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SYNOPSIS

The 10H-Phenothiazine has a tricyclic structure consisting of two
benzene rings fused to a central thiazine ring. Its chemical structure can
be represented in Figure 1. The phenothiazine has a nonplanar shape,
good photostability, and thermal stability. The colourless crystalline
solid compound 10H-phenothiazine has an absorption maximum in
dichloromethane at 316 nm. Phenothiazine can be functionalized by the
nucleophilic substitution reaction at the nitrogen (N) position or
electrophilic substitution reaction at positions 3 and 7. Phenothiazine
derivatives exhibit high electron density and low reversible oxidation
potential, making them suitable candidates for use in a variety of
applications such as chemical sensors, photovoltaic devices, organic
light-emitting diodes (OLEDSs) and dye-sensitized solar cells (DSSCs).

10
1 H 9
2 N 8
3 : 7
S
4 5 6
10H-phenothiazine

Figure 1. The molecular structure of 10H-phenothiazine.

The TCNE (1,1,2,2-tetracyanoethylene) and TCNQ (7,7,8,8-
tetracyanoquinodimethane) are strong electron acceptors, and their
structures prominently feature cyano groups (—C=N), which play a
crucial role in their electron-accepting properties. (Figure 1.2). TCNE
consists of an ethylene backbone (C=C) with four cyano groups attached
to the carbon atoms of the double bond and TCNQ consists of a
quinodimethane core with four cyano groups attached to the 7 and 8
positions. The cyano groups are highly electronegative and withdraw
electron density through their n-conjugated systems. This withdrawal of
electron density from the central ethylene moiety and quinodimethane
core makes TCNE and TCNQ are very strong electron acceptor, as their

reaction with electron-rich alkynes via a [2 + 2] cycloaddition (CA)
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reaction to produce cyclobutene rings. These cyclobutene intermediates
undergo a retroelectrocyclization (RE) reaction resulting in TCBD
(1,1,4,4-tetracyanobutadiene) and DCNQ (dicyanoquinodimethane)
derivatives (Scheme 1.1). The donor-acceptor (D-A) systems
incorporating strong acceptors like TCBD and DCNQ are promising
candidates for organic photovoltaic application. Their photonic and
electrical characteristics can be tuned by varying the strength of the
acceptor or donor units and the n-linker. The cross-conjugated systems
with strong electron-acceptor TCBD and DCNQ groups have been used
in organic electronic devices due to their strong and wide electronic
absorption in the visible to near-IR regions and their ability to tune the
lowest unoccupied molecular orbital (LUMO) energy levels. The TCBD
and DCNQ functionalized donor-acceptor phenothiazine chromophores
exhibit good photochemical stability and excellent solubility in a wide
range of solvents. The photonic properties of the TCBD and DCNQ
functionalized phenothiazine chromophores can be modified by varying
the type of donor, acceptor, and spacer. The tuning of optical and
electronic properties in TCBD- and DCNQ-functionalized donor-
acceptor phenothiazine chromophores can be utilized in a range of
applications, including dye-sensitized solar cells (DSSCs), organic
photovoltaics, nonlinear optics (NLOSs), organic field-effect transistors
(OFETS), organic light-emitting diodes (OLEDS), bulk heterojunction
organic solar cells (BHJOSCs), photodynamic therapy, sensing,
bioimaging, and single-molecule switches etc.

N N N N
\\ U ! 7
A C C \C : C
C C C C
/, \ / N\
N / A N N 7 A N
1,1,2,2-tetracyanoethylene 7,7,8,8-tetracyanoquinodimethane
(TCNE) (TCNQ)

Figure 2. The molecular structure of TCNE and TCNQ.
We have investigated various donor—acceptor chromophores by

incorporating different combinations of electron donors (phenothiazine,



thiophene, triphenylamine, carbazole, and N,4-
dimethylbenzenesulfonamide) with strong acceptors (TCNE, TCNQ,
and fulleropyrrolidine) to enhance and improve the optical
characteristics and the HOMO-LUMO gap. The photophysical,
electrochemical, thermal, and computational studies of the TCBD and
DCNQ functionalized donor—acceptor phenothiazine chromophores
were investigated. The TCBD and DCNQ functionalized donor—
acceptor phenothiazine chromophores have strong near-infrared
absorption and a low HOMO-LUMO gap, making them promising
candidates for optoelectronics applications.

The main objectives of the current study are:

1. To design and synthesize the TCBD and DCNQ functionalized
donor—acceptor phenothiazine chromophores for optoelectronic
applications.

2. To synthesize symmetrical and unsymmetrical TCBD and
DCNQ  functionalized  donor—acceptor  phenothiazine
chromophores by varying the donor/acceptor units in a
systematic way.

3. To investigate the effect of the cyano-based strong acceptors
TCBD and DCNQ incorporated donor—acceptor phenothiazine
chromophores on their photophysical, electrochemical, and
thermal properties and the energy gap between HOMO and
LUMO energy levels.

4. To fine-tune the HOMO-LUMO gap by introducing the
donor/acceptor strength or n-linker on the TCBD and DCNQ
functionalized donor-acceptor phenothiazine chromophores.

