperature, and dipole moment.
4.7. Experimental Section

All the moisture and oxygen-sensitive reactions were performed
in an inert atmosphere using the standard inert atmosphere method .*H
NMR were measured in Bruker Avance (I11) 400 MHz, and **C NMR
spectra were measured in 100 MHz using CDCls as the internal solvent.
The 'H NMR chemical shifts are recorded in parts per million (ppm)
relative to the solvent residual peak (CDCls, 7.26). The 3C NMR shifts
are reported relative to the solvent residual peak (CDCls, 77.00 ppm).
The multiplicities are given as s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), and the coupling constants values (J) are
reported in Hz. The UV-visible absorption spectra of all compounds
were recorded in PerkinElmer’s LAMBDA 35 UV-visible
Spectrophotometer in DCM solvent at room temperature. High-
Resolution Mass Spectrometry (HRMS) was recorded on a Bruker-
Daltonics micrOTOF-Q Il mass spectrometer. Cyclic voltammogram
and differential voltammogram (DPVs) were recorded on an
electrochemical analyzer using glassy carbon as the working electrode,
Pt wire as the counter electrode, and the Ag/AgCI as the reference
electrode. Thermogravimetric analysis was performed on the Mettler
Toledo thermal analysis system.

Synthesis and characterization of BODIPY 3: Under argon
atmosphere a solution of compound 1 (0.1 g, 0.28 mmol) and
corresponding compound 2 (4-ethynyl-N,N-dimethylaniline) (0.050 g,
0.34 mmol) in dry THF (20 ml), added N,N-Diisopropylethylamine
(DIPEA) (20 ml), Pd(PPhs)4 (0.016 g, 0.014 mmol), Cul (0.002 g, 0.014
mmol), stirred for 12 h at 60 °C, after completion of the reaction, the
reaction mixture was concentrated under reduced pressure, the crude
compound was purified by column chromatography on silica, using
Hexane/ DCM (70:30, v/v), and afforded pure BODIPY 3 (Purple
colour) around 74 % yield. *H NMR (CDCls, 400 MHz, ppm): & 8.04
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(s, 1H), 7.96 (s, 1H), 7.59-7.53 (m, 5H), 7.34 (d, J = 8 Hz, 2H), 6.98-
6.96 (m, 2H), 6.64 (d, J = 8 Hz, 2H), 6.57 (s, 1H) 2.98 (s, 6H); 1*C NMR
(CDCls, 100 MHz, ppm): 150.1, 146.1, 144.7, 133.6, 132.6, 131.9,
131.3,130.9, 130.5, 128.5, 118.8, 111.8, 109.5, 93.5, 79.5, 40.1; HRMS
(ESI, positive) m/z calculated for CasH20BF2N3 412.1796 [M + H] *,
measured 412.1802 [M + H] *.

Synthesis and characterization of BODIPY 4: In a 50 mL round
bottomed flask, tetracyanoethylene (TCNE, 31 mg, 0.2 mmol) was
added to solution of compound 3 (100 mg, 0.2 mmol) in DCM (20 mL).
The reaction mixture was stirred in room temperature for 6 h. After
completion of reaction, the reaction mix. was dried under vacuum and
purified by column chromatography with hexane/DCM (30:70, v/v) as
eluent to give compound 4 as dark red solid (Yield: 83 %). H NMR
(400 MHz, CDCls): 6 8.24 (s, 1H), 7.89 (s, 1H), 7.78 (d, J = 8 Hz, 2H),
7.71-7.68 (m, 2H), 7.61 (d, J = 4 Hz, 4H), 7.26 (s, 1H), 6.80 (d, J = 4
Hz, 1H), 6.69 (d, J = 12 Hz, 2H), 3.17 (s, 6H); *C NMR (CDCls, 100
MHz, ppm): 6 162.0, 160.4, 154.5, 151.5, 148.8, 142.1, 137.8, 136.3,
135.5, 132.4, 130.6, 129.1, 126.9, 122.8, 117.4, 114.2, 113.0, 112.2,
111.7, 80.0, 73.8, 40.1; HRMS (ESI, positive) m/z calculated for
Cs1H20BF2N7562.1739 [M + Na] ¥, measured 562.1782 [M + Na] *.

Synthesis and characterization of BODIPY 5: In 50 mL round
bottomed flask, tetracyanoquinodimethane (TCNQ, 49 mg, 0.2 mmol)
was added to solution of compound 3 (100 mg, 0.2 mmol) in DCE (20
mL) under argon atmosphere. The reaction mixture was heated at 60 °C
for overnight. After completion of reaction, the reaction mixture was
dried under vacuum and purified by column chromatography with
hexane/DCM (20:80, v/v) (eluent: CH2Cl2) compound 5 as dark purple
(Yield: 77%). *H NMR (400 MHz, CDCls): 6 8.20 (s, 1H), 7.80 (s, 1H),
7.68 (s, 2H), 7.62-7.52 (m, 7H), 7.32 (d, J = 12 Hz, 2H), 7.23 (d, J = 4
Hz, 1H), 7.15 (d, J = 12 Hz, 1H), 6.91 (d, J = 8 Hz, 1H) 6.78-6.72 (m,
2H), 3.15 (s, 6H); 3C NMR (100 MHz, CDClz): 6 163.7, 154.3, 153.0,
151.1, 150.7, 143.0, 136.0, 135.4, 134.2, 132.4, 130.5, 130.2, 129.0,
127.1,125.2,124.6,122.9, 122.6,114.8, 113.7, 112.6, 112.5, 80.8, 71.2,
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40.1 ppm; HRMS (ESI, positive) m/z calculated for Cs7H24BF2N7
638.2053 [M + Na] *, measured 638.2066 [M + Na] *.

Synthesis and characterization of BODIPY 7: Under argon
atmosphere a solution of compound 1 (0.1 g, 0.28 mmol) and
corresponding compound 6 (4-ethynyl-triphenylamine) (0.077 g, 0.28
mmol) in dry THF (20 ml), added N,N-Diisopropylethylamine (DIPEA)
(20 ml), Pd(PPhs)s (0.010 g, 0.014 mmol), Cul (0.002 g, 0.014 mmol),
stirred for 12 h at 60 °C, after completion of the reaction, the reaction
mixture was concentrated under reduced pressure, the crude compound
was purified by column chromatography on silica, using Hexane/ DCM
(70:30, v/v), and afforded pure BODIPY 7 (Purple colour) around 70 %
yield. *H NMR (CDCls, 400 MHz, ppm): & 8.05 (s, 1H), 8.00 (s, 1H),
7.96 (s, 1H), 7.63-7.59 (m, 2H), 7.57-7.52 (m, 2H), 7.32-7.28 (m, 5H),
7.16-7.11 (m, 3H), 7.09-7.06 (m, 3H), 7.01-6.89 (m, 4H), 6.60-6.56 (m,
2H); 3C NMR (CDCls, 100 MHz, ppm): 148.0, 147.0, 145.7, 145.2,
144.1, 135.5, 134.2, 133.5, 132.3, 131.5, 130.9, 130.7, 130.4, 129.3,
128.5, 128.4, 125.4, 125.0, 123.6, 122.0, 119.1, 115.5, 92.4, 81.1;
HRMS (ESI, positive) m/z calculated for CasH24BF2N3558.1930 [M +
Na] ¥, measured 558.1963 [M + Na] *.

Synthesis and characterization of BODIPY 8: In a 50 mL round
bottomed flask, tetracyanoethylene (TCNE, 11 mg, 0.08 mmol) was
added to solution of compound 7 (50 mg, 0.08 mmol) in DCM (20 mL).
The reaction mixture was stirred in room temperature for 6 h. After
completion of reaction, the reaction mix. was dried under vacuum and
purified by column chromatography with hexane/DCM (30:70, v/v) as
eluent to give compound 8 as dark red solid (Yield: 80 %). *H NMR
(400 MHz, CDCls): 6 8.26 (s, 1H),7.89 (s, 1H), 7.70-7.60 (m, 8H), 7.40-
7.38 (m, 5H), 7.26-7.22 (m, 6H), 6.92 (d, J = 8Hz, 2H), 6.82 (s, 1H);
13C NMR (CDCIs, 100 MHz, ppm): 6 162.4, 159.8, 153.9, 151.8,
148.8, 144.4, 141.9, 137.9, 136.4, 135.5, 132.3, 131.7, 130.0, 129.1,
126.9, 126.7, 123.0, 120.7, 118.1, 113.4, 112.8, 112.7, 111.7, 79.9;
HRMS (ESI, positive) m/z calculated for C41H24BF2N7686.2053 [M +
Na] ¥, measured 686.2055 [M + Na] *.
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Synthesis and characterization of BODIPY 9: In 50 mL round
bottomed flask, tetracyanoquinodimethane (TCNQ, 18 mg, 0.08 mmol)
was added to solution of compound 7 (100 mg, 0.08 mmol) in DCE (20
mL) under argon atmosphere. The reaction mixture was heated at 60 °C
for overnight. After completion of reaction, the reaction mixture was
dried under vacuum and purified by column chromatography with
hexane/DCM (20:80, v/v) compound 9 as dark purple (Yield: 75%). 'H
NMR (400 MHz, CDCls): 6 8.22 (s, 1H), 7.82 (s, 1H), 7.68-7.67 (m,
1H), 7.62-7.54 (m, 5H), 7.39 (t, J = 8Hz, 4H), 7.30-7.27 (m, 2H), 7.23-
7.15 (m, 10H), 6.98 (d, J = 8Hz, 2H), 6.94-6.92 (m, 1H), 6.80 (d, J =
4Hz, 1H); 13C NMR (100 MHz, CDCls): ¢ 163.1, 154.1, 151.7, 151.3,
142.8, 136.1, 135.3, 134.9, 134.0, 133.0, 132.3, 130.5, 129.8, 129.0,
127.0, 126.5, 125.8, 125.4, 119.5, 114.1, 113.6, 112.5, 80.6, 74.1;
HRMS (ESI, positive) m/z calculated for C47H28BF2N7 762.2367 [M +
Na] ¥, measured 762.2388 [M + Na] *.

4.8. Conclusion

A set of push—pull BODIPY's 3-5 and 7-9 were synthesized via
Pd-catalyzed Sonogashira cross-coupling followed by [2+2]
cycloaddition retroelectrocyclization reaction in good yields were
explored. The photophysical results show that the ICT band of
cyclohexa-2,5-diene-1,4-ylidene-expanded  TCBD  functionalized
BODIPYs 5 and 9 exhibits a bathochromic shift compared to TCBD
functionalized BODIPYs 4 and 8 because of strong—donor interaction.
The redox properties of TCBD and cyclohexa-2,5-diene-1,4-ylidene-
expanded TCBD substituted BODIPYs 4, 5, 8 and 9 display multiple
reduction waves at low potential due to the formation of mono and di-
radical anion on TCBD unit. The computational calculations revel that
the incorporation of cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD
unit decreases the HOMO-LUMO gap more compared to TCBD
substituted BODIPY's due to strong donor—acceptor interactions. The
research reports a new avenue to design m-conjugated push-pull
chromophores with low HOMO-LUMO gap for various optoelectronic

applications.
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Chapter 5

Meso-Donor N,N-dimethylaniline Functionalized
BODIPYs: Synthesis, Photophysical, Electrochemical,

Thermal and Theoretical Studies

5.1. Introduction

The =-conjugated donor-acceptor molecular systems have
gained considerable interest in the scientific community due to their
tunable optoelectronic properties and wide range of applications such as
in organic field-effect transistors, bio-imaging, sensors, organic light-
emitting diodes.[1-7] The optoelectronic properties and HOMO-
LUMO gap of the m-conjugated chromophores can be altered by
modifying the donor (D) or acceptor (A) unit or the m-linker.[8, 9] The
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene dyes, frequently known as
BODIPY has attracted a lot of attention in the last few decades because
of their excellent chemical and photophysical properties including
strong absorption, high fluorescence quantum yields and molar
absorption coefficients, low toxicity, long fluorescence lifetime as well
as good photochemical stability.[10-18] The optoelectronic
characteristics of the BODIPYs can be tuned by expanding the
conjugation and incorporation of appropriate D/A group at the meso and
pyrrolic locations (a- and p-positions).[19-22] As a result, the
BODIPY-based n-conjugated dyes have been extensively used as an
efficient candidate for fluorescent imaging agents, molecular switches,
chemosensors, laser dyes, light-emitting devices, photosensitizers, and
organic optoelectronic materials.[23-28] The BODIPY unit act as
strong acceptor and exhibits reversible oxidation and reduction waves at
low potential.[29, 30] The optoelectronic properties of the donor-
acceptor chromophores can be tuned through modifying the strong

donor or acceptor group. Recently, the cross-conjugation has been used
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as a good way to modify the HOMO-LUMO gap using acceptor
units.[31]

The [2+2] cycloaddition-retroelectrocyclization is a catalyst-free
and excellent-yielding reaction.[32] The electron-rich alkynes react with
the acceptor TCNE, and TCNQ resulting in the nonplanar donor-
acceptor molecules with low HOMO-LUMO gap.[33-35] The push-
pull molecular systems based on TCBD and cyclohexa-2,5-diene-1,4-
diylidene-expanded TCBD groups exhibit strong ICT band at higher
wavelength due to strong donor-acceptor interactions.[32, 36, 37] The
cross-conjugated chromophores containing TCBD and cyclohexa-2,5-
diene-1,4-diylidene-expanded TCBD moieties have emerged as
potential candidates in optoelectronics.[38, 39] Diederich, Michinobu,
Shoji, Trolez, and Butenschon et al. have explored the synthesis,
photophysical and redox properties of TCBD and cyclohexa-2,5-diene-
1,4-diylidene-expanded = TCBD  functionalized  donor-acceptor
chromophores as redox-active chromophores for various optoelectronic
applications.[40-45] Recently, Our group has reported the TCBD and
cyclohexa-2,5-diene-1,4-diylidene-expanded TCBD  functionalized
donor-acceptor systems and explored their photophysical and redox

properties for photovoltaic and optoelectronic applications.[46]

F ¥ ¥ ¥ ¥ ¥
BODIPY 1 BODIPY 2 BODIPY 3 BODIPY 4

Chart 5.1. Molecular structures of the push-pull BODIPYs 1-4.