5. To understand the distribution of electron density in the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), the nature of absorption transitions,
and the HOMO-LUMO energy gap via density functional theory
(DFT) and time-dependent density functional theory (TD-DFT)
calculations were performed to compare with experimental

results.
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Chapter 1: Introduction
Chapter 1 describes the design, synthesis, and functionalization of the
TCBD and DCNQ moieties 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: Synthesis and Characterization of NIR absorbing TCBD
and DCNQ incorporated donor-acceptor Phenothiazines

In chapter 3, a set of unsymmetrical and symmetrical donor—acceptor-
based phenothiazine derivatives 1-18 were designed and synthesized via
Palladium-catalyzed Sonogashira cross-coupling and followed by [2 +
2] cycloaddition-retroelectrocyclization (CA-RE) reactions. The impact
of the incorporation of cyano-based acceptors TCBD and DCNQ in the
phenothiazine derivatives 1-18 has been investigated by the
photophysical, thermal, and electrochemical properties, and
computational studies. The TCBD and DCNQ incorporated
phenothiazines 2, 3, 5, 6, 8, 9, 11, 12, 14, 15, 17, and 18 exhibit a red-
shifted absorption in the near-infrared (NIR) region compared to
phenothiazine derivatives 1, 4, 7, 10, 13, and 16. This red-shifted
absorption is attributed to the presence of strong intramolecular charge
transfer (ICT) transitions.

The electrochemical study suggests that the phenothiazine
derivatives 2, 3, 5, 6, 8, 9, 11, 12, 14, 15, 17, and 18 exhibited two
reduction potentials in the cathodic region which corresponded to the
strong TCBD and DCNQ acceptors. The mono-TCBD incorporated
phenothiazine derivative 2 displays higher thermal stability in
comparison to the other phenothiazine derivatives. The computational
studies on phenothiazine derivatives 1-18 reveal that the LUMO is
significantly stabilized as the acceptor strength increases, resulting in a
reduced HOMO-LUMO gap.

Wl
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Chapter 4: Near-Infrared Absorbing Donor-Acceptor Based N,4-
dimethylbenzenesulfonamide Substituted  Phenothiazine
Derivatives

In chapter 4, symmetrical and unsymmetrical phenothiazine derivatives

1 and 4 were designed and synthesized using the Corey-Fuchs reaction
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via Evano’s condition. Furthermore, the symmetrical and unsymmetrical
phenothiazine derivatives functionalized with TCBD and DCNQ
namely 2, 3, 5, and 6 were synthesized by the [2 + 2] CA-RE reaction
with strong electron acceptors TCNE (1,1,2,2-tetracyanoethylene) and
TCNQ (7,7,8,8-tetracyanoquinodimethane) units in good yields. The
impact of incorporating the strong electron acceptors TCBD and DCNQ
moieties in donor-acceptor phenothiazine chromophores 1-6 has been
investigated by photophysical, electrochemical, and computational
studies. The photophysical properties of the donor—acceptor
phenothiazine chromophores 1-6 reveal that the absorption maxima of
DCNQ functionalized 3 and 6 exhibit a substantial bathochromic shift
of ~100 nm compared to those of TCBD substituted 2 and 5, due to the

strong electron-accepting nature of the DCNQ moiety.
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The electrochemical properties reveal that the reduction
potential values of 3 and 6 are smaller than those of 2 and 5, indicating
that the DCNQ unit has a greater influence on the electronic properties
and contributes more to stabilizing the LUMO energy levels than the
TCBD unit. In DFT calculation, the HOMO-LUMO energy gap in
DCNQ functionalized 3 and 6 is lower than in TCBD functionalized
derivatives 2 and 5.

Chapter 5: NIR Absorbing TCBD and DCNQ Functionalized
Donor-Acceptor Based Symmetrical and Unsymmetrical N-Methyl-
p-toluenesulfonamide-Phenothiazine Derivatives

In chapter 5, a symmetrical phenothiazine derivatives (PTZ-NTs)2, 1
was designed and synthesized using the Corey-Fuchs reaction and
followed by Evano’s condition. Furthermore, the symmetrical and
unsymmetrical phenothiazine derivatives functionalized with TCBD
and DCNQ namely (PTZ-NTs)2-TCBD, 2; (PTZ-NTs)2-(TCBD)2, 3;
(PTZ-NTs)2-DCNQ, 4; and (PTZ-NTs)2-(DCNQ)2, 5 were
synthesized by the [2 + 2] CA-RE reaction with strong electron
acceptors TCNE (1,1,2,2-tetracyanoethylene) and TCNQ (7,7,8,8-
tetracyanoquinodimethane) units in good yields. The phenothiazine
derivatives 1-5 were investigated to explore the effects of the
incorporation of TCBD and DCNQ moieties on the photophysical,
electrochemical, thermal, and computational studies. The photophysical
studies suggest that the phenothiazine derivatives 4 and 5 functionalized
with DCNQ exhibit a red shift in their absorption spectra in comparison
to phenothiazine derivatives 2 and 3 functionalized with TCBD. This
shift is attributed to the strong interaction between the donor and
acceptor moieties (D-A interaction) and the extended conjugation in the
DCNQ moiety.
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The electrochemical data indicates that phenothiazine
derivatives 2-5 functionalized with TCBD and DCNQ exhibited two
reduction waves, which were observed in low potential regions
corresponding to the acceptors TCBD and DCNQ moieties. The
phenothiazine derivatives 4 and 5 functionalized with DCNQ exhibit
higher thermal stability compared to phenothiazine 2 and 3 incorporated
with TCBD. The computational studies indicate that the highest
occupied molecular orbitals (HOMOs) of the symmetrical and
unsymmetrical phenothiazine 1-5 are mainly concentrated on both
phenothiazine units, and the lowest unoccupied molecular orbital
(LUMO) of symmetrical phenothiazine 1 is mainly localized on the
ynamide moiety with some contributions of the centered phenothiazine

units.

XVI



Chapter 6: Synthesis and Characterization of NIR Absorbing
Triphenylamine Substituted Donor-Acceptor Phenothiazine and
Fulleropyrrolidine Derivatives

In chapter 6, a series of triphenylamine functionalized phenothiazine
derivatives TPA-PTZ 1-3 and fulleropyrrolidine derivatives TPA-
PTZ-Cso 1-3 were designed and synthesized by the Pd-catalyzed
Sonogashira cross-coupling reaction via [2 + 2] CA-RE reaction
followed by Prato reaction. The effect of the fullerene moiety and the
strong electron acceptors TCBD and DCNQ on their photophysical,
electrochemical, and computational studies have been investigated.

18
—— TPA-PTZ-1
Ls TPA-PTZ-2
' —— TPA-PTZ-3
—— TPA-PTZ-Cgp-1
@ 12 TPA-PTZ-Cg-2
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2 09
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The photophysical spectra of fulleropyrrolidine derivatives
TPA-PTZ-Ce0-2 and TPA-PTZ-Ceo-3 exhibit bathochromic shift
because of ICT transition in the NIR region as compared to TPA-PTZ-
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2 and TPA-PTZ-3. The electrochemical characteristics showed that the
TPA-PTZ 1-3 and TPA-PTZ-Ceo 1-3 produce multiple redox
potentials in cyclic voltammetry because of the availability of various
acceptor units (Fullerene, TCBD, and DCNQ), and donor units
(Phenothiazine and Triphenylamine). According to the computational
study, the addition of the fullerene moiety stabilizes the lowest
unoccupied molecular orbital (LUMO) energy level more than the
TCBD and DCNQ moieties.

Chapter 7: Design and Synthesis of TCBD and DCNQ
Functionalized Phenothiazine and Fulleropyrrolidine
Chromophores: Photophysical, Electrochemical and
Computational Studies

In chapter 7, a set of phenothiazine chromophores (PTZ)2 1-3 were
designed and synthesized using the Pd-catalyzed Sonogashira cross-
coupling reaction followed by the [2 + 2] CA-RE reaction. Additionally,
fulleropyrrolidine derivatives (PTZ)2-Ceso 1-3 were synthesized via the
1,3-dipolar cycloaddition reaction (Prato reaction) in good yields. The
impact of incorporating fullerene moiety along with strong electron
acceptors such as TCBD and DCNQ has been examined on their

photophysical, electrochemical, and computational studies.
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The photophysical properties clearly show that the DCNQ-
functionalized donor-acceptor chromophores (PTZ)2-3 and (PTZ)2-
Ceo-3 resulted in a redshifted band with a low optical bandgap compared
to the TCBD-functionalized (PTZ)2-2 and (PTZ)2-Ceo-2. This shift is
due to the intramolecular charge transfer (ICT) transition. The
electrochemical studies of the phenothiazine chromophores (PTZ)21-3
and fulleropyrrolidine derivatives (PTZ)2-Cso 1-3 show multiple redox
potentials correspond to redox-active PTZ, TCBD, DCNQ, and
fullerene moieties. The computational studies suggest that the electron
density of HOMO energy levels of (PTZ)2-2 and (PTZ)2-3 are mostly
delocalized over the phenothiazine unit whereas, the electron density in
LUMO energy levels are concentrated over the acceptors TCBD and
DCNQ moieties.

Chapter 8: Conclusions and Future Scope
Chapter 8 summarizes the salient features of the work and future
perspectives for developing new donor-acceptor materials for

optoelectronic applications.
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Chapter 1

Introduction

1.1. General Introduction

Over the past few decades, the development of donor—acceptor (D-A)
molecular systems for optoelectronic applications have progressed
significantly.[1, 2] The D-A frameworks in small organic compounds
with w-bridging (D-n—A) are desirable owing to their low HOMO-
LUMO band gap and broad absorption.[3-5] The scientific community
has shown significant interest in the design and synthesis of novel multi-
modular n-conjugated D—A chromophores. These compounds hold great
potential for various applications in the field of organic photovoltaics
(OPVs), organic solar cells (OSCs), organic light-emitting diodes
(OLEDSs), thermally activated delayed fluorescence (TADF) and
biological research.[6-10]