Herein, we report the donor-acceptor BODIPY's 1-4 which were

synthesized by the palladium-catalyzed Sonogashira cross-coupling and
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[2+2] cycloaddition-retroelectrocyclization reactions (Chart 5.1). The
TCBD and cyclohexa-2,5-diene-1,4-diylidene-expanded TCBD
substituted BODIPYs 3 and 4 exhibit intramolecular charge transfer
band (ICT) at a longer wavelength region due to strong donor-acceptor
interaction. The redox properties of the donor-acceptor BODIPY's 3 and
4 show multiple redox waves at low potential due to presence of redox
active TCBD, TCNQ and BODIPY unit. Additionally, the theoretical
studies were carried out to analyze the molecular geometry and

electronic properties of the donor-acceptor BODIPYs 1-4.
5.2. Results and Discussion

The donor-acceptor BODIPYs 1 and 2 were designed and
synthesized by the palladium-catalyzed Sonogashira cross-coupling
reaction in good yields. The BODIPY's 3 and 4 were synthesized by the
[2+2] cycloaddition-retroelectrocyclization (CA-RE) reaction of
BODIPY 2 with strong acceptor TCNE and TCNQ units. The precursor
8-chloro BODIPY were synthesized by the reported procedure in good
yield.[19] The BODIPY 1 was synthesized by the reaction of 8-chloro
BODIPY 1 with compound 2 (4-ethynyl-N,N-dimethylaniline) using
catalytic amount of Pd(PPhs).Cl, in tetrahydrofuran (THF) and
triethylamine (TEA) solvent at 0 °C for 2 hours, resulted in 80% yield.
Similarly, the BODIPY 2 was synthesized via reaction of 8-chloro
BODIPY 1 with compound 3 (4-((4-ethynylphenyl)ethynyl)-N, N-
dimethylaniline) using a catalytic amount of Pd (PPhs)2Cly in
tetrahydrofuran (THF) and triethylamine (TEA) solvent at 0 °C for 2
hours, resulted in 70% yield (Scheme 5.1).

The donor-acceptor BODIPY 3 was synthesized by the reaction
of BODIPY 2 with electron acceptor TCNE at room temperature for 6
h using dichloromethane (DCM) solvent, resulted in 75% vyield.
Similarly, the BODIPY 4 was synthesized by the reaction of BODIPY
2 with strong acceptor TCNQ using DCE solvent at reflux condition for
8 h, resulted in 71% yield (Scheme 5.1).

127



Y
-
A
PN

Pd(PPh;),Cl,, Cul F

THF:TEA
. BODIPY 1
Cl 0°C,2h Yield = 80%
ST
—y
¥

! == 4
3 Eﬂg:@:@ﬁ(

BODIPY 2
Yield =70%

Y

Pd(PPh;),Cl,, Cul
THF:TEA
0°C,2h

NC™CN
DCM, 6 h, r.t. DCE, 8 h, reflux

BODIPY 3 F
Yield = 75%

BODIPY 4
Yield =71%

Scheme 5.1. Synthetic methodology of push-pull BODIPYs 1-4.

The BODIPYs 1-4 were purified by silica-gel column
chromatography (silica gel size = 100-200 mesh) using Hexane: DCM
solvent and exhibit good solubility in common organic solvent acetone,
chloroform, dichloromethane, acetonitrile. The *H NMR, *C NMR, and
HRMS techniques were used to characterize the molecular structures of

donor-acceptor BODIPYS.

5.3. Photophysical properties

The electronic absorption spectra of the studied donor-acceptor
BODIPYs 1-4 were recorded in dry dichloromethane (DCM) solvent at
room temperature as shown in Figure 5.1 and the data are summarized
in Table 5.1.
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Figure 5.1. Normalized absorption spectra of the donor-acceptor
BODIPYs 1-4 in DCM solvent (10°M).

In general, the BODIPY exhibits an absorption band around
500-530 nm. The NND-BODIPY's exhibit intense absorption band at
450-550 nm region due to the So — Si1 (n—n*) transition. Additionally,
a weak electronic absorption band was observed at lower wavelength
region which could be attributed to So — S (n—=*) transition of the
BODIPY with contribution from NND unit. The BODIPY 3 exhibited
a broad So—S: transition from 550-750 nm range. Similarly, in the
BODIPY 4 showed broadening of the So—S: peak at 600-800 nm
range. The BODIPY 3 and 4 exhibits a new broad intramolecular charge
transfer (ICT) band due to strong D-A interactions.[47] The BODIPYs
1 and 2 shows the absorption band at 537 nm, 576 nm, and 516 nm, 548
nm, respectively, and both electronic absorption bands correspond to n—
n* transitions. The BODIPYs 3 and 4 exhibit absorption at 465 nm, 553
nm, and 557 nm, 695 nm, respectively. The absorption bands at the
shorter wavelength region corresponds to n—n* transitions, and at the
higher wavelength region were associated to ICT transition. The donor-
acceptor BODIPYs 3 and 4 display a bathochromic shift compared to
BODIPYs 1 and 2 due to significant donor-acceptor interaction.
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Table 5.1. Photophysical and electrochemical data of donor-acceptor

BODIPYs 1-4.
Photophysical data? Electrochemical data®
Compound | Zabs ¢ (M1cm?) | Optical Eox (V) Ered (V)
(nm) band gap
(eV)
BODIPY 1 537 12750 1.83 1.08 -0.75
576 | 8824 1.53
BODIPY 2 516 10710 1.66 0.89 -0.61
548 16410 1.66
BODIPY 3 465 8141 2.01 1.15 -0.53
553 6340 1.29 -0.88
-1.16
BODIPY 4 557 12790 1.18 0.72 -0.26
695 | 7540 0.90 -0.40
-0.68

a Absorbance recorded in dry DCM at 1x10° M conc. Aaps: absorption
wavelength. &: extinction coefficient. ® Electrochemical analysis was
estimated by differential pulse voltammetry in 0.1 M solution of
BusNPFs in DCM at 100 mV s scan rate versus Ag/AgCl at 25 °C. Eoxi

and Ereq values are based on DPV analysis.

The optical bandgap calculated from the onset wavelength of the
UV-visible spectrum of the donor-acceptor BODIPYs 1-4 follows the
order 3 >1 > 2> 4, which indicates that the introduction of strong
acceptor results in low optical band gap with a red-shifted ICT band in
electronic absorption spectra. The cyclohexa-2,5-diene-1,4-ylidene-
expanded TCBD substituted BODIPY 4 exhibit a red shifted ICT band
at longer wavelength region compared to TCBD substituted BODIPY 3
due to strong electronic communication between donor and acceptor

unit.
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5.4. Electrochemical properties

The electrochemical properties of the donor-acceptor BODIPYs
1-4 were explored by using cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) techniques. All the measurements were
recorded in dry dichloromethane solvent at room temperature using
tetrabutylammonium hexafluorophosphate (BusNPFs) as a supporting
electrolyte. The representative CV and DPV plots of the BODIPYs 1-4
are shown in Figure 5.2, and the data are summarized in Table 5.1.

BODIPY 1 CV BODIPY 1 CV
34
04
34

Current (pA)

0 1 2 -1.0 05 0.0
Potential vs Ag/AgCI (V) Potential vs Ag/AgCI (V)
BODIPY 2 CV
BODIPY 2 CV 0+
<
2
g -4
5
()
-8
0 1 2 : . :
-1.0 -0.5 0.0

Potential vs Ag/AgCl (V) Potential vs Ag/AGCH (V)
otential vs Ag/Ag

Current (uA)

8
BODIPY 3 CV BODIPY 3 CV
0«
-84
-16

0.0 0.5 1.0 15 -1.5 -1.0 -0.5 0.0
Potential vs Ag/AgClI (V) Potential vs Ag/AgCI (V)

131



Current (uA)

BODIPY 4 CV 24 BODIPY 4 CV

]

Current (pA)

0.0 05 1.0 15 15 1.0 05 0.0
Potential vs Ag/AgCl (V) Potential vs Ag/AgCl (V)
BODIPY 2 DPV

j oA~

v -

10 05 00 05 10 15 20 25 40 05 00 05 10 15 20
Potential vs Ag/AgCl (V) Potential vs Ag/AgCI (V)
BODIPY 3 DPV BODIPY 2 DPV

— o
W ~

45 -0 05 00 05 10 15 20 45 <10 05 00 05 10 15
Potential vs Ag/AgCI (V) Potential vs Ag/AgCI (V)

Figure 5.2. CV and DPV of the donor-acceptor BODIPYs 1-4 using
0.1 M solution of BusNPFs in dichloromethane at 100 mV s scan rate
versus Ag/AgClat 25 °C.

The redox active moieties exhibit an individual oxidation and
reduction potential which are crucial in determining their ability in the
electron transfer system. The donor NND unit exhibits a reversible
single oxidation wave at low potential. The BODIPY generally show
single oxidation and single reduction wave due to formation of a mono
n-radical cation and a mono n-radical anion.[48] The BODIPYs 14
exhibits two oxidation potential at +1.08, +1.53 V; +0.89, +1.66 V;
+1.15, +1.29 V; +0.72, +0.90 V and reduction potential at —0.75 V; —
0.61 V; -0.53, -0.88, -1.16 V; -0.26, —0.40, -0.68 V, respectively
(Table 5.1). The BODIPY's 1-4 exhibit two oxidation and one reduction
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waves: the first oxidation wave belongs to the donor unit, and the second
oxidation corresponds to the BODIPY unit and one reduction wave at —
0.26 to -1.16 V range due to BODIPY unit. The donor—acceptor
BODIPYs 3 and 4 exhibits three reduction waves at low potential. The
initial first two reduction waves are attributed to the formation of mono
and di-anion formation of the TCBD unit and each step corresponds to
a one electron transfer and additional third reduction wave measured due
to formation of the BODIPY mono-radical anion.[32, 49] In comparison
of the BODIPYs 3 and 4 indicates that the BODIPY 4 is easier to reduce
than the BODIPY 3, which can be attributed to the cyclohexa-2,5-diene-
1,4-diyliden-expanded TCBD unit.[38] The HOMO energy levels of the
BODIPYs 1-4 estimated from CV plots are —5.52, —5.29, —5.59, and
—5.16 and the associated LUMO energy levels are —3.69, —3.83, —3.91,
and —4.18 eV, respectively. These electrochemical findings suggest that
the cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD unit decreases the
LUMO energy level more than TCBD unit.

5.5. Thermal Properties

The thermal stability is an important characterization of the
material for various optoelectronic applications. The thermal properties
of the BODIPYs 1-4 were measured by thermogravimetric analysis
(TGA) at a heating rate of 10 °C min~t and monitoring the weight loss
against temperature under the nitrogen atmosphere.

The BODIPYs 1-4 exhibit excellent thermal stability and the
corresponding thermograms are shown in Figure 5.3. The
decomposition temperatures for the BODIPYs 1-4 at 5% weight loss
were found to be at 315 °C, 364 °C, 261 °C, 275 °C, respectively. The
phenyl incorporated N,N-dimethylaniline functionalized donor—
acceptor BODIPY 2 exhibits the highest thermal stability as compared
to BODIPYs 1, 3 and 4. The cyclohexa-2,5-diene-1,4-ylidene-expanded
TCBD functionalized BODIPY 4 exhibits high thermal stability than
TCBD functionalized BODIPY 3. The thermal stability of the donor—
acceptor BODIPYs 1-4 follows the order 2> 1> 4> 3.
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Figure 5.3. Thermogravimetric analysis (TGA) of the donor-acceptor
BODIPYs 1-4 measured at a heating rate of 10 °C min * under a

nitrogen atmosphere.
5.6. Theoretical calculations

The density functional theory (DFT) calculations were
performed to understand the geometry and electronic properties of
BODIPYs 1-4 at the B3LYP/6-31G (d, p) level for C, H, N, B, and F
using Gaussian 09W program. The optimized structures of the
BODIPYs 3 and 4 exhibit twisted geometry due to incorporation of
strong acceptor TCBD and cyclohexa-2,5-diene-1,4-ylidene-expanded
TCBD. The donor-acceptor BODIPYs 1-4 shows that the HOMOs are
localized over both donor NND and BODIPY unit, whereas the LUMOs
are localized on strong acceptor TCBD, cyclohexa-2,5-diene-1,4-
ylidene-expanded TCBD and BODIPY unit. In case of BODIPY 4 the
HOMOs are localized on the donor NND unit and LUMOs are mostly
cantered on strong acceptor cyclohexa-2,5-diene-1,4-ylidene-expanded
TCBD unit which indicates a strong charge transfer from donor to
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acceptor unit. The energy level diagram and frontier molecular orbitals
of BODIPYs 1-4 are shown in Figure 5.4.
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Figure 5.4. Energy level diagram and frontier HOMO and LUMO
orbitals of donor-acceptor BODIPYs 1-4 estimated by DFT
calculations (B3LYP/631G (d, p) level).

The donor-acceptor BODIPY 4 exhibits the lowest HOMO-
LUMO gap and signifies that the TCNQ units act as strong acceptor
compared to TCNE unit. The theoretically predicted HOMO energy
levels of the donor-acceptor BODIPYs 1-4 are -5.53 eV, -5.21 eV, —
6.06 eV, and —5.73 eV, and associated LUMO levels are —-2.73 eV, —
2.95 eV, -3.65 eV and -3.91 eV, respectively (Figure 5.4). The
introduction of TCBD and cyclohexa-2,5-diene-1,4-ylidene-expanded
TCBD unit stabilize the LUMO energy levels, which results in a red
shifted ICT band in electronic absorption spectra. The trend in the
LUMO energy level of BODIPY's 3 and 4 follows the order 3 > 4, which
suggest that the decreasing the LUMO energy levels with an increasing
the strength of acceptor unit. The computationally calculated HOMO-
LUMO gap values of the donor-acceptor BODIPY's 1-4 are 2.80, 2.26,
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2.41,and 1.82 eV, respectively. The electronic transitions with oscillator
strengths, composition and assignment data are tabulated in Table 5.2.
The optical bandgap (Egap) Values calculated from UV-visible spectra
agreed well with the theoretically predicted HOMO-LUMO gap.

The time-dependent DFT calculation was performed to evaluate
the electronic transitions of the donor-acceptor BODIPYs 1-3 at
B3LYP/6-31G (d, p) and CAM-B3LYP/6-31G (d, p) level for the
BODIPY 4, in DCM solvent. The polarized continuum model (PCM)
was used to analyse the solvent effect in TD-DFT calculation. The TD-
DFT data of the donor-acceptor BODIPYs 1-4 are compiled in Table
5.2. The BODIPYs 1 and 2 exhibits absorption band at 441 nm, 542 nm

and 456 nm, 693 nm, respectively.
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Figure 5.5. UV-vis absorption spectra of donor-acceptor BODIPY 4.
Experimental (bottom) and TD-DFT predicted (top) in DCM solvent.

The absorption band at higher wavelength region originating
from HOMO — LUMO, and at lower wavelength region occurs from

HOMO-1 — LUMO, attributed to n—n* transition for BODIPYs 1 and
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2. The TCBD and cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD
substituted BODIPY's 3 and 4 exhibits two absorption bands: at shorter
wavelength region attributed to the n—x* transition and ICT at longer
wavelength region. The BODIPY's 3 and 4 exhibit absorption band at
447 nm, 505 nm and 452 nm, 629 nm, respectively. The absorption band
at lower wavelength region for BODIPYs 3 and 4, originates from
HOMO-2 —» LUMO and HOMO-1 to LUMO+1 attributed to n—n*
transition. The BODIPYs 3 and 4 exhibit the ICT band at longer
wavelength region originating from HOMO — LUMO+1 and HOMO
— LUMO transition (Figure 5.5). The theoretically calculated electronic
absorption wavelengths were found to be longer than experimental data,
which could be due to a number of factors such as solvent effect,

temperature, and dipole moment.

Table 5.2. Calculated electronic transitions of the donor-acceptor
BODIPYs 1-4.