1.2. Donor—Acceptor Systems

A donor—acceptor system is a molecular or chemical arrangement,
wherein the donor component is electron-rich, and donates electrons to
the acceptor component which is an electron-deficient species (Figure
1.1), this leads to charge transfer with unique electronic properties.[11—
13] These D-A systems are essential in many areas, such as
photovoltaics, OLEDs, organic electronics, sensors, OFETs, and
photodynamic therapy. The design, synthesis, and characterization of
D-A systems are essential for optimizing their performance and
exploring their potential applications.[14-16] Ongoing research on D—
A systems aims to enhance their performance, stability, and explore new
applications driven by advances in materials science, synthetic

chemistry, and device development.[17-20]
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Figure 1.1. Schematic representation of the HOMO and LUMO energy

levels in the D-A system.
1.2.1. Donor

The molecule possesses ability to donate the electron to another
molecule is known as a donor, for example, the groups containing
heteroatoms with lone pairs of electrons, such as amines (NH>),
hydroxyl (OH), sulphides, etc. Other aromatic carbocycles include
metallocene derivatives such as ferrocene and well-known donors
(Chart 1.1). The donor ability of a donor is crucial for charge transfer
and electronic properties in any D—A systems. Phenothiazine (PTZ),
carbazole (CBZ), triphenylamine (TPA), and ferrocene are widely used
donors for designing molecular systems with low HOMO-LUMO
gap.[21-24]
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Chart 1.1. Chemical structures of electron donor moieties.
1.2.2. Acceptor

The molecule which accepts electrons from another molecule is called
an acceptor. The acceptor's strength to withdraw electrons depends on
the LUMO and is stronger when the lowest occupied molecular orbital
(LOMO) is low-lying. In many cases the acceptors include amides,
nitrogen-rich heterocycles, nitriles, boron complexes,

fulleropyrrolidines, tetracyano acceptors, etc. (Chart 1.2).[25-28]

NC CN
NC CN I
NC CN
|
Tetrocyanoethylene NC CN
Tetracyanoquinodimethane
Fulleropyrolidine
* S ~
N N
3\ 1 E
Benzothiadiazole

BODIPY Aza-BODIPY

Chart 1.2. Chemical structures of electron acceptor moieties.



In the D-A system, the LUMO is more stabilized, while the
HOMO is destabilized, compared to those of the individual donor (D)
and acceptor (A) units (Figure 1.1).[29] When a donor and acceptor are
appropriately linked with an appropriate linker, such as a double, triple,
or aromatic ring, the absorption spectra are found to be redshifted with
decreased HOMO-LUMO gap[30] The strength of the donor—acceptor
(D—A\) interaction depends on the individual strengths of both the donor
and the acceptor.[31] Additionally, the nature of the linker between them
plays a crucial role in determining the overall strength of the donor—
acceptor system. These strong D—A systems have various applications
in different fields including organic solar cells (OSCs), non-linear optics
(NLO), OLEDs, mechanochromism, OFETs, and photodynamic
therapy.[32-37]

1.3. Phenothiazine

The 10H-Phenothiazine possesses a tricyclic structure, consisting of two
benzene rings fused to a central thiazine ring (Chart 1.3), synthesized by
Bernthsen in 1883 with the reaction of diphenylamine and sulfur.[38]
The phenothiazine is a colourless crystalline solid that has a nonplanar
shape, good photostability, and thermal stability, exhibiting absorption
maximum at 316 nm in dichloromethane. The phenothiazine exhibits
strong electron-donating properties due to the electron-rich sulfur (S)
and nitrogen (N) atoms in its structure. Moreover, it can be
functionalized by the nucleophilic substitution reaction at the nitrogen
(N) position or electrophilic substitution reaction at positions C-3 and
C-7.[39-43] The sulfur atom in the phenothiazine unit can be readily
oxidized to sulfoxide (oxidation state +4) and sulfone (oxidation state
+6) upon reaction with suitable oxidizing agents, such as (H203)
hydrogen peroxide or (m-CPBA) 3-chloroperbenzoic acid.[44-46]
Phenothiazine derivatives exhibit high electron density and low
reversible oxidation potential, making them suitable candidates for
variety of applications such as chemical sensors, photovoltaic devices,
OLEDs, DSSCs, OFETs, perovskite solar cells (PSCs), batteries, and
many more.[47, 48] Some previous reports have mainly explored the

4



optoelectronic applications of phenothiazines in solar cells, the potential
of the phenothiazine core in the development of organic fluorescent

materials has not yet been extensively examined.[49, 50]

10
1 H 9
2 N 8
3 : 7
YN
10H-phenothiazine

Chart 1.3. The molecular structure of phenothiazine core, showing its

complete numbering.

1.3.1. Synthesis of Phenothiazine core

The following principal methods can synthesize the phenothiazine:
1.3.1.1. From diphenylamines

10H-Phenothiazine can be synthesized by reacting diphenylamine with
sulfur at 250-260 °C (Scheme 1.1). This method was first described by
Bernthsen[38] and was later improved by adding a small amount of
iodine as a catalyst. The addition of iodine lowers reaction temperatures,
reduces reaction times, and improves yields.[51]

H H
N N
28 /1, N
200-300°C I _ T OHS
S
Diphenylamine Phenothiazine

Scheme 1.1. Synthetic route of 10H-phenothiazine from diphenylamine.
1.3.1.2. From 2-bromobenzenethiol

(i) The Pd-catalyzed coupling reaction of 1-bromo-2-iodobenzene with
2-bromobenzenethiol and primary amine to form N,N-dimethyl-3-(10H-
phenothiazin-10-yl)propan-1-amine in 74% yield (Scheme 1.2).[52]



NMe,

Br 1 N
NaO'Bu, Pd,(dba);
@ T oMeNTN j@ dppf
SH Br S

74%

2-bromobenzenethiol 1° amine 1-bromo-2-iodobenzene N,N-dimethyl-3-(10H-phenothiazin-10-yl)
propan-1-amine

Scheme 1.2. Synthetic route of N,N-dimethyl-3-(10H-phenothiazin-10-
yl)propan-1-amine from 1-bromo-2-iodobenzene, primary amine and 2-

bromobenzenethiol.

(if) The reaction of 2-iodoaniline with 2-bromobenzenethiol in the
presence of copper iodide (Cul) and L-proline catalyst to give 10H-
phenothiazine in 66% yield (Scheme 1.3).[53]

Br 1 &I
@ + D K2C03’ CUI (\I @
L-proline, DMSO s
SH H,N 66% S
2-bromobenzenethiol 2-iodoaniline 10H-phenothiazine

Scheme 1.3. Synthetic route of 10H-phenothiazine from 2-iodoaniline

and 2-bromobenzenethiol.
1.3.1.3. From 2-aminobenzenethiol

(i) The condensation reaction of cyclohexanone and 2-
aminobenzenethiol in the presence of 10 mol% thiol additives to form
10H-phenothiazine with a 35% yield (Scheme 1.4).[54]

0]
H
NH, N
N DMSO, PhCl
0,
SH 35% S
2-aminobenzenethiol ~ cyclohexanone 10H-phenothiazine

Scheme 1.4. Synthetic route of 10H-phenothiazine from cylcohexanone

and 2-aminobenzenethiol.

(if) A metal-catalyzed coupling reaction of 1-bromo-2-chlorobenzene
with 2-aminobenzenethiol led to the formation of 10H-phenothiazine in
a 67% yield (Scheme 1.5).[55]
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N

NH, Br.
+ K,CO3, Cul
DMF
SH Cl S

67%
2-aminobenzenethiol 1-bromo-2-chlorobenzene 10H-phenothiazine
Scheme 1.5. Synthetic route of 10H-phenothiazine from 1-bromo-2-

chlorobenzene and 2-aminobenzenethiol.
1.3.1.4. From diphenylaminosulfinic acids

(1) A solution of 5-nitro-2-(phenylamino)benzenesulfinic acid, when
reacted with sulfuric acid (H2SOa) for 30 minutes, forms 3-nitro-10H-
phenothiazine with the evolution of sulfur dioxide (SO) gas (Scheme
1.6).[56]

SO,H
H
N

H
30 mi N
min
@/ T HSO0y ——— ©: :@\
NO2 S NO2

5-nitro-2-(phenylamino)benzenesulfinic acid 3-nitro-10/-phenothiazine

Scheme 1.6. Synthetic route of 3-nitro-10H-phenothiazine from 5-nitro-

2-(phenylamino)benzenesulfinic acid and sulfuric acid.

(i) The warm aqueous solution of 5-nitro-2-
(phenylamino)benzenesulfinic acid, upon addition of hydriodic acid
(HI), also leads to the formation of 3-nitro-10H-phenothiazine (Scheme
1.7).[57]

SO,H

H H

N N
N

+ HI ———» I
7
NO2 S NO2
5-nitro-2-(phenylamino)benzenesulfinic acid 3-nitro-10A7-phenothiazine

Scheme 1.7. Synthetic route of 3-nitro-10H-phenothiazine from 5-nitro-

2-(phenylamino)benzenesulfinic acid and hydriodic acid.
1.3.1.5. From diphenylsulfides

The reaction of 2-((2-iodo-4-nitrophenyl)thio-5-nitroaniline with
sodium carbonate (Na.COs3) and cuprous iodide (Cul) at 220-230 °C for



30 hours to give 2,8-dinitro-10H-phenothiazine in 51% yield (Scheme
1.8). This reaction was reported by Michels and Amstutz.[58]

H
O,N NO, O,N N NO,
Cul
—_—
+ NazC03 220-230°C \@ U
S S
I

51%

NH, 2,8-dinitro-10H-phenothiazine

2-((2-iodo-4-nitrophenyl)thio)-5-nitroaniline
Scheme 1.8. Synthetic route of 2,8-dinitro-10H-phenothiazine from
diphenylsulfides.