Compounds | Wavelength | Composition 2 Assignment

(nm)
BODIPY 1 | 441 HOMO-1—LUMO (0.69) | 0.38 | n—n*

542 HOMO—LUMO (0.70) 092 | n—n*
BODIPY 2 | 456 HOMO-1-LUMO (0.69) |0.35 | =—m*

693 HOMO—LUMO (0.70) 0.85 | =—n*
BODIPY 3 | 447 HOMO-2—LUMO (0.69) |1.20 | =—m*

505 HOMO—LUMO+1 (0.68) |0.12 | ICT
BODIPY 4 | 452 HOMO-1—-LUMO+1 (0.58)| 0.44 | n—=*

629 HOMO—LUMO (0.68) 0.85 | ICT

2 oscillator strength
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5.7. Experimental Section

General Methods

All the moisture and oxygen-sensitive reactions were performed in an
inert atmosphere using the standard inert atmosphere method .*H NMR
was measured in Bruker Avance (I11) 500 MHz, and *C NMR spectra
were measured in 126 MHz using CDCl5 as the internal solvent. The *H
NMR chemical shifts are recorded in parts per million (ppm) relative to
the solvent residual peak (CDCls, 7.26 ppm). The 3C NMR shifts are
reported relative to the solvent residual peak (CDCls, 77.00 ppm). The
multiplicities are given as s (singlet), d (doublet), t (triplet), g (quartet),
m (multiplet), and the coupling constants values (J) are reported in Hz.
The UV-visible absorption spectra of all compounds were recorded in
PerkinElmer’s LAMBDA 35 UV-visible Spectrophotometer in DCM
solvent at room temperature. High-Resolution Mass Spectrometry
(HRMS) was recorded on a Bruker-Daltonics micrOTOF-Q Il mass
spectrometer. The cyclic voltammogram and differential voltammogram
(DPVs) were recorded on electrochemical analyzer using glassy carbon
as the working electrode, Pt wire as the counter electrode and the
Ag/AgCI as the reference electrode. Thermogravimetric analysis was
performed on the Mettler Toledo thermal analysis system.

Synthesis and characterization of BODIPY 1. Under argon
atmosphere, a solution of compound 1 (8-chloro BODIPY) (0.1 g, 0.44
mmol) and the corresponding compound 2 (0.064 g, 0.44 mmol) in dry
THF (20 ml), added triethylamine (TEA) (20 ml), Pd(PPhs)s (0.016 g,
0.022 mmol), Cul (0.004 g, 0.022 mmol), stirred for 2 h at 0 °C, after
completion of the reaction, the reaction mixture was concentrated under
reduced pressure, the crude compound was purified by column
chromatography on silica, using Hexane/ DCM (70:30, v/v), and
afforded pure BODIPY 1 (Purple color) around 80 % vyield. 'TH NMR
(500 MHz, CDCls) $ 7.76 (s, 2H), 7.54 (d, J = 8.9 Hz, 2H), 7.37 (d, J =
3.9 Hz, 2H), 6.69 (d, J = 8.9 Hz, 2H), 6.52 (d, J = 2.9 Hz, 2H), 3.09 (s,
6H); *C NMR (126 MHz, CDCls) § 152.21, 141.61, 136.03, 135.21,
129.16, 127.85, 117.59, 112.68, 111.88, 106.92, 86.68, 40.20; HRMS
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(ESI, positive) m/z calculated for C19H16 BF2N3 358.1301 [M + Na] ™,
measured 358.1306 [M + Na] *.

Synthesis and characterization of BODIPY 2: Under argon
atmosphere, a solution of compound 1 (8-chloro BODIPY) (0.1 g, 0.44
mmol) and the corresponding compound 3 (8-chloro BODIPY) (0.108
g, 0.44 mmol) in dry THF (20 ml), added triethylamine (TEA) (20 ml),
Pd(PPhs)s (0.016 g, 0.022 mmol), Cul (0.004 g, 0.022 mmol), stirred for
2 h at 0 °C, after completion of the reaction, the reaction mixture was
concentrated under reduced pressure, the crude compound was purified
by column chromatography on silica, using Hexane/ DCM (60:40, v/v),
and afforded pure BODIPY 2 (Brown colour) around 70 % vyield. *H
NMR (500 MHz, CDCls) & 7.83 (s, 2H), 7.62 (d, J = 8.3 Hz, 2H), 7.55
(d, J=8.3 Hz, 2H), 7.42 (dd, J = 12.9, 6.4 Hz, 4H), 6.67 (d, J = 8.8 Hz,
2H), 6.56 (d, J = 3.6 Hz, 2H), 3.02 (s, 6H); *C NMR (126 MHz,
CDCls3) 6 150.64, 143.71, 133.17, 132.81, 131.59, 129.16, 127.53,
119.39, 118.51, 111.91, 109.19, 106.13, 95.58, 87.44, 85.80, 40.30;
HRMS (ESI, positive) m/z calculated for Co7H20 BF2N3 436.1796 [M +
H] *, measured 436.1836 [M + H] *.

Synthesis and characterization of BODIPY 3: In a 50 mL round-
bottomed flask, tetracyanoethylene (TCNE, 32 mg, 0.25 mmol) was
added to the solution of BODIPY 2 (100 mg, 0.22 mmol) in DCM (20
mL). The reaction mixture was stirred at room temperature for 6 h. After
completion of the reaction, the reaction mix. was dried under vacuum
and purified by column chromatography with Hexane/DCM (30:70, v/v)
as eluent to give BODIPY 3 as a dark red solid (Yield: 75 %). H NMR
(500 MHz, CDClz) 6 7.86 (s, 2H), 7.82 - 7.77 (m, 6H), 7.36 (d, J = 4.1
Hz, 2H), 6.77 (d, J = 9.4 Hz, 2H), 6.58 (d, J = 3.9 Hz, 2H), 3.20 (s, 6H);
13C NMR (126 MHz, CDClz) 6 167.94, 162.50, 154.73, 144.91, 133.57,
132.67,129.90, 129.57,126.73,119.11, 118.00, 112.59, 111.85, 101.76,
88.86, 87.48, 40.40; HRMS (ESI, positive) m/z calculated for CasH2o
BF2N7 564.1920 [M + H] ¥, measured 564.1940 [M + H] *.

Synthesis and characterization of BODIPY 4: In 50 mL round-
bottomed flask, tetracyanoquinodimethane (TCNQ, 51 mg, 0.25 mmol)
was added to a solution of BODIPY 2 (100 mg, 0.22 mmol) in DCE (20
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mL) under argon atmosphere. The reaction mixture was heated at 60 °C
for 8 h. After completion of the reaction, the reaction mixture was dried
under vacuum and purified by column chromatography with
hexane/DCM (20:80, v/v) (eluent: CH.Cl;) BODIPY 4 as dark black
(Yield: 71%). *H NMR (500 MHz, CDCls) 8 7.86 (s, 2H), 7.72 (s, 4H),
7.48 (dd, J = 9.6, 1.8 Hz, 1H), 7.33 (d, J = 4.0 Hz, 2H), 7.30 (dd, J =
9.6, 1.8 Hz, 1H), 7.27 (s, 1H), 7.25 (s, 1H), 7.20 (dd, J = 9.5, 1.8 Hz,
1H), 6.97 (dd, J = 9.6, 1.8 Hz, 1H), 6.73 (d, J = 9.1 Hz, 2H), 6.56 (d, J
= 3.7 Hz, 2H), 3.14 (s, 6H); 1*C NMR (126 MHz, CDClz) & 171.21,
153.98, 153.07, 150.77, 144.83, 136.68, 135.82, 134.57, 134.11, 133.52,
132.44,130.00, 129.47, 125.85, 125.46, 123.53, 119.03, 114.70, 112.72,
102.05, 89.03, 87.18, 72.83, 40.32. HRMS (ESI, positive) m/z [M +
Na] * calculated for C,4H,,BF,N, 662.2053, measured 662.2063 [M+

Na] *.

5.8. Conclusion

A set of donor-acceptor (D—A) based BODIPYs 1-4 were
designed and synthesized via palladium-catalyzed Sonogashira cross-
coupling and subsequent [2+2] cycloaddition-retroelectrocyclization
reactions were explored. The photophysical properties reveal that the
BODIPY 4 exhibits a strong ICT band at a longer wavelength region
due to strong donor—acceptor interaction. The redox properties of push—
pull BODIPY's 1-4 exhibits multiple reduction waves due to presence
of multiple-redox active entities. The BODIPY's 3 and 4 exhibit multiple
reduction waves at low potential as compared to BODIPYs 1 and 2 due
presence of strong acceptor groups. The theoretical results reveal that
the incorporation of phenyl spacer, TCBD, and cyclohexa-2,5-diene-
1,4-ylidene-expanded TCBD unit perturbs the HOMO-LUMO gap. The
push—pull BODIPYs 1-4 shows that the HOMOs are delocalized on
both donor and acceptor BODIPY unit, whereas the LUMOs are
localized on acceptor TCBD and cyclohexa-2,5-diene-1,4-ylidene-
expanded TCBD unit. The BODIPY 4 exhibits low HOMO-LUMO gap
compared to BODIPY 3 due to strong accepting nature of cyclohexa-
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2,5-diene-1,4-ylidene-expanded TCBD unit. This report provides an
important route for synthesizing a push—pull chromophores with low

HOMO-LUMO gap for optoelectronic applications.
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Chapter 6

Phenothiazine and Phenothiazine-5,5-dioxide Based
BODIPYs: Synthesis, Photophysical, Electrochemical and
Theoretical Studies

6.1. Introduction

The n-conjugated donor—acceptor (D—A) materials has emerged
as a hot area of research over the past few decades due to their potential
applications in electroluminescent devices, dye-sensitized solar cells
and chemosensors.[1-5] The donor—acceptor type of molecular system
involves an intramolecular charge transfer (ICT) transition from an
electron-rich donor to an electron-deficient acceptor unit, which can
affect the properties like absorption, emission wavelength, energy levels
of the highest occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular orbitals (LUMOSs).[6] The n-conjugated
molecules, whose optical and electrochemical properties can be
improved through molecular engineering, are an important class of
materials and useful in semiconducting devices like field-effect
transistors, light-emitting diodes (LEDs), and organic solar cells
(OSCs). The synthesis of conjugated molecules via incorporating
heteroatoms such as N, O, and S are a method that result in modified
electronic structures with improved HOMO-LUMO gap.[7] The 4,4-
Difluoro-4-borata-3a-azonia-4a-aza-s-indacene (BODIPY) dyes are one
of the most active groups of fluorophores because of the easy synthetic
modifications and unique properties such as strong absorption in the
visible to near-infrared (NIR) range, high molar extinction coefficient,
narrow emission band, a high fluorescence quantum yield, strong photo
and chemical stability.[8-15] The electrochemical characteristics of the
BODIPY-based dyes are reversible during oxidation and reduction,
indicating that the BODIPY core can stabilize an extra electron and a
hole in the m-conjugated molecular system.[16] Light capture and
conversion efficiency of the BODIPY chromophores may be fine-tuned
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by incorporating the appropriate donor or acceptor units, and n-linker
group.[17] The BODIPY dyes are a type of versatile fluorophores that
can be used in various applications such as bioimaging, organic solar
cells, photodynamic therapy (PDT), organic fluorescence emitting
devices (OFEDSs), and chemo-sensors.[18-22]

The 10H-phenothiazine is an active building block for
synthesizing push—pull molecular systems due to its strong electron
donor-ability.[23] The phenothiazine (PTZ) is a tricyclic and non-planar
molecule, which shows an absorption band at 316 nm in DCM
solvent.[24, 25] Phenothiazine shows one-electron oxidation at low
potential due to the presence of electron-rich sulfur (S) and nitrogen (N)
atoms and useful in field effect transistors (OFETS), non-linear optics
(NLO), dye-sensitized solar cells (DSSCs), perovskite solar cells (PSCs)
and organic light-emitting diodes (OLEDs).[26-33] The phenothiazine
unit exhibit high electron density that is primarily focused on the sulfur
atom.[34] Converting an electron-donating sulfur atom to an electron-
withdrawing sulfone group decreases the donor ability and resist the
phenothiazine towards oxidation.[35, 36] However, the research on
altering the oxidation state of the sulfur atom in the thiazine ring of
phenothiazine is limited and uncommon. The phenothiazine 5,5-dioxide
derivatives have been proved as an efficient building block for organic
RTP materials and valuable for optoelectronic fields such as display,
organic light emitting diodes (OLEDs), and bioimaging.[37] Recently,
Ren et al. reported a series of phenothiazine 5,5-dioxide derivatives and
studied room temperature phosphorescence (RTP) properties.[38] Xiang
et al. reported phenothiazine 5,5-dioxide-based donor—acceptor
chromophores for thermally activated delayed fluorescence (TADF)

and aggregation-induced delayed fluorescence (AIDF) materials.[39]
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Chart 6.1. Molecular structures of the investigated push—pull BODIPY's
BPTZ 1-8.

Herein, we report the design and synthesis of T-conjugated push—
pull chromophores BPTZ 1-8 in which the phenothiazine and
phenothiazine 5,5-dioxide used as donor unit, whereas BODIPY were
used as acceptor unit (Chart 6.1). We explored the effect of electron
donor phenothiazine and phenothiazine 5,5-dioxide units on the
photophysical and redox properties of the BODIPYSs. The photophysical
properties of the push—pull BODIPYs BPTZ 1-4 shows a bathochromic
shift in the UV-visible spectra compared to BPTZ 5-8 due to the strong
donor ability of the phenothiazine unit. The electrochemical studies
reveal that the push—pull BODIPYs BPTZ 1-8 exhibit two oxidation
and one reduction waves at low potential due to redox-active
phenothiazine, phenothiazine 5,5-dioxide and BODIPY entities. The
computational studies of the BODIPYs BPTZ 1-8 show that the
HOMOs are delocalized over phenothiazine, phenothiazine 5,5-dioxide
and BODIPY unit, whereas LUMOs are cantered on acceptor BODIPY
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core. The push—pull conjugates BPTZ 1-4 exhibit a low HOMO-
LUMO gap relative to the BPTZ 5-8 due to strong push-pull interaction.

6.2. Result and Discussion

The push—pull conjugates BPTZ 1-8 were synthesized via
Palladium-catalyzed Suzuki cross-coupling reaction and incorporation
of oxygen atoms on the phenothiazine unit. The g-bromo BODIPY 1
reacts with boronate ester of phenothiazine 2 in the presence of
Pd(PPhs3)s as catalyst at 90 °C for 12 h using Toluene: EtOH: H20
(6:3:1), resulted BPTZ 1 in 75% yield. The BPTZ 1 further reaction of
3 equivalents of 3-chloroperbenzoic acid (m-CPBA) in dichloromethane
(DCM) solution at room temperature for 1 h, resulted BPTZ 5 in 78%
yield. The BPTZ 2-4 were synthesized by the Suzuki cross-coupling
reaction of f-bromo BODIPY 1 with boronate ester of phenothiazines
3-5, resulted in 72%, 80%, and 75% yields, respectively. The BPTZ 2—
4 were further reacted with 3 equivalent of m-CPBA in dry DCM solvent
at room temperature for 1 h, resulted BPTZ 6-8 in 80%, 79%, and 76%
yields, respectively (Scheme 6.1). The push—pull chromophores BPTZ
1-8 were purified by column chromatography (silica gel size = 100-200
mesh) using hexane and dichloromethane solvent. The synthesized
conjugates BPTZ 1-8 are readily soluble in solvents such as acetone,
chloroform, dichloromethane, acetonitrile, and tetrahydrofuran. The *H
NMR, *C NMR and HRMS techniques were used to characterize the

molecular structures of push—pull conjugates BPTZ 1-8.
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Scheme 6.1. Synthetic route of push—pull conjugates BPTZ 1-8.