1.3.1.6. Smiles rearrangement

The reaction of 2-aminobenzenethiol hydrochloride with 2-chloro-
1,3,5-trinitrobenzene  furnished an  intermediate  2-((2,4,6-
trinitrophenyl)thio)aniline, which upon treatment with NaOH undergoes
Smiles rearrangement to form 1,3-dinitro-10H-phenothiazine with the
liberation of nitrous acid (HNO-) (Scheme 1.9).[59]

NH,HCl  O,N NO, O,N NO2
+ - .
SH Cl1 S
NO, NH, NO,

2-aminobenzenethiol

hydrochloride 2-chloro-1,3,5-trinitrobenzene 2-((2,4,6-trinitrophenyl)thio)aniline
NaOH
NO2 NO,

H
N

@ :@ -
-
S NO2 O,N NO2
NH
1,3-dinitro-10/-phenothiazine @
SH

2-((2,4,6-trinitrophenyl)amino)benzenethiol

Scheme 1.9. Synthetic route of 1,3-dinitro-10H-phenothiazine by

Smiles rearrangement.

1.4. TCNE (1,1,2,2-tetracyanoethylene) and TCNQ (7,7,8,8-
tetracyanoquinodimethane)



The TCNE (1,1,2,2-tetracyanoethylene) and TCNQ (7,7,8,8-
tetracyanoquinodimethane) are known to be strong electron acceptors,
and their structures prominently feature cyano groups (—C=N), which
play a crucial role in their electron-accepting properties. (Figure
1.2).[60, 61] TCNE consists of an ethylene backbone (C=C) with four
cyano groups attached to the carbon atoms of the double bond and
TCNQ consists of a quinodimethane core with four cyano groups
attached to the 7 and 8 positions (Figure 1.2). The cyano groups are
highly electronegative and withdraw electron density through their n-
conjugated systems, makes TCNE and TCNQ very strong electron
acceptors,[62, 63]. Moreover, the reaction of TCNE and TCNQ with
electron-rich alkynes via a [2 + 2] cycloaddition (CA) reaction to furnish
cyclobutene rings, which further undergo a retroelectrocyclization (RE)
reaction resulting in TCBD (1,1,4,4-tetracyanobutadiene) and DCNQ
(dicyanoquinodimethane) derivatives (Scheme 1.10).[64-66] The
TCBD and DCNQ incorporated donor—acceptor (D-A) systems are
promising candidates for organic photovoltaic application.[67] Their
photonic and electrical characteristics can be tuned by varying the
strength of the acceptor or donor units and the =n-linker.[68, 69] The
electroactive units TCBD and DCNQ display two single-electron
reduction waves which are stable and reversible. The cross-conjugated
systems having TCBD and DCNQ acceptors exhibited applications in
organic electronic devices. These systems can tune the LUMO energy
levels and have a strong and broad electronic absorption spectrum from
visible to near-infrared (NIR) regions.[70-73] The synthetic pathway of
the [2 + 2] CA-RE reaction of TCNE and TCNQ with donor-substituted

alkynes are shown in Scheme 1.10.

N N N N

\ / \ /i
\C C / \C : C
C C C C

4 AN 4 W

N N N N

1,1,2,2-tetracyanoethylene 7,7,8,8-tetracyanoquinodimethane
(TCNE) (TCNQ)



Figure 1.2. The molecular structure of TCNE and TCNQ.
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Scheme 1.10. Synthetic pathway for the [2 + 2] Cycloaddition-
Retroelectrocyclization (CA-RE) reaction of TCNE and TCNQ with
donor-substituted alkynes, yielding a novel class of donor-acceptor

nonplanar charge transfer chromophores.

1.4.1. Synthesis of TCNE and TCNQ

TCNE and TCNQ can be synthesized by the following methods:
1.4.1.1. Synthesis of TCNE

In 1959, Carboni et al.

malononitrile and potassium bromide, with the gradual addition of

reported the synthesis of TCNE using

bromine in an ice-water bath, resulting in the formation of a
dibromomalononitrile-potassium bromide (T1) complex precipitate.
Subsequently, the T1 complex and copper powder were reacted in dry

benzene to produce TCNE in good yields (Scheme 1.11).[74]

CN NC CN
/ 8 Br,, KBr Cu Powder
—_— KBr[Br,C(CN
4 HZC\ H,O0, heat [BroCCN):1y Benzene, heat I
CN NC CN
Malononitrile T1
TCNE

10



Scheme 1.11. Synthetic route of TCNE.
1.4.1.2. Synthesis of TCNQ

In 1962, Acker et al. reported the synthesis of TCNQ by condensing
malononitrile with cyclohexane-1,4-dione in a benzene solution,
yielding a mixture of T2 and T3 intermediates. Subsequently, T2 and T3
were combined with pyridine and either N-bromosuccinimide or
bromine to produce TCNQ in good yields. Other oxidizing agents, such
as selenium dioxide, have also been employed for this conversion to
TCNQ, but with less favorable results (Scheme 1.12).[75]

o NC CN NC CN

o | |
+ HZC\ Benzene + Br,
CN heat CsHsN
0 Malononitrile I
X NC CN NC CN
cyclohexane-1,4-dione

T2 T3

Scheme 1.12. Synthetic route of TCNQ.

Bruce et al. introduced the CA-RE reaction in organometallic
chemistry for the first time in 1981, involving the combination of metal-
acetylide complexes with an electron-deficient olefin.[76] Diederich et
al. synthesized charge-transfer chromophores by reacting the strong
acceptors TCNE and TCNQ with various acetylenic donors through a [2
+ 2] CA-RE reaction.[77] Michinobu et al. have conducted extensive
research on TCBD and DCNQ functionalized derivatives, identifying
these compounds as promising candidates for solar applications.[78, 79]
Shoji, Paul, Trolez, and Kato et al. have reported redox-active ICT
chromophores based on TCBD and DCNQ-incorporated donor—
acceptor derivatives, highlighting their potential for various
optoelectronic applications.[80-83] Nakamura et al. have investigated
carbazole-based TCBD compounds for applications in DSSCs, OPVs,
and nonlinear optics (NLOs).[84] Holger and coworkers reported a
series of 1,1'-dialkynylferrocenes functionalized with TCBD for

application in molecular electronics.[85] Our research group (Misra et

11

NC CN
|
|
NC CN
TCNQ



al.) has reported the synthesis of TCBD- and DCNQ-incorporated
derivatives using phenothiazine, carbazole, thiophene, triphenylamine,
N-methylbenzene sulfonamide, and ferrocene as terminal donors in
phenothiazine derivatives.[86-90] The variety and number of
substituents added to the alkyne significantly affects its reactivity with
TCNE and TCNQ, as well as the overall yield of the reaction. Notably,
the [2 + 2] cycloaddition-retroelectrocyclization (CA-RE) reaction is
distinguished by its high product yield and the absence of byproduct

formation.
1.5. Reactions of TCBD and DCNQ
1.5.1. Phenothiazine-based TCBD and DCNQ Derivatives

The phenothiazine has a nonplanar shape, good photostability, and
thermal stability.[91, 92] The colourless crystalline solid compound
10H-phenothiazine has an absorption maximum in dichloromethane at
316 nm. Phenothiazine can be functionalized by the nucleophilic
substitution reaction at the nitrogen (N) position, or electrophilic
substitution reaction at positions 3 and 7.[24, 93, 94] Phenothiazine
derivatives exhibit high electron density and a low reversible oxidation
potential, making them suitable candidates for use in a variety of
applications such as chemical sensors, photovoltaic devices, OLEDs and
DSSCs.[95-99]

The thiophene, carbazole, N,4-dimethylbenzenesulfonamide,
triphenylamine, phenothiazine, and ferrocenyl-based TCBD and DCNQ
incorporated phenothiazine derivatives 1-38 were synthesized by using
the [2 + 2] CA-RE (Figure 1.3).[86-89, 100], wherein the nature and
the number of the end-capping donor and acceptor moieties were
changed inside the molecule.

The mono-TCBD-incorporated phenothiazine derivatives 1-5
exhibited absorption maxima at 545, 538, 542, 591, and 531 nm,
respectively, attributed to the intramolecular charge transfer (ICT)
transition resulting from the strong donor—acceptor (D—A) interactions.
On the other hand, the mono-DCNQ incorporated phenothiazine
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derivatives 6-10 showed absorption maxima at 760, 640, 613, 686, and
454 nm, respectively. The higher wavelength regions correspond to the
ICT transition from the donors (carbazole, thiophene, N,4-
dimethylbenzenesulfonamide, phenothiazine, and ferrocene) to the
acceptors (TCNE/TCNQ) entities. The mono-DCNQ incorporated
derivatives 6-10 showed red-shifted absorption spectra as compared to
the mono-TCBD integrated derivatives 1-5, because of the excellent
electron-accepting characteristics of the DCNQ unit. In the case of
unsymmetrical substituted phenothiazine derivatives 11-16, the TCBD-
incorporated derivatives 11 and 12 show absorption maxima at 498 and
547 nm, respectively, whereas DCNQ-incorporated derivatives 13 and
14 display absorption maxima at 450 and 468 nm, respectively attributed
to the intramolecular charge transfer transition. The DCNQ-
incorporated phenothiazine derivatives 13 and 14 display blue-shifted
absorption spectra in comparison to TCBD-incorporated phenothiazines
11 and 12. The incorporation of TCNQ into the compounds 11 and 12
resulted in the formation of 15 and 16. The triphenylamine substituted
phenothiazine derivative 15 shows absorption maxima at 636 nm and
exhibits a red-shifted absorption by 138 nm as compared to compound
11. In contrast, ferrocenyl functionalized phenothiazine derivative 16
showed absorption maxima at 524 nm, hypsochromically shifted by 23
nm compared to derivative 12. Subsequently, the di-TCBD incorporated
phenothiazine derivatives 17-22 displayed the absorption maxima at
620, 548, 552, 599, 537, and 492 nm, respectively. Although, the di-
DCNQ incorporated phenothiazine derivatives 23-28 showed
absorption maxima at 745, 665, 597, 702, 448, and 650 nm, respectively.
These absorption maxima are attributed to ICT transitions from the
donor (D) to acceptor (A) moieties. The di-DCNQ incorporated
ferrocenyl functionalized phenothiazine derivative 27 displays
hypsochromic shifted absorption as compared to di-TCBD incorporated
ferrocenyl functionalized phenothiazine derivative 21. The ICT band of
absorption maxima for phenothiazine derivatives 29-33 incorporated
with TCBD were found at 564, 564, 541, 548, and 549 nm. Conversely,