6.3. Photophysical properties

The electronic absorption spectra of the push—pull conjugates
BPTZ 1-8 were recorded in dry dichloromethane (DCM) solvent at
room temperature (Figure 6.1), and the data are tabulated in Table 6.1.
Generally, the BODIPY exhibits an intense electronic absorption band
around 500 nm range in the UV-visible spectra.[40] The w-conjugated
push—pull conjugates BPTZ 1-8 exhibit two absorption bands in UV-
visible spectra: the first absorption band at 419-468 nm and the second
at 553-590 nm, range. The absorption band at the lower wavelength
region is attributed to phenothiazine and phenothiazine-5,5-dioxide unit

and at the higher wavelength region corresponds to the BODIPY.
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Figure 6.1. Absorption spectra of the push—pull conjugates BPTZ 1-8
in dichloromethane (10° M).

The phenothiazine functionalized BODIPYs BPTZ 1 and 2
exhibit two absorption bands at 468 nm, 589 nm, and 456 nm, 579 nm,
respectively. The BPTZ 3 and 4 exhibit absorption bands at 454 nm,
576 nm, and 464 nm, 589 nm, respectively. The phenothiazine-5,5-
dioxide functionalized push—pull chromophores BPTZ 5-8 exhibit two
electronic absorption bands in UV-visible spectra. The phenothiazine-
5,5-dioxide substituted BODIPYs BPTZ 5 and 6 exhibit absorption
bands at 432 nm, 562 nm, and 423 nm, 554 nm, respectively. The BPTZ
7 and 8 exhibit absorption band at 419 nm, 553 nm, and 390 nm, 559
nm, respectively. The phenothiazine and phenothiazine-5,5-dioxide
substituted push—pull chromophores BPTZ 1-8 exhibit two absorption
band in UV-visible region and both corresponds to the 7—n* transition

(Figure 6.1).
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Table 6.1. Photophysical and electrochemical data of push—pull
chromophores BPTZ 1-8.

Photophysical data® Electrochemical
dataP

Compound | Aabs & (M*cm?) | Optical Eoxi (V) | Ered (V)

(nm) band gap
(eV)

BPTZ 1 468 7220 1.69 0.61 -0.65
589 9410 1.27

BPTZ 2 456 15970 1.68 0.81 -0.71
579 27780 1.35

BPTZ 3 454 6080 1.67 0.84 -0.71
576 10930 1.35

BPTZ 4 464 15850 1.58 0.71 -0.74
590 15320 1.29

BPTZ 5 432 1490 1.70 1.56 -0.69
562 4750 1.83

BPTZ 6 423 5890 1.89 1.32 -0.68
554 17580 1.83

BPTZ 7 419 2440 1.86 1.27 -0.67
553 9340 1.86

BPTZ 8 390 6210 1.71 1.25 -0.67
559 4730 1.80

a Absorbance recorded in dry DCM at 1x10° M conc. Aaps: absorption
wavelength. &: extinction coefficient. ® Electrochemical analysis was
estimated by differential pulse voltammetry in 0.1 M solution of
BusNPFg in DCM at 100 mV st scan rate versus Ag/AgCl at 25 °C. Eoxi

and Ereq values are based on DPV analysis.

The bathochromically shifted absorption spectra observed for
the phenothiazine functionalized BPTZ 14 compared to
phenothiazine-5,5-dioxide substituted BODIPYs BPTZ 5-8, which
indicate that the phenothiazine is a strong electron donor relative to
phenothiazine-5,5-dioxide unit.
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The optical bandgap estimated from the onset wavelength of the
absorption spectrum, increase upon increasing the oxygen atoms
attached to the phenothiazine sulfur. The optical bandgap of the push—
pull conjugates BPTZ 1-8 follow the order BPTZ 6> BPTZ 7> BPTZ
8> BPTZ 5> BPTZ 1> BPTZ 2> BPTZ 3> BPTZ 4. The trend
indicates that the incorporation of the oxygen atoms on the
phenothiazine unit increases the optical band, which resulted in the
hypsochromic (blue) shift due to weak donor ability of phenothiazine-

5,5-dioxide unit.

6.4. Electrochemical properties

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were used to explore the redox behaviour and potentials of the
push—pull conjugates BPTZ 1-8. All the measurements were recorded
in dry dichloromethane (DCM) solvent at room temperature using
tetrabutylammonium hexafluorophosphate (BusNPFs) as a supporting
electrolyte. The CVs and DPVs of the push—pull BPTZ 1-4 are depicted
in Figure 6.2. The electrochemical data of the BODIPYs BPTZ 1-8 are
tabulated in Table 6.1.

The push—pull conjugates BPTZ 1-8 exhibit multiple redox-
waves due to redox-active phenothiazine, phenothiazine-5,5-dioxide
and BODIPY unit. The oxidation and reduction potentials are crucial in
determining the donor ability of chromophores in the electron transfer
activities. In general, phenothiazine exhibits single reversible oxidation
wave at low potential, whereas BODIPY unit shows one oxidation and
a one reduction wave due to the formation of a mono =n-radical cation

and a mono n-radical anion.[40-42]
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Figure 6.2. CVs and DPVs of the push—pull conjugates BPTZ 1-8 in
0.1 M solution of BusNPFg using dichloromethane solvent at 100 mV s
1 scan rate versus Ag/AgClat 25 °C.

The push—pull conjugates BPTZ 1-8 exhibits two oxidation
waves at +0.61, +1.27 V; +0.81, +1.35 V; +0.84, +1.35V; +0.71, +1.29
V; +1.56, 1.83 V; +1.32 V, +1.83 V; +1.27 V, +1.86 V; +1.25 V and
+1.80 V and one reduction wave at —0.65 V; -0.71 V; -0.71 V; -0.74, —
0.69 V, -0.68 V; -0.67 and —0.67 V, respectively (Table 6.1). The first

oxidation wave at low potential corresponds to the phenothiazine and
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phenothiazine-5,5-dioxide unit, and the second oxidation wave
corresponds to the BODIPY. The push—pull conjugates BPTZ 1-8
exhibits a single reduction wave at —0.65 to —0.74 V range due to
formation of mono-radical anion of the BODIPY unit. The
electrochemical results suggest that on the anodic side the oxidation
wave of the phenothiazine-5,5-dioxide functionalized conjugates BPTZ
5-8 were shifted towards more positive potentials relative to the
phenothiazine functionalized BODIPYs BPTZ 1-4 due to weak donor
ability of phenothiazine-5,5-dioxide unit. The HOMO and LUMO
energy levels of push-pull conjugates BPTZ 1-8 were estimated by
using the first onset potential of the oxidation and reduction waves. The
HOMOs for the phenothiazine and phenothiazine-5,5-dioxide
functionalized BODIPYs BPTZ 1-8 estimated at —5.05, -5.25, -5.27, —
5.10,-5.73,-5.72, -5.71, and -5.74 eV and the LUMOs are at —3.80, —
3.75, -3.76, —-3.77, —3.82, —3.74, —-3.78, and —-3.75 eV, respectively.
These findings suggest that increasing of sulfur oxidation state has more
effects on the HOMO compared to the LUMO energy levels.

6.5. Theoretical calculations

The geometry and electronic properties of the push—pull
chromophores BPTZ 1-8 were investigated by density functional theory
(DFT) calculations at the B3LYP/6-31G (d,p) level in the Gaussian 09W
program. The optimized frontier molecular orbitals of push—pull
conjugates BPTZ 1-8 are represented in Figure 6.3. The push—pull
chromophores BPTZ 1-8 exhibits a non-planar geometry due to the
butterfly structure of phenothiazine and phenothiazine-5,5-dioxide unit.
The highest occupied molecular orbitals (HOMOs) of the push—pull
conjugates BPTZ 1-8 are delocalized over phenothiazine,
phenothiazine-5,5-dioxide and BODIPY unit, whereas the lowest
unoccupied molecular orbitals (LUMOSs) are cantered on the acceptor
BODIPY core. The theoretically estimated HOMO energy levels of the
push—pull conjugates BPTZ 1-8 are —4.79 eV, -5.30 eV, -5.39 eV, —
5.17 eV, -5.51 eV, -5.73 eV, -5.78 eV and -5.60 eV and associated
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Orbital Energy (eV)

LUMO energy levels are -2.77 eV, -2.91 eV, -2.93 eV, -2.89 eV, -2.88
eV, -3.00 eV, -3.03 eV and —-2.97 eV, respectively (Figure 6.3). The
theoretical HOMO-LUMO gaps of push—pull conjugates BPTZ 1-8 are
2.02V,239V, 246V, 228V, 263V, 273V, 275V, and 2.63 V,
respectively (Figure 6.3). The phenothiazine substituted BODIPY's
BPTZ 1-4 exhibits alow HOMO-LUMO gap relative to phenothiazine-
5,5-dioxide functionalized BODIPYs BPTZ 5-8 due to the strong
donor—acceptor interaction. The optical bandgap (Egsp) calculated from
UV-vis absorption spectra reasonably agrees with the HOMO-LUMO

gap calculated from DFT calculations.
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Figure 6.3. Energy profile diagram and optimized frontier HOMO and
LUMO orbitals of the push—pull BODIPYs BPTZ 1-8 estimated by
DFT calculations (B3LYP/6-31G (d, p) level).

The TD-DFT calculations were performed on the optimized
push—pull conjugates BPTZ 1-8 at CAM-B3LYP/6-31G (d, p) using
DCM solvent to evaluate the electronic properties. The polarized
continuum model (PCM) was used to analyse the solvent effect in TD-
DFT calculation. The electronic transitions with composition,

assignment, and oscillator strength of push—pull chromophores BPTZ
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1-8 are summarized in the Table 6.2. The theoretical results reveal that
the BODIPYs BPTZ 1-8 exhibit two major electronic transitions in
UV/visible region, and both correspond to the n—n* transition. The TD-
DFT calculations of the push—pull conjugates BPTZ 1-8 exhibits an
absorption band in the longer wavelength region at 476 nm, 456 nm, 454
nm, 459 nm, 449 nm, 446 nm, 445 nm and 446 nm, originating from the
HOMO—LUMO, attributed to the m—m* transition. The push—pull
BODIPYs BPTZ 1-4 exhibits bathochromic shift compared to
phenothiazine-5,5-dioxide substituted push—pull BODIPYs BPTZ 5-8
due to the strong donor ability of phenothiazine unit. The UV-vis
absorption spectra of the push—pull BODIPYs BPTZ 1 and BPTZ 2
experimental (bottom) and TD-DFT predicted (top) in DCM solvent are

shown in the Figure 6.4.

30000 4 TD-DFT of BPTZ 1 swoed 436 nm, TD-DFT of BPTZ 2
476 nm

20000 o 20000

10000 <

e EXP of BPTZ 1

o 589 nm 1 579 nm

e EXP of BPTZ 2

Absorbance (au)
Absoerbance (au)

T L) L L
500 600 700 300 200 600 700 300
Wavelength (nm) Wavelength (nm)

Figure 6.4. UV-vis absorption spectra of the push-pull BODIPYs

BPTZ 1 and BPTZ 2. Experimental (bottom) and TD-DFT predicted
(top) in DCM solvent.

The theoretically calculated electronic absorption wavelengths were
found to be longer than experimental data, which could be due to several

factors such as solvent effect, temperature, and dipole moment.
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Table 6.2. Calculated

electronic transitions of push—pull BODIPYs

BPTZ 1-8.

Compound | Wavelength | Composition fa Assignment
(nm)

BPTZ1 381 HOMO-1—-LUMO (0.55) |0.24 | n—m*
476 HOMO—LUMO (0.58) 0.63 | T—m*

BPTZ?2 357 HOMO-1-LUMO (0.49) |0.14 | n—n*
456 HOMO—LUMO (0.55) 0.75 | n—m*

BPTZ 3 354 HOMO-1-LUMO (0.49) |0.15 | n—m*
454 HOMO—LUMO (0.56) 0.75 | n—n*

BPTZ 4 371 HOMO—-LUMO+1(0.59) | 0.58 | n—=*
459 HOMO—LUMO (0.51) 0.83 | n—m*

BPTZ5 345 HOMO-1-LUMO (0.55) |0.17 | n—=*
449 HOMO—LUMO (0.62) 0.77 | m—m*

BPTZ 6 340 HOMO-1-LUMO (0.56) |0.14 | n—m*
446 HOMO—LUMO (0.64) 0.83 | n—m*

BPTZ 7 339 HOMO-1-LUMO (0.56) |0.15 | n—=*
445 HOMO—LUMO (0.65) 0.82 | m—m*

BPTZ 8 350 HOMO—LUMO+1(0.53) | 1.04 | n—n*
446 HOMO—LUMO (0.56) 0.93 | =—m*

2 oscillator strength

6.6. Experimental Section

General Methods

All the moisture and oxygen-sensitive reactions were performed in an

inert atmosphere using the standard inert atmosphere method .*H NMR
was measured in Bruker Avance (111) 400 MHz/ 500 MHz and 3C NMR

spectra were measured in 126 MHz using CDCIs as the internal solvent.

The 'H NMR chemical shifts are recorded in parts per million (ppm)
relative to the solvent residual peak (CDCls, 7.26 ppm). The 3C NMR

shifts are reported relative to the solvent residual peak (CDCls, 77.00

ppm). The multiplicities are given as s (singlet), d (doublet), t (triplet),

g (quartet), m (multiplet), and the coupling constants values (J) are
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reported in Hz. The UV-visible absorption spectra of all compounds
were recorded in PerkinElmer’s LAMBDA 35 UV-visible
Spectrophotometer in DCM solvent at room temperature. High-
Resolution Mass Spectrometry (HRMS) was recorded on a Bruker-
Daltonics micrOTOF-Q Il mass spectrometer. Cyclic voltammograms
(CVs) were recorded on a PalmSens 4 electrochemical analyzer using
Glassy carbon as a working electrode, Pt wire as the counter electrode,
and Ag/AgCl as the reference electrode. The scan rate was 100 mV st
for cyclic voltammetry. A solution of tetrabutylammonium
hexafluorophosphate (BusNPFs) in CH2Cl> (0.1 M) was used as the
supporting electrolyte.

Synthesis and characterization of BPTZ 1: Compound 1 (0.1 g, 0.25
mmol), compound 2 (0.102 g, 0.27 mmol), Pd(PPhs)s (0.015 g, 0.01
mmol), and potassium carbonate (0.115 g, 0.83 mmol) was dissolved in
Toluene/ethanol/water (6/3/1 v/v/v) and heated to reflux for 12 h under
a nitrogen atmosphere. The reaction mixture was cooled to room
temperature and poured into water. The organic layer was extracted with
dichloromethane, and the combined organic layers were washed with
saturated brine solution and water and dried over anhydrous sodium
sulphate. After filtration and solvent evaporation, the residue was
purified by  silica-gel column chromatography  using
hexane/dichloromethane (60/40 v/v) as the eluent. A light purple solid
of BPTZ 1 was obtained in 75% yield (0.096 g). 'H NMR (400 MHz,
CDCls) 8 8.22 (s, 1H), 7.93 (s, 1H), 7.64-7.55 (m, 5H), 7.31-7.27 (m,
2H), 7.16-7.11 (m, 2H), 6.99 (s, 1H), 6.92-6.89 (m, 2H), 6.86-6.82 (m,
2H), 6.55 (s, 1H), 3.82 (t, J =4 Hz, 2H), 1.87-1.79 (m, 2H), 1.01 (t, J =
8 Hz, 3H). 13C NMR (126 MHz, CDCls) & 146.66, 144.97, 143.89,
143.83,142.17, 135.85, 135.21, 133.98, 131.32, 130.91, 130.63, 128.68,
127.59,126.97, 125.64, 124.69, 124.41, 124.31, 124.28, 122.65, 118.47,
115.61, 49.35, 20.24, 11.44; HRMS (ESI-TOF) m/z calculated for
CaoH24BF2N3S = 507.1752 [M]*, measured 507.1769 [M]".

Synthesis and characterization of BPTZ 2: Compound 1(0.1g,0.28
mmol), compound 3 (0.125 g, 0.31 mmol), Pd(PPhs3)s (0.016 g, 0.01
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mmol), and potassium carbonate (0.131 g, 0.9 mmol) was dissolved in
Toluene/ethanol/water (6/3/1 v/v/v) and heated to reflux for 12 h under
a nitrogen atmosphere. The reaction mixture was cooled to room
temperature and poured into water. The organic layer was extracted with
dichloromethane, and the combined organic layers were washed with
saturated brine solution and water and dried over anhydrous sodium
sulphate. After filtration and solvent evaporation, the residue was
purified by  silica-gel column chromatography  using
hexane/dichloromethane (70/30 v/v) as the eluent. A dark purple solid
of BPTZ 2 was obtained in 72% vyield (0.111 g). 'H NMR (500 MHz,
CDCls)  9.78 (s, 1H), 8.20 (s, 1H), 7.95 (s, 1H), 7.67 — 7.53 (m, 7H),
7.30 (dd, J = 8.4, 1.9 Hz, 1H), 7.23 (d, J = 1.9 Hz, 1H), 7.03 — 6.79 (m,
4H), 6.59 — 6.53 (m, 1H), 3.92 - 3.77 (m, 2H), 1.89 — 1.76 (m, 2H), 1.03
(t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDClIs) § 190.09, 150.34,
146.93,144.41,142.74,141.68, 135.75, 135.34, 133.89, 132.94, 131.74,
131.25,131.01, 130.62, 130.36, 128.73, 128.41, 124.83, 124.51, 118.77,
116.28, 114.95, 49.91, 20.13, 11.30; HRMS (ESI-TOF) m/z calculated
for C31H24BF2N30S = 535.1701 [M]*, measured 535.1768 [M]".

Synthesis and characterization of BPTZ 3: Compound 1 (0.1 g, 0.28
mmol), compound 4 (0.124 g, 0.31 mmol), Pd(PPhs)s (0.016 g, 0.01
mmol), and potassium carbonate (0.131 g, 0.9 mmol) was dissolved in
Toluene/ethanol/water (6/3/1 v/v/v) and heated to reflux for 12 h under
a nitrogen atmosphere. The reaction mixture was cooled to room
temperature and poured into water. The organic layer was extracted with
dichloromethane, and the combined organic layers were washed with
saturated brine solution and water and dried over anhydrous sodium
sulphate. After filtration and solvent evaporation, the residue was
purified by  silica-gel column  chromatography  using
hexane/dichloromethane (70/30 v/v) as the eluent. A dark purple solid
of BPTZ 3 was obtained in 80% vyield (0.123 g). 'H NMR (500 MHz,
CDCls)  8.19 (s, 1H), 7.96 (s, 1H), 7.63 — 7.55 (m, 4H), 7.39 (d, J =
7.2 Hz, 1H), 7.30 (d, J = 7.4 Hz, 2H), 7.22 (d, J = 8.7 Hz, 1H), 7.05 —
6.73 (m, 5H), 6.56 (s, 1H), 3.83 — 3.79 (m, 2H), 1.81 (dd, J =14.2, 7.1
Hz, 2H), 1.01 (t, J = 7.2 Hz, 3H). *C NMR (126 MHz, CDClz) &
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149.06, 148.92, 146.97, 144.51, 142.81, 141.56, 135.71, 135.28, 133.85,
131.88,131.82,131.02, 130.54, 128.73, 128.46, 125.83, 125.41, 125.16,
124.81, 124.40, 124.22, 118.89, 118.80, 116.32, 115.23, 105.37, 49.68,
20.04, 11.28; HRMS (ESI-TOF) m/z calculated for Ca1H23BF2N4S =
532.1705 [M]*, measured 532.1703 [M]".

Synthesis and characterization of BPTZ 4: Compound 1 (0.1 g, 0.28
mmol), compound 5 (0.157 g, 0.31 mmol), Pd(PPhs)s (0.016 g, 0.01
mmol), and potassium carbonate (0.131 g, 0.9 mmol) was dissolved in
Toluene/ethanol/water (6/3/1 v/v/v) and heated to reflux for 12 h under
a nitrogen atmosphere. The reaction mixture was cooled to room
temperature and poured into water. The organic layer was extracted with
dichloromethane, and the combined organic layers were washed with
saturated brine solution and water and dried over anhydrous sodium
sulphate. After filtration and solvent evaporation, the residue was
purified by  silica-gel column  chromatography  using
hexane/dichloromethane (70/30 v/v) as the eluent. A dark purple solid
of BPTZ 4 was obtained in 75% vyield (0.137 g). 'H NMR (500 MHz,
CDClz) 6 7.95 (s, 1H), 7.81 (dd, J = 8.6, 1.7 Hz, 1H), 7.67 — 7.52 (m,
9H), 7.43 (t, J = 7.6 Hz, 2H), 7.38 — 7.34 (m, 2H), 7.30 (dd, J = 8.4, 1.8
Hz, 1H), 7.24 (d, J = 1.8 Hz, 1H), 7.00 (s, 1H), 6.93 (d, J = 3.9 Hz, 1H),
6.85 (m, 2H), 6.55 (d, J = 2.5 Hz, 1H), 3.84 (t, J = 7.2 Hz, 2H), 1.90 -
1.81 (m, 2H), 1.04 (t, J = 7.3 Hz, 3H). 3C NMR (126 MHz, CDCls) &
146.74,144.21,143.38, 141.90, 140.82, 134.86, 130.98, 130.63, 129.16,
128.97,128.73, 128.27, 127.80, 125.92, 124.60, 124.37, 115.90, 115.32,
108.97, 49.67, 20.16, 11.36; HRMS (ESI-TOF) m/z calculated for
Ca9H20BF2N4S + Na = 657.2073 [M + Na]*, measured 657.2112 [M +
Na]".

Synthesis and characterization of BPTZ 5: In a 50 mL round-
bottomed flask, m-Chloroperbenzoic acid (0.102 g, 0.59 mmol) was
added to BPTZ 1 (0.1 g, 0.19 mmol) in DCM (20 ml) at room
temperature for 1h. Upon the completion of the reaction, the mixture
was purified by silica gel column chromatography with CH>Cl> to get
the desired BPTZ 5 as a pink solid. Yield 0.82 g (78%). *H NMR (500
MHz, CDClz) & 8.09 (s, 5H), 8.00 (d, J = 7.8 Hz, 5H), 7.60 — 7.58 (m,
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4H), 7.43 (s, 3H), 4.25 — 4.07 (m, 2H), 1.97 (dt, J = 13.9, 7.5 Hz, 2H),
1.10(t,J=7.4 Hz, 3H). 13C NMR (126 MHz, CDClz) 6 170.77, 134.88,
134.05, 131.09, 130.64, 130.43, 130.01, 128.89, 128.48, 123.93, 122.08,
120.20, 116.79, 116.13, 50.21, 20.33, 11.15; HRMS (ESI-TOF) m/z
calculated for C3oH24BF2N30,S + Na = 562.1548 [M + Na]*, measured
562.1563 [M + Na]".

Synthesis and characterization of BPTZ 6: In a 50 mL round-
bottomed flask, m-Chloroperbenzoic acid (0.96 g, 0.56 mmol) was
added to BPTZ 2 (0.1 g, 0.18 mmol) in DCM (20 ml) at room
temperature for 1h. Upon the completion of the reaction, the mixture
was purified by silica gel column chromatography with CH>Cl> to get
the desired BPTZ 6 as a pink solid. Yield 0.84 g (80%). *H NMR (500
MHz, CDCl3) 8 10.01 (s, 1H), 8.60 (d, J = 1.9 Hz, 1H), 8.30 —8.23 (m,
2H), 8.14 (dd, J = 8.9, 1.9 Hz, 1H), 8.02 (s, 1H), 7.82 (dd, J = 8.9, 2.1
Hz, 1H), 7.70 — 7.56 (m, 5H), 7.43 (m, 2H), 7.16 (s, 1H), 7.02 (d, J =
4.1 Hz, 1H), 6.61 (d, J = 2.9 Hz, 1H), 4.24 — 4.15 (m, 2H), 1.99 (dq, J =
15.0,7.4 Hz, 2H), 1.11 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCls)
6 189.22, 147.72, 145.67, 144.55, 140.42, 138.82, 135.66, 133.79,
133.61, 133.73, 132.35, 131.28, 130.61, 130.29, 130.08, 129.95, 128.91,
128.59, 128.17, 125.43, 123.91, 120.12, 119.44, 117.45, 116.82, 50.68,
20.44, 11.07; HRMS (ESI-TOF) m/z calculated for C31H24BF2N303S
+ K =606.1237 [M + K]*, measured 606.1222 [M + K]".

Synthesis and characterization of BPTZ 7: In a 50 mL round-
bottomed flask, m-Chloroperbenzoic acid (0.97 g, 0.56 mmol) was
added to BPTZ 3 (0.1 g, 0.18 mmol) in DCM (20 ml) at room
temperature for 1h. Upon the completion of the reaction, the mixture
was purified by silica gel column chromatography with CH>Cl> to get
the desired BPTZ 7 as a pink solid. Yield 0.83 g (79%). *H NMR (500
MHz, CDClzs) 6 8.41 (d, J = 2.0 Hz, 1H), 8.26 (s, 1H), 8.21 (d, J = 2.2
Hz, 1H), 8.03 (s, 1H), 7.83 (dt, J = 8.9, 2.1 Hz, 2H), 7.62 (d, J = 6.7 Hz,
5H), 7.40 (dd, J = 9.0, 2.8 Hz, 2H), 7.16 (s, 1H), 7.02 (d, J = 4.2 Hz,
1H), 6.62 (d, J = 2.7 Hz, 1H), 4.21 — 4.14 (m, 2H), 1.97 (dd, J =15.4,7.6
Hz, 2H), 1.10 (t, J = 7.4 Hz, 3H). 3C NMR (126 MHz, CDClz) &
145.69, 143.14, 135.77, 133.71, 131.16, 130.46, 130.28, 129.84, 128.88,
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128.78, 120.05, 117.30, 116.86, 105.03, 50.44, 20.25, 10.93; HRMS
(ESI-TOF) m/z calculated for C31H23BF2N4O2S + K = 603.1240 [M +
K]*, measured 603.1222 [M + K]".

Synthesis and characterization of BPTZ 8: In a 50 mL round-
bottomed flask, m-Chloroperbenzoic acid (0.81 g, 0.47 mmol) was
added to BPTZ 4 (0.1 g, 0.15 mmol) in DCM (20 ml) at room
temperature for 1h. Upon the completion of the reaction, the mixture
was purified by silica gel column chromatography with CH2Cl; to get
the desired BPTZ 8 as a pink solid. Yield 0.79 g (76%). *H NMR (500
MHz, CDCls) 6 8.55 (dd, J=9.0, 1.9 Hz, 1H), 8.36 — 8.15 (m, 3H), 7.99
(s, 1H), 7.79 (dd, J = 8.9, 2.0 Hz, 1H), 7.71 — 7.55 (m, 7H), 7.41 (m,
6H), 7.14 (s, 1H), 6.99 (d, J = 4.0 Hz, 1H), 6.59 (d, J = 3.0 Hz, 1H), 4.29
—4.00 (m, 2H), 1.98 (dq, J = 14.8, 7.3 Hz, 2H), 1.11 (t, J = 7.3 Hz, 3H).
13C NMR (126 MHz, CDClz) 6 145.48, 141.39, 140.64, 139.40, 139.07,
134.18, 133.69, 132.57, 131.83, 131.24, 130.63, 130.23, 129.59, 129.33,
128.91,127.90, 127.70, 127.06, 126.09, 125.37, 125.03, 124.06, 120.23,
118.11, 117.09, 116.84, 111.52, 50.43, 20.41, 11.11; HRMS (ESI-
TOF) m/z calculated for CagH29BF2NsO2S + Na = 689.1971 [M + Na]*,
measured 689.1975 [M + Na]".

6.7. Conclusion

A set of push-pull chromophores BPTZ 1-8, which were
synthesized via palladium-catalyzed Suzuki cross-coupling reaction and
modulate the oxidation state of the sulfur atom on the phenothiazine unit
by two oxygen functionalization were explored. The photophysical
study reveals that the phenothiazine substituted BODIPYs BPTZ 1-4
exhibits a bathochromic (red) shift compared to phenothiazine-5,5-
dioxide substituted BODIPYs BPTZ 5-8 due to the good donor ability
of phenothiazine unit, which resulted in strong donor-acceptor
interaction. The electrochemical properties of the phenothiazine-5,5-
dioxide substituted BODIPYs BPTZ 5-8 show reduced electron
donating ability relative to the phenothiazine substituted BODIPY's
BPTZ 1-4. DFT and TD-DFT calculations provided a broad
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understanding of the electronic structures and absorption spectra of the
push—pull chromophores BPTZ 1-8, and show that upon modulating the
oxidation state of the sulfur atom on phenothiazine unit increases the
HOMO-LUMO gap, resulted a blue shift in the absorption spectra.
These findings suggest that oxygen functionalization is an effective
strategy to synthesize new push—pull dyes with low HOMO-LUMO gap
for various optoelectronic applications.
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Chapter 7

B-Pyrrole Functionalized Push—Pull BODIPYs: Synthesis,
Photophysical, Electrochemical, Thermal and
Computational Studies

7.1. Introduction

The design and synthesis of organic m-conjugated push—pull
systems are of interest due to their application in optoelectronic devices,
fluorescent switches and bioimaging.[1-7] The push—pull materials
have excellent electronic and optical properties that can be perturbed by
altering the strength of the appropriate donor/acceptor unit or the -
linker.[8-10] The electron-rich N, O, and S containing heterocyclic
entities were incorporated into the push—pull systems for tuning their
optical and redox properties.[11] Boron dipyrromethene dyes are among
the most extensively studied organic fluorophores due to their easy
synthetic modifications and high photochemical stability. The BODIPY
dyes exhibit properties such as strong absorption throughout visible
region, high molar extinction coefficient, high fluorescence quantum
yield and excellent thermal stability.[12] These properties make them
suitable dye for a wide range of applications, such as in fluorescent
switches, optoelectronic materials, chemosensors, nonlinear optics
(NLOs), photovoltaic devices, fluorescent labelling and photodynamic
therapy.[13-24] The photophysical and redox properties of the
BODIPYs can be tuned significantly via functionalizing at the pyrrolic
and meso- positions of the BODIPY core.[25-29] Generally, the
BODIPY exhibits an electronic absorption band in 500-530 nm range
with a high molar extinction coefficient and strong fluorescence
qguantum yields.[30] The BODIPY dyes are redox-active molecule and
exhibits good reversibility of the oxidation and reduction waves at low
potential.[31]
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Carbazole is a good electron donor moiety which exhibits an
electronic absorption band in 300-400 nm range and is widely used in
optoelectronic applications.[32—34] The phenothiazine exhibits a non-
planar, butterfly-shaped structure containing electron-rich heteroatoms
(S and N) and excellent electrochemical stability.[35-38] The 10H-
phenothiazine is a colourless molecule and exhibits an absorption
maxima at 316 nm in CH2Cl..[39-42] The sulfur atom in the
phenothiazine unit is in the sulfide state (+2). There has been limited
study into the oxygen functionalization of the sulfur atom (sulfides,

sulfoxides, and sulfones) in the thiazine ring of the phenothiazine.[43]

BDP 4 BDP 6

Chart 7.1. Molecular structures of the investigated push—pull BODIPY's
BDP 1-6.

Herein, we have synthesized the push—pull BODIPYs BDP 1-6
via Suzuki cross-coupling reaction with different donor groups and by
increasing the oxidation state of the sulfur atom in the thiazine ring as
shown in Chart 7.1. In the push—pull BODIPYs BDP 1-6, the BODIPY
act as an acceptor unit, whereas anisole, N,N-dimethylaniline, N,N-
dimethyl anisole, N-phenyl carbazole, N-phenyl phenothiazine and N-
phenyl phenothiazine-5,5-dioxide act as donor groups. We explored the
effect of varying the electron donor units on the photophysical,
electrochemical, thermal, and theoretical studies of the BODIPY. The
computational studies show that the HOMOs are delocalized over donor
and BODIPY unit, whereas the LUMOs are localized on the acceptor
BODIPY core. The phenothiazine substituted BODIPY BDP 5 exhibits
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a low HOMO-LUMO gap compared to the phenothiazine-5,5-dioxide
functionalized BODIPY BDP 6 due to the strong donor—acceptor

interaction.
7.2. Results and discussion

The synthetic procedure of the push—pull BODIPYs BDP 1-6 is
shown in Scheme 7.1. The f~-mono bromo BODIPY 1 was synthesized
as per the reported procedure.[44] The push—pull BODIPYs BDP 1-6
were synthesized via Palladium-catalyzed Suzuki cross-coupling
reaction and increasing the oxidation state of the sulfur atom in the
thiazine ring by using m-CPBA in good vyields (Scheme 7.1). The -
mono bromo BODIPY 1 reacts with boronate ester of anisole 2 and
boronate ester of N,N-dimethyl anisole 3 using a catalytic amount of
Pd(PPhs)s and Toluene: EtOH: H2O (6:3:1) solvent at 80 °C for 12 h
which resulted in the push—pull BODIPYs BDP 1 and 2 in 75% and 63%
yields, respectively. Similarly, the BODIPY 1 reacts with boronate ester
of N,N-dimethylaniline 4, boronate ester of N-phenyl carbazole 5, and
boronate ester of N-phenyl phenothiazine 6 using Toluene: EtOH: H20
(6:3:1) solvent in the presence of Pd(PPhs)s at 80 °C for 12 h which
resulted the BODIPYs BDP 3, 4, and 5 in 72%, 76%, and 80% vyields,
respectively. The push—pull BODIPY BDP 5 was further modified by
increasing the oxidation state of the sulfur atom in the thiazine ring,
using m-CPBA as an oxidizing agent. The phenothiazine substituted
BODIPY BDP 5 reacts with m-chloroperbenzoic acid (m-CPBA) (3.0
equivalents) using dichloromethane (DCM) solvent at room temperature
for 1 h, resulting in phenothiazine 5,5-dioxide functionalized BODIPY
BDP 6 in 80% yield (Scheme 7.1).

179



Pd(PPhj3),, K,CO3 ~
@ o Toluene : EtOH : H,0 4
M) jé (6:3:1) BDP 1
80°C,12h Yield = 75%
&) s &
Pd(PPh;3),, K,CO3 @

Toluene : EtOH : H,0
BDP 4 (6:3:1)
Yield = 72% 80°C,12h

j:gh—@-N

.

Pd(PPhj3),, K,CO3

Q o FF¥ Toluene : EtOH : H,0

N ‘o:@ 1 (6:3:1) BDP 2
2 ﬁ 80°C, 12 h Yield = 63%

6
Pd(PPhs),, K,CO; o ( > N
FF Toluene : EtOH : H,0 Jd \
4

BDP 5 (6:3:1)
Yield = 76% 80°C,12h >
Pd(PPhy),, K,CO,4 )
m-CPBA, CH,ClI, Toluene : EtOH : H,0
r.t,1h (6:3:1) Y'BIDP—:,:IO"/
o o
6 0
X
\ ~ S
N\lB‘,N o]
FF
BDP 6
Yield = 80%

Scheme 7.1. Synthetic route of the push—pull BODIPY's BDP 1-6.

The push—pull BODIPYs BDP 1-6 were purified by column
chromatography (silica gel size = 100-200 mesh) using Hexane: DCM
as a solvent. The BODIPYs BDP 1-6 are readily soluble in organic
solvent acetone, chloroform, dichloromethane, acetonitrile, and
tetrahydrofuran. The 'H NMR, ¥C NMR, !B NMR and HRMS
techniques were used to characterize the molecular structures of the
push—pull BODIPYs BDP 1-6.

7.3. Photophysical properties

The electronic absorption spectra of the push—pull BODIPYs
BDP 1-6 were recorded in dry dichloromethane (DCM) solvent at room
temperature which are depicted in Figure 7.1, and the data are tabulated
in Table 7.1.
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Figure 7.1. Electronic absorption spectra of the push—pull BODIPYs
BDP 1-6 in dry DCM (10° M).

Generally, the BODIPY dyes exhibit an intense electronic
absorption band around 500-530 nm range. The push—pull BODIPY's
BDP 1-6 exhibit two intense absorption bands at 350-480 nm range
corresponding to the So—S; (m—n*) transition and an absorption band
from 510-650 nm attributed to the So—S1 (7—*) transition in the UV-
visible spectra (Figure 7.1). The anisole and N,N-dimethyl anisole
functionalized push—pull BODIPYs BDP 1 and 2 exhibit absorption
band at 419 nm, 559 nm and 469 nm, 628 nm, respectively, which
corresponds to the n—x* transition. The N,N-dimethylaniline and N-
phenyl carbazole substituted BODIPYs BDP 3 and 4 exhibit an intense
absorption band at 409 nm, 521 nm, and 431 nm, 548 nm, respectively,
corresponding to the =—m* transition. The phenothiazine and
phenothiazine 5,5-dioxide functionalized BODIPYs BDP 5 and 6
exhibit absorption bands at 400 nm, 545 nm and 395 nm, 538 nm
respectively, attributed to n—n* transition (Figure 7.1). The electronic
absorption band of the push-pull BODIPY BDP 2 exhibits a
bathochromic shift compared to BDP 1, 3, 4, 5, and 6 due to the strong
donor ability of the 4-methoxy-N-(4-methoxyphenyl)-N-phenylaniline
unit. The push—pull BODIPYs BDP 1-5 are non-fluorescent in nature,
whereas phenothiazine 5,5-dioxide functionalized BODIPY BDP 6 is a
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fluorescent molecule. The optical bandgap of the push—pull BODIPYs
BDP1-6 estimated from the onset wavelength of the UV-visible
absorption spectra follow the order BDP 6> BDP 5> BDP 4> BDP 1>
BDP 3> BDP 2. The optical band gap trend shows that increasing the
number of oxygen atoms increases the optical band gap, resulting in a
hypsochromic shift in electronic absorption spectra. The photophysical
result concludes that the push—pull BODIPY BDP 2 (4-methoxy-N-(4-
methoxyphenyl)-N-phenylaniline) exhibits a red shift and low optical
band gap compared to rest of the BDPs. The photophysical results are

also explained by theoretical calculations.

Table 7.1. Photophysical, electrochemical and thermal stability data of
the push—pull BODIPYs BDP 1-6.

Photophysical data® Electrochemical | Thermal
dataP® stability®
Compound | 4ASo—-Sy | & (M?|Optical | Ex(V) | Ered (V) | Ta(°C)
(nm) cm?) | band
gap (eV)
BDP 1 559 6490 1.70 121 -0.73 300
1.46
BDP 2 628 3930 1.20 0.58 -0.72 308
1.16
BDP 3 521° 1190 1.68 0.56 -0.73 287
0.82
BDP 4 543 2190 1.92 1.10 -0.80 160
141
BDP 5 545 1567 1.90 0.61 -0.69 275
1.20
BDP 6 534 8970 1.96 1.39 -0.70 144
1.61

a Absorbance recorded in dry DCM at 10° M conc. daps: absorption
wavelength. e: extinction coefficient. ® Electrochemical analysis was

estimated by differential pulse voltammetry in 0.1 M solution of
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BusNPFs in DCM at 100 mV st scan rate versus Ag/AgCl at 25 °C. Eoxi
and Eres values are based on DPV analysis. ¢ Decomposition
temperatures for 5% weight loss at a heating rate of 10 °C min!, under

a nitrogen atmosphere.

7.4. Electrochemical properties

The cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were used to study the redox properties of the push—pull
BODIPYs BDP 1-6. All the measurements were recorded in dry
dichloromethane (DCM) solvent at room temperature using 0.1 M
tetrabutylammonium hexafluorophosphate (BusNPFs) as a supporting
electrolyte. The representative CV and DPV plots of the BODIPYs BDP
1-6 are depicted in Figure 7.2 and the redox potentials of the push—pull
BODIPYs BDP 1-6 are tabulated in Table 7.1.
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Figure 7.2. CV and DPV plots of the push—pull BODIPYs BDP 1-6
using 0.1 M solution of BusNPFs in DCM solvent at 100 mV s scan
rate versus Ag/AgCl at 25 °C.

The phenothiazine unit exhibits a single reversible oxidation
wave at low potential.[45] The BODIPY unit exhibits a single oxidation
wave and a single reduction wave due to the formation of a mono n-
radical cation and a mono n-radical anion.[46] The push—pull BODIPY's
BDP 1-6 exhibit two oxidation waves and one reduction wave at low
potential due to the presence of redox-active entities. The anisole and
N,N-dimethyl anisole substituted push—pull BODIPYs BDP 1 and 2
exhibit two oxidation at +1.21, +1.46 VV and +0.58, +1.16 V, and a single
reduction potential at —0.73 V; —0.72 V, respectively (Table 7.1). The
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electrochemical analysis suggests that the BDP 2 exhibit easy oxidation
compared to anisole functionalized BODIPY BDP 1 due to the strong
donor ability of N,N-dimethyl anisole group. The N,N-dimethylaniline
and N-phenyl carbazole substituted BODIPYs BDP 3 and BDP 4 exhibit
oxidation at +0.56, +0.82 V and +1.10, +1.41 V, and reduction at —0.73
V; —0.80 V, respectively (Table 7.1). The redox potential values of the
BDP 3 and 4 indicates that the N,N-dimethylaniline exhibits easier
oxidation compared to the N-phenyl carbazole. The phenothiazine and
phenothiazine 5,5-dioxide functionalized BODIPYs BDP 5 and BDP 6
exhibit oxidation at +0.61 V; +1.20 V, and +1.39 V; +1.61 V, and
reduction at -0.69 V; -0.70 V, respectively (Table 7.1). The
electrochemical analysis data suggest that the phenothiazine substituted
BODIPY BDP 5 shows easier oxidation and reduction compared to
phenothiazine 5,5-dioxide functionalized BODIPY BDP 6 due to the
strong donor ability of the phenothiazine unit. The push—pull BODIPY's
BDP 1-6 exhibit the first oxidation wave at +0.56 to +1.39 V range,
attributed to oxidation of the donor moieties, and the second oxidation
wave at higher potential ranging from +0.82 to +1.61 V, due to the
formation of mono-radical cation of BODIPY unit. The BODIPYs BDP
1-6 exhibit a single reduction wave at —0.69 V to —0.80 V range,
attributed to the formation of the mono-radical anion of BODIPY unit.
The redox properties of the push—pull BODIPYs BDP 1-6 suggests that
the strong donor groups show easier oxidation at low potential and the
oxidation process strongly depends on the donor ability of the molecule.
The HOMO and LUMO energy levels of the push—pull BODIPY's BDP
1-6 were estimated by using the first onset potential of oxidation and
reduction waves. The evaluated HOMO energy levels of the push—pull
BODIPYs BDP 1, BDP 2 and BDP 3 at -5.65 eV, -5.02 eV and -5.00
eV, and LUMO energy levels at -3.71 eV, -3.72 eV and -3.71 eV
respectively. The HOMO and LUMO energy levels of the push—pull
BODIPYs BDP 4, BDP 5 and BDP 6 are estimated at -5.54 eV, —5.05
eV, and -5.83 eV and —3.64 eV, —3.75 eV and —3.74 eV respectively.
The estimated electrochemical band gap (Egsp) of the push—pull
BODIPYs BDPs 1-6 are 1.94 eV, 1.30 eV, 1.29 eV, 1.90 eV, 1.30 eV
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and 2.09 eV respectively. The phenothiazine 5,5-dioxide functionalized
BODIPY BDP 6 exhibits large electrochemical band gap compared to
BDPs 1-5, which is in good agreement with the theoretical HOMO-
LUMO gap. The electrochemically estimated HOMO and LUMO
energy levels of the push—pull BODIPYs BDP 1-6 indicate that the
variation of donor units significantly affects the HOMO energy level
compared to the LUMO energy levels. The HOMO-LUMO gap
calculated from electrochemical analysis shows good agreement with
the theoretical HOMO-LUMO gap calculated from DFT calculation.

7.5. Thermal Properties

Thermal stability is an essential characterization of the push—pull
materials for optoelectronic application. The thermal properties of the
push—pull BODIPYs BDP 1-6 were measured by thermogravimetric
analysis (TGA) at a heating rate of 10 °C min? and monitoring the
weight loss against temperature under the nitrogen atmosphere.
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Figure 7.3. Thermogravimetric analysis (TGA) of the push—pull
BODIPYs BDP 1-6, measured at a heating rate of 10 °C min ! under a

nitrogen atmosphere.
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The n-conjugated push—pull BODIPYs BDP 1-6 exhibit good
thermal stability, and the corresponding thermograms are shown in
Figure 7.3. The thermal stability data of the push—pull BODIPYs BDP
1-6 data are summarized in Table 7.1. The decomposition temperatures
for the BODIPYs BDP 1-6 at 5% weight loss were found to be at 300
°C, 308 °C, 287 °C, 160 °C, 275 °C and 144 °C, respectively.

The N,N-dimethyl anisole functionalized BODIPY BDP 2
exhibits the highest thermal stability compared to the rest of the BDPs
and the incorporation of oxygen atom decreases the thermal stability.
The push—pull BODIPYs BDP 1-6 follows the order BDP 2> BDP 1>
BDP 3> BDP 5> BDP 4> BDP 6.

7.6. Theoretical calculations

To understand the geometry and electronic properties of the
push—pull BODIPYs BDP 1-6, the density functional theory (DFT) and
time-dependent DFT calculations were performed at the B3LYP/6-31G
(d, p) and CAM-B3LYP/6-31G (d, p) level, respectively in Gaussian
09W program. The energy level diagram and frontier molecular orbitals
(FMOs) of the push—pull BODIPYs BDP 1-6 are shown in Figure 7.4.
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Figure 7.4. Energy level diagram and frontier molecular orbitals of the
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push—pull BODIPYs BDP 1-6 estimated from DFT calculation
(B3LYP/6-31G (d, p) level).

The optimized molecular structures of the push—pull BODIPYs
BDP 1-4 shows that the highest molecular orbitals (HOMOSs) are
delocalized over both the donor and BODIPY unit, whereas the HOMOs
of the phenothiazine and phenothiazine 5,5-dioxide functionalized
BODIPYs BDP 5 and BDP 6 are localized on donor unit (Figure 7.4).
The lowest occupied molecular orbitals (LUMOS) of the push—pull
BODIPYs BDP 1-6 are cantered on the acceptor BODIPY unit.

The computationally estimated HOMO energy levels of the
push—pull BODIPYs BDP 1-6 are -5.39 eV, —4.60 eV, —4.90 eV, -5.30
eV, -4.93 eV, and -5.80 eV, and the LUMO energy levels are -2.76 eV,
—2.69 eV, —2.63 eV, —2.93 eV, —2.98 eV and —-3.10 eV, respectively
(Figure 7.4). The HOMO-LUMO gap of the BDP 1-6 are 2.63, 1.94,
2.27,2.37,1.95 eV, and 2.70 eV, respectively (Figure 7.4) and follow
the order BDP 6> BDP 1> BDP 4> BDP 3> BDP 5> BDP 2. The
phenothiazine-5,5-dioxide functionalized BODIPY BDP 6 exhibits a
large HOMO-LUMO gap compared to phenothiazine substituted BDP
5 due to the low donor ability of the phenothiazine-5,5-dioxide unit and
weak donor—acceptor interaction (Figure 7.4). The optical band gap
calculated from the onset of the electronic absorption spectra were found

in good agreement with the theoretically estimated HOMO-LUMO gap.

The time-dependent DFT calculations were carried out to study
the electronic properties of the optimized push—pull BODIPYs BDP 1-
6 at the CAM-B3LYP/6-31G (d, p) level in dichloromethane solvent.
The polarized continuum model (PCM) was used to analyze the solvent
effect in TD-DFT calculation. The TD-DFT results of the push—pull
BODIPYs BDP 1-6 were closely matched with the experimentally
recorded absorption spectra. The push—pull BODIPYs BDP 1-3 show
an absorption band in the shorter wavelength at 349 nm, 382 nm, and
371 nm, respectively, originating from HOMO-1 — LUMO energy

level, which are attributed to the n—n* transition. The transition in the
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longer wavelength region observed for BODIPYs BDP 1-3, at 456 nm,
492 nm, and 491 nm, respectively, originates from HOMO — LUMO
energy level, corresponds to the m—n* transition (Figure 7.5 and Table
7.2). The push—pull BODIPYs BDP 4-5 show absorption band in the
shorter wavelength at 345 nm and 330 nm, respectively originating from
HOMO-3 — LUMO energy level, whereas the BDP 6 exhibits
absorption band at 328 nm, originates from HOMO-2 — LUMO energy
level, which are attributed to m—r* transition. The transition in the longer
wavelength region observed for BDP 4-6, at 445 nm, 439 nm, and 437
nm, originating predominantly from HOMO-1 — LUMO, HOMO-2 —
LUMO, and HOMO-1 — LUMO energy level, respectively which can
be associated with the n—n* transition (Figure 7.5 and Table 7.2).
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Figure 7.5. UV-vis absorption spectra of the push—pull BODIPYs BDP
3 and BDP 6. Experimental (bottom) and TD-DFT predicted (top) in
DCM solvent.

The transitions with composition, oscillatory strength, and
assignments are tabulated in supporting information (Table 7.2). The
theoretically calculated electronic absorption wavelength values were

found in good agreement with the experimental data and can be affected
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by various factors, including solvent effect, temperature, and dipole

moment.

Table 7.2. Calculated electronic transitions of the push—pull BODIPY's
BDP 1-6.

Compound | Wavelength | Composition fa Assignment
(nm)
BDP 1 349 HOMO-1—-LUMO (0.66) |0.21 | n—m*
456 HOMO—LUMO (0.67) | 0.64 | n—n*
BDP 2 382 HOMO-1—LUMO (0.54) | 0.28 | n—n*
492 HOMO—LUMO (0.59) | 0.63 | n—m*
BDP 3 371 HOMO-1—-LUMO (0.64) | 0.30 | n—m*
491 HOMO—LUMO (0.65) | 0.56 | n—m*
BDP 4 345 HOMO-3—LUMO (0.46) |0.12 | n—n*
445 HOMO-1—-LUMO (0.51) | 0.78 | n—m*
BDP 5 330 HOMO-3—LUMO (0.66) |0.17 | n—n*
439 HOMO-2—LUMO (0.69) | 0.78 | n—=n*
BDP 6 328 HOMO-2—LUMO (0.66) |0.16 | n—m*
437 HOMO-1—-LUMO (0.69) | 0.79 | n—m*

2 oscillator strength
7.7. Experimental section

General methods

All the chemicals were used as received unless otherwise
indicated. All oxygen or moisture sensitive reactions were performed
under inert atmosphere. All the chemicals were purchased from
commercial sources and used without further purification. *tH NMR (500
MHz) and *C NMR (126 MHz) spectra were recorded on the Bruker
Avance (111) 500 MHz, using CDCl3 as solvent and the chemical shifts
were reported in parts per million (ppm) with TMS (0 ppm) and CDCl3
(77.00 ppm) as standards. Tetramethylsilane (TMS) was used as
reference for recording H (of residual proton; § = 7.26 ppm), and 3C
(of residual proton; 6 = 77.0 ppm) spectra in CDClz. UV-visible
absorption spectra were recorded on a PerkinElmer Lambda 35
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instrument. All the measurements were carried out at 25 °C. HRMS was
recorded with an Agilent 6545A Q-TOF mass spectrometer and on a
Bruker-Daltonics micrOTOF-Q Il mass spectrometer. Cyclic
voltammograms (CVs) were recorded on a PalmSens 4 electrochemical
analyzer using Glassy carbon as a working electrode, Pt wire as the
counter electrode, and Ag/AgCl as the reference electrode.
Thermogravimetric analysis was performed on the Mettler Toledo
thermal analysis system.

Synthesis and characterization of BDP 1: f-mono bromo BODIPY 1
(0.1 g, 0.28 mmol), boronate ester of anisole 2 (0.74 g, 0.31 mmol),
Pd(PPhs)s (0.016 g, 0.01 mmol), and potassium carbonate (0.131 g, 0.95
mmol) was dissolved in Toluene/ethanol/water (6/3/1 v/v/v) and heated
to reflux for 12 h under a nitrogen atmosphere. The reaction mixture was
cooled to room temperature and poured into water. The organic layer
was extracted with dichloromethane, and the combined organic layers
were washed with saturated brine solution and water and dried over
anhydrous sodium sulphate. After filtration and solvent evaporation, the
residue was purified by silica-gel column chromatography using
hexane/dichloromethane (50/50 v/v) as the eluent. A dark purple solid
of BDP 1 was obtained in 75% yield (0.81 g) (m.p. 173 °C). *H NMR
(500 MHz, CDCls) & 8.25 (s, 1H), 7.93 (s, 1H), 7.66 — 7.53 (m, 5H),
7.46 (d, J = 8.7 Hz, 2H), 7.01 (s, 1H), 6.91 (d, J = 8.7 Hz, 3H), 6.54 (d,
J = 2.5 Hz, 1H), 3.83 (s, 3H). 3C NMR (126 MHz, CDCls) § 159.4,
146.6, 143.7, 142.4, 135.9, 135.1, 134.4, 134.0, 131.1, 130.8, 130.6,
128.6, 126.8, 125.3, 125.0, 118.3, 114.5, 55.5; !B NMR (CDCls, 128
MHz, ppm) 6 0.25 (t, Js-r = 23 Hz); HRMS (ESI-TOF) m/z calculated
for C22H17BF2N20O = 375.1479 [M + H]*, measured 375.1501 [M + H]".
Synthesis and characterization of BDP 2: f-mono bromo BODIPY 1
(0.1 g, 0.28 mmol), boronate ester of N,N-dimethyl anisole 3 (0.137 g,
0.31 mmol), Pd(PPhz)4 (0.016 g, 0.01 mmol), and potassium carbonate
(0.131 g, 0.95 mmol) was dissolved in Toluene/ethanol/water (6/3/1
viviv) and heated to reflux for 12 h under a nitrogen atmosphere. The

reaction mixture was cooled to room temperature and poured into water.
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The organic layer was extracted with dichloromethane and the combined
organic layers were washed with saturated brine solution and water and
dried over anhydrous sodium sulphate. After filtration and solvent
evaporation, the residue was purified by silica-gel column
chromatography using hexane/dichloromethane (60/40 v/v) as the
eluent. A dark blue solid of BDP 2 was obtained in 63% yield (0.103 g)
(m.p. 176 °C). *H NMR (500 MHz, CDCls) 8 8.27 (s, 1H), 7.93 (s, 1H),
7.66 — 7.54 (m, 5H), 7.34 (d, J = 8.7 Hz, 2H), 7.13 — 7.05 (m, 4H), 7.00
(s, 1H), 6.92 (t, J = 6.0 Hz, 3H), 6.86 (m, 4H), 6.55 (m, 1H), 3.82 (s,
6H). 3C NMR (126 MHz, CDCls) 6 156.0, 148.4, 146.1, 143.1, 142.7,
140.6, 135.9, 133.9, 130.6, 130.5, 128.5, 126.6, 126.1, 124.3, 120.5,
118.0, 114.7, 55.5; B NMR (CDCls, 128 MHz, ppm) & 0.25 (t, Js.F =
23 Hz); HRMS (ESI-TOF) m/z calculated for CzsH2sBF2N3O2 =
594.2141 [M + Na]*, measured 594.2157 [M + Na]*.

Synthesis and characterization of BDP 3: f-mono bromo BODIPY 1
(0.1 g, 0.28 mmol), boronate ester of N,N-dimethylaniline 4 (0.78 g, 0.31
mmol), Pd(PPhs)4 (0.016 g, 0.01 mmol), and potassium carbonate (0.131
g, 0.95 mmol) was dissolved in Toluene/ethanol/water (6/3/1 v/v/v) and
heated to reflux for 12 h under a nitrogen atmosphere. The reaction
mixture was cooled to room temperature and poured into water. The
organic layer was extracted with dichloromethane and the combined
organic layers were washed with saturated brine solution and water and
dried over anhydrous sodium sulphate. After filtration and solvent
evaporation, the residue was purified by silica-gel column
chromatography using hexane/dichloromethane (30/70 v/v) as the
eluent. A light brown solid of BDP 3 was obtained in 70% yield (0.111
g) (m.p. 180185 °C).'H NMR (500 MHz, CDClz) 6 8.32 (s, 1H), 7.80
—7.39 (m, 7H), 7.29 (d, J = 1.3 Hz, 1H), 6.72 (m, 3H), 6.45 — 6.21 (m,
2H), 2.97 (s, 6H). 13C NMR (126 MHz, CDCls) § 155.5, 149.8, 148.8,
139.7, 138.1, 137.6, 134.7, 130.8, 129.9, 128.6, 127.6, 126.7, 123.7,
122.1, 121.9, 112.6, 111.9, 77.2, 76.7, 40.4; 'B NMR (CDClz, 128
MHz, ppm) 6 0.25 (t, Js-r = 23 Hz); HRMS (ESI-TOF) m/z calculated
for CasH20BF2N3 = 388.1795 [M + H]*, measured 388.1623 [M + H]".
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Synthesis and characterization of BDP 4: f-mono bromo BODIPY 1
(0.1 g, 0.28 mmol), boronate ester of N-phenyl carbazole 5 (0.117 g,
0.31 mmol), Pd(PPhz)4 (0.016 g, 0.01 mmol), and potassium carbonate
(0.131 g, 0.95 mmol) was dissolved in Toluene/ethanol/water (6/3/1
v/viv) and heated to reflux for 12 h under a nitrogen atmosphere. The
reaction mixture was cooled to room temperature and poured into water.
The organic layer was extracted with dichloromethane and the combined
organic layers were washed with saturated brine solution and water and
dried over anhydrous sodium sulphate. After filtration and solvent
evaporation, the residue was purified by silica-gel column
chromatography using hexane/dichloromethane (50/50 v/v) as the
eluent. A light pink solid of BDP 4 was obtained in 72% yield (0.105 g)
(m.p. 180-182 °C). *H NMR (500 MHz, CDCls) & 8.38 (s, 1H), 8.17
(d, J =4 Hz, 2H), 8.04 (s, 1H), 7.77 (d, J = 4 Hz, 2H), 7.69 — 7.60 (m,
7H), 7.43 —-7.42 (m, 4H), 7.33 -7.30 (m, 2H), 7.21 (s, 1H), 7.03 (s, 1H),
6.63 (s, 1H). *C NMR (126 MHz, CDCls) 6 147.3, 144.9, 141.6, 140.8,
137.0, 135.7, 135.5, 133.9, 132.1, 131.9, 131.0, 130.6, 128.7, 127.6,
126.9, 126.1, 125.8, 123.5, 120.4, 120.1, 119.0, 109.8; 'B NMR
(CDCls, 128 MHz, ppm) 6 0.35 (t, Je-r = 25 Hz); HRMS (ESI-TOF)
m/z calculated for C3sH22BF2N3z = 509.1875 [M]", measured 509.1881
[M]".

Synthesis and characterization of BDP 5: f-mono bromo BODIPY 1
(0.1 g, 0.28 mmol), boronate ester of N-phenyl phenothiazine 6 (0.127
g, 0.31 mmol), Pd(PPh3)s (0.016 g, 0.01 mmol), and potassium
carbonate (0.131 g, 0.95 mmol) was dissolved in Toluene/ethanol/water
(6/3/1 viviv) and heated to reflux for 12 h under a nitrogen atmosphere.
The reaction mixture was cooled to room temperature and poured into
water. The organic layer was extracted with dichloromethane and the
combined organic layers were washed with saturated brine solution and
water and dried over anhydrous sodium sulphate. After filtration and
solvent evaporation, the residue was purified by silica-gel column
chromatography using hexane/dichloromethane (50/50 v/v) as the
eluent. A light purple solid of BDP 5 was obtained in 76% yield (0.118
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g) (m.p. 236 °C). *H NMR (500 MHz, CDClz) 6 8.32 (s, 1H), 8.01 (s,
1H), 7.73 (d, J = 8.4 Hz, 2H), 7.67 — 7.54 (m, 5H), 7.38 (d, J = 8.4 Hz,
2H), 7.15 (s, 1H), 7.08 — 6.95 (m, 3H), 6.85 (m, 4H), 6.60 (d, J = 2.7 Hz,
1H), 6.28 (m, 2H). 13C NMR (126 MHz, CDClz) 6 147.4, 145.0, 144.2,
141.6, 140.5, 135.7, 135.5, 133.8, 133.2, 132.8, 132.3, 131.0, 130.6,
128.7, 127.7, 127.0, 125.9, 122.8, 120.9, 119.1, 116.5; B NMR
(CDCls, 128 MHz, ppm) 8 0.13 (t, Js-r = 23 Hz); HRMS (ESI-TOF)
m/z calculated for CssH22BF2N3S = 541.1596 [M]*, measured 541.1604
[M]".

Synthesis and characterization of BDP 6: In a 50 mL round bottomed
flask m-Chloroperbenzoic acid (0.95 g, 0.55 mmol) was added to BDP
5(0.1 g, 0.18 mmol) in DCM (20 ml) at room temperature for 1h. Upon
the completion of the reaction, the mixture was purified by silica gel
column chromatography with CH>Cl; to get the desired BDP 6 as pink
solid. Yield 0.84 g (80%) (m.p. 305-310 °C). H NMR (500 MHz,
CDCl3) 6 8.33 (s, 1H), 8.17 (m, 2H), 8.02 (m, 2H), 7.83 (d, J = 8.3 Hz,
2H), 7.69 — 7.56 (m, 5H), 7.44 —7.35 (m, 4H), 7.23 (s, 1H), 7.19 (s, 1H),
7.02 (d, J =4.1 Hz, 1H), 6.67 (d, J = 8.7 Hz, 2H), 6.63 (d, J = 3.0 Hz,
1H). 13C NMR (126 MHz, CDCls) $ 170.3, 145.8, 140.9, 137.8, 134.8,
134.5, 134.0, 133.7, 133.1, 132.9, 132.8, 131.1, 130.6, 130.4, 130.0,
128.8, 128.3, 126.0, 123.6, 122.8, 122.2, 117.3; B NMR (CDCls, 128
MHz, ppm) 8 0.19 (t, Jg-r = 22 Hz); HRMS (ESI-TOF) m/z calculated
for CasH22BF2N30,S = 573.1494 [M]*, measured 573.1524 [M]".

7.8. Conclusion

The push—pull BODIPYs BDP 1-6 were synthesized via Pd-
catalyzed Suzuki cross-coupling and by increasing the oxidation state of
the sulfur atom in the triazine ring. The N,N-di-p-anisylaminophenyl
functionalized BODIPY BDP 2 shows bathochromic shift in absorption
spectra and high thermal stability compared to rest of these push—pull
BODIPYs. The redox properties demonstrate that the phenothiazine
functionalized BODIPY BDP 5 exhibits easy oxidation at low potential
compared to phenothiazine 5,5-dioxide substituted BODIPY BDP 6 due
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to the strong electron donor ability of the phenothiazine unit. The
theoretically estimated HOMOs of the push—pull BODIPYs BDP 1-4,
are delocalized over whole molecule, whereas in BDP 5 and BDP 6, it
localized on the donor phenothiazine and phenothiazine 5,5-dioxide
unit. The LUMOSs are centered on the acceptor BODIPY unit in all cases.
The phenothiazine 5,5-dioxide functionalized BODIPY BDP 6 exhibits
a large HOMO-LUMO gap compared to phenothiazine substituted
BODIPY BDP 5 due to increase in the oxidation state of the sulfur atom,
which decreases the donor ability of the phenothiazine unit. This
research suggests that the synthesis of the push—pull chromophores by
varying the electron donor groups and altering the oxidation state of a
sulfur atom are the key factor in tuning the HOMO-LUMO gap which

is useful for the development of optoelectronic materials.
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Chapter 8

Conclusions and Future Scope

8.1. Conclusions

In recent years, donor—acceptor or push—pull chromophores
based on BODIPY have acquired a substantial amount of attention from
the scientific community. The nature of the D-A interaction is
determined by the donor's ability to donate electrons, the acceptor's
ability to accept electrons, and the structure of the spacer connecting
them. One of the powerful acceptors are the BODIPY fluorophores.[1]
They have a high fluorescence quantum yield, strong absorption, high
photostability and adjustable redox properties.[2-5] The BODIPY based
chromophores exhibit a good photochemical stability and excellent
solubility in wide range of solvents.[6] The BODIPY's generally exhibit
a strong absorption band around 500-550 nm range corresponding to So
— S1 (m—n*) transition and a shoulder peak at lower wavelength region
due to a vibrational transition. The BODIPY also has a weak absorption
band around 350-380 nm range, which corresponds to the So— S, (n—
n*) transition. The BODIPYs commonly emit a narrow spectrum
between 530-560 nm range.[7] The photonic properties of the
BODIPYs can be modified by varying the type of the donor, acceptor
and spacer substituents. BODIPYs can be engaged at the «, S
pyrrolic and meso-positions. We functionalized S-pyrrolic and meso
positions of BODIPY's with strong electron donor or acceptor units via
variable spacers and evaluated various sites of BODIPY for enhanced
electronic communication, as well as investigated efficient D-A
systems. Tuning of optical and electronic properties of the donor—
acceptor BODIPY dyes have been investigated to improve the efficiency
of a wide range of applications including organic light emitting diodes,
photodynamic therapy, bioimaging, nonlinear optics, dye sensitized
solar cells and single molecule switches.[8, 9] In this regard, we have
designed, and synthesized variety of donor and acceptor substituted f-
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pyrrolic and meso-functionalized donor-acceptor BODIPYs and
investigated their photophysical, electrochemical, thermal and

computational properties.

In chapter 3, the design and synthesis of push—pull BODIPYs 1—
10, were reported via Pd-catalyzed Suzuki, Heck, Sonogashira cross-
coupling, and [2+2] cycloaddition-retroelectrocyclization reactions with
good yields. The UV-visible absorption spectra of cyclohexa-2,5-diene-
1,4-ylidene-expanded TCBD functionalized BODIPYs exhibit
intramolecular charge transfer (ICT) band in the longer wavelength
region as compared to TCBD substituted BODIPYs due to strong
donor—acceptor interactions. The electrochemical studies of push—pull
BODIPYs 4, 5, 9 and 10, demonstrate that the cyclohexa-2,5-diene-1,4-
ylidene-expanded TCBD unit acts as a strong electron acceptor and
exhibit multiple reduction wave at low potential as compared to TCBD
unit. The theoretically predicted HOMOs of BODIPYs 1-10, are
delocalized over the donor phenothiazine and carbazole unit, whereas
the LUMOs are localized over acceptor BODIPY, TCBD, and
cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD unit. These findings
suggest that the introduction of strong acceptor cyclohexa-2,5-diene-
1,4-ylidene-expanded TCBD decreases the HOMO-LUMO gap more as
compared to the TCBD unit which resulted in a bathochromic shift in
UV-vis spectra. This research work opens new avenue to explore the
design and synthesis of push—pull chromophores with low HOMO-

LUMO gap for various optoelectronic application.

In chapter 4, a set of push—pull BODIPYs 3-5 and 7-9, were
synthesized via Pd-catalyzed Sonogashira cross-coupling followed by
[2+2] cycloaddition-retroelectrocyclization reaction in good yields. The
photophysical results show that the ICT band of cyclohexa-2,5-diene-
1,4-ylidene-expanded TCBD functionalized BODIPY's 5 and 9, exhibit
a bathochromic shift compared to TCBD functionalized BODIPY's 4 and
8, because of strong—donor interaction. The redox properties of TCBD
and cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD substituted
BODIPYs 4, 5, 8 and 9, display multiple reduction waves at low
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potential due to the formation of mono and di-radical anion on TCBD
unit. The redox properties reveals that the cyclohexa-2,5-diene-1,4-
ylidene-expanded TCBD unit act as strong acceptor compared to the
TCBD unit. The N,N-dimethylaniline substituted donor—acceptor
BODIPY 3 exhibits the highest thermal stability as compared to
BODIPYs 4,5, 7, 8, and 9. The computational calculations revel that the
incorporation of cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD unit
decreases the HOMO-LUMO gap more compared to TCBD due to
strong donor—acceptor interactions. The research reports a new avenue
to design m-conjugated donor-acceptor chromophores with low

HOMO-LUMO gap for optoelectronic applications.

In chapter 5, a set of donor-acceptor BODIPYs 1-4 were
designed and synthesized via palladium-catalyzed Sonogashira cross-
coupling and subsequent [2+2] cycloaddition-retroelectrocyclization
reactions in good yields. The photophysical properties reveal that the
BODIPY 4 exhibits a strong ICT band at a longer wavelength region
compared to BODIPYs 1-3, due to strong donor—acceptor interaction.
The redox properties of push—pull BODIPYs 1-4 exhibits multiple
reduction waves due to presence of multiple-redox active entities. The
BODIPYs 3 and 4 exhibit multiple reduction waves at low potential due
to presence of strong acceptor TCBD and cyclohexa-2,5-diene-1,4-
ylidene-expanded TCBD units. The phenyl incorporated N,N-
dimethylaniline functionalized push—pull BODIPY 2 exhibits the
highest thermal stability as compared to BODIPYs 1, 3 and 4. The
theoretical results reveal that the incorporation of phenyl spacer, TCBD,
and cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD unit perturbs the
HOMO-LUMO energy gap. The donor—acceptor BODIPY's 1-4 shows
that the HOMOs are delocalized over both donor N,N-dimethylaniline
and acceptor BODIPY unit, whereas the LUMOs are localized on
acceptors TCBD and cyclohexa-2,5-diene-1,4-ylidene-expanded TCBD
unit. The BODIPY 4 exhibits low HOMO-LUMO gap compared to
BODIPY 3 due to strong accepting nature of cyclohexa-2,5-diene-1,4-

ylidene-expanded TCBD unit. This research provides an important route
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for synthesizing a donor-acceptor chromophores with low HOMO-

LUMO gap for different optoelectronic applications.

In chapter 6, we reported a set of push—pull chromophores BPTZ
1-8, which were synthesized via palladium-catalyzed Suzuki cross-
coupling reaction and modulate the oxidation state of the sulfur atom on
the phenothiazine unit by two oxygen functionalization. The
photophysical study reveals that the phenothiazine substituted
BODIPYs BPTZ 1-4 exhibits a bathochromic (red) shift compared to
phenothiazine-5,5-dioxide substituted BODIPYs BPTZ 5-8 due to the
good donor ability of phenothiazine unit and strong donor-acceptor
interaction. The electrochemical properties of the phenothiazine-5,5-
dioxide substituted BODIPYs BPTZ 5-8 exhibit reduced electron
donating ability relative to the phenothiazine substituted BODIPY's
BPTZ 1-4. DFT and TD-DFT calculations provided a broad
understanding of the electronic structures and absorption spectra of the
push—pull chromophores BPTZ 1-8, and show that upon modulating the
oxidation state of the sulfur atom on phenothiazine unit increases the
HOMO-LUMO gap, resulted a blue shift in the absorption spectra.
These findings suggest that oxygen functionalization is an effective
strategy to synthesize new push—pull BODIPYs with low HOMO-

LUMO gap for various optoelectronic applications.

In chapter 7, the push—pull BODIPY's BDP 1-6 were synthesized
via Pd-catalyzed Suzuki cross-coupling and by increasing the oxidation
state of the sulfur atom in the triazine ring. The N,N-dimethyl anisole
functionalized BODIPY BDP 2 shows bathochromic shift in absorption
spectra and high thermal stability compared to rest of these push—pull
BODIPYs. The redox properties demonstrate that the phenothiazine
functionalized BODIPY BDP 5 exhibits easy oxidation at low potential
compared to phenothiazine 5,5-dioxide substituted BODIPY BDP 6 due
to the strong electron donor ability of the phenothiazine unit. The N,N-
dimethyl anisole functionalized BODIPY BDP 2 exhibits the highest
thermal stability compared to the rest of the BDPs and the incorporation

of oxygen atom decreases the thermal stability. The theoretically
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estimated HOMOs of the push—pull BODIPYs BDP 1-4, are delocalized
over whole molecule, whereas in BDP 5 and BDP 6, it localized on the
donor phenothiazine and phenothiazine 5,5-dioxide unit. The LUMOs
are cantered on the acceptor BODIPY wunit in all cases. The
phenothiazine 5,5-dioxide functionalized BODIPY BDP 6 exhibits a
largge HOMO-LUMO gap compared to phenothiazine substituted
BODIPY BDP 5 due to increase in the oxidation state of the sulfur atom,
which decreases the donor ability of the phenothiazine unit. This
research suggests that the synthesis of the push—pull chromophores by
varying the electron donor groups and altering the oxidation state of a
sulfur atom are the key factor in tuning the HOMO-LUMO gap which
is useful for the development of optoelectronic materials. [10]

8.2. Future scope

The thesis highlights an important strategy for design and
synthesis of donor-acceptor p-pyrrolic and meso-functionalized
BODIPY based molecules with tunable photonic properties and low
HOMO-LUMO gap. The HOMO-LUMO gap of the donor—acceptor
functionalized BODIPY dyes can be modified by (a) varying the number
of donor/acceptor units, (b) enhancing the conjugation length and (c)
changing the m-linker. The variation in the donor/acceptor strength
perturbs the HOMO-LUMO gap to greater extent. The incorporation of
strong acceptor tetracyanobutadiene (TCBD) and cyclohexa-2,5-diene-
1,4-diylidene-expanded TCBD units at the s-pyrrolic and meso-position
of the BODIPY resulted in the significant tuning of the photophysical,
electrochemical and HOMO-LUMO gap. The incorporation of strong
electron acceptor cyclohexa-2,5-diene-1,4-diylidene-expanded TCBD
unit resulted in a red shift of the absorption compared to TCBD unit due
to strong intramolecular charge-transfer (ICT) interactions. The p-
pyrrolic and meso-substituted BODIPY's with broad absorption spectra
in the visible region could be promising candidate for various
applications such as in bioimaging, photodynamic therapy, sensors,
laser, organic field-effect transistor, nonlinear optics and dye sensitized

solar cells.
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