in the case of DCNQ-incorporated phenothiazine derivatives 34-38, the
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ICT band of absorption maxima was observed at 753, 857, 858, 860, and
675 nm (Table 1.1). This difference is attributed to the strong donor—
acceptor (D—-A) interaction between the donor phenothiazine and the
acceptor DCNQ moiety. The DCNQ-incorporated derivatives exhibit
bathochromically-shifted absorption in comparison to the TCBD-
incorporated derivatives due to the strong electron accepting character
of the DCNQ unit.

The TCBD and DCNQ incorporated phenothiazine derivatives
1-28 revealed multi-reversible reduction potentials ranging from —0.05
to —1.11 V on the cathodic regions, which are attributed to the mono
(TCBDY~ and DCNQY") and di (TCBD?>" and DCNQ~*) anions
formation of the TCBD and DCNQ moieties. Additionally, on the
anodic side, the TCBD and DCNQ incorporated phenothiazine
derivatives 1-28 exhibited multi-oxidation potentials in the 0.24-1.65 V
range, corresponding to the donors (thiophene, carbazole, N,4-
dimethylbenzenesulfonamide, phenothiazine, and ferrocene) entities.
On the other hand, the TCBD-incorporated phenothiazines 29-32 and
DCNQ-incorporated phenothiazine derivatives 34-37 exhibited two
reduction potentials on the cathodic side in the range of —0.72 to —0.83
V and —0.31 to —0.33 V, respectively, attributed to the mono (TCBDY~
and DCNQY") and di (TCBD"?" and DCNQ""?") anions formation of
the TCBD and DCNQ moieties. The oxidation potentials of
phenothiazine have been affected by electron-deficient TCBD or DCNQ
due to induced electronic effects. On the anodic side, the TCBD-
incorporated phenothiazine derivatives 29-32 and DCNQ-incorporated
phenothiazine derivatives 34-37 showed two oxidation potentials in the
range of 0.35-1.00 V, which corresponds to the donor phenothiazine
entity. In the case of 29-32, the first oxidation process was difficult by
~150 mV, whereas in 34-37, the effect was significantly less, at ~50 mV
considering DCNQ being an excellent electron acceptor. The
phenothiazine derivatives 33 and 38 incorporated with TCBD and
DCNQ exhibit a single reversible oxidation potential at 0.99 V and 0.09
V, respectively corresponding to the strong donor ability of the

phenothiazine entity. The reduction potentials of derivatives 33 and 38
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appear in the low potential region at —-0.20 V and —-0.59 V, and -0.10 V
and -0.27 V, respectively, corresponding to the formation of
monoanions and dianions of the TCBD and DCNQ moieties (Table 1.1).
The addition of cyano-based strong electron acceptors such as TCBD
and DCNQ lowers the LUMO energy levels, resulting in a bathochromic
shift in the UV-vis spectra. The DCNQ functionalized phenothiazine
derivatives showed lower HOMO-LUMO energy gap compared to that
of TCBD, owing to the strong accepting nature of the DCNQ moiety.

1

ATt

TCBD = 17 21 22

DCNQ= 23 24 25 26 27 28

A = TCBD = 29 30 31 32 33

A' = DCNQ = 34 35 36 37 38
Figure 1.3. Chemical structures of phenothiazine derivatives 1-38
incorporated with TCBD or DCNQ units.

Table 1.1. Summary of photophysical, electrochemical, and

theoretically obtained data of phenothiazine derivatives 1-38.
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Compounds | Amax e/ 104 Eox Ered Eq
(nm)* | (Mlem?)2 | (V)P (V)P (eV)©
1 545 1.96 1.01 —0.05, -0.69 1.62
2 538 0.91 0.91,1.65 | -0.45,-0.75 2.32
3 542 0.76 0.82 -0.52,-0.89 251
4 591 0.58 1.02,1.58 | -0.27,-0.75 242
5 531 6.53 0.71 -0.75,-1.04 2.64
6 760 1.77 0.94 -0.07,-0.23 1.37
7 640 0.43 0.24,1.01 | -0.26,-0.85 1.85
8 613 2.33 0.83 —-0.38, -0.95 1.89
9 686 1.01 0.89,1.47 | -0.16,-0.29 181
10 454 6.02 0.55, 0.65 -0.56 2.22
11 498 1.70 0.76, 0.89, | —0.58, -0.88 2.07
1.08
12 547 6.80 0.33,0.68, | —-0.76,-1.06 2.49
0.81
13 450 2.00 0.67,0.79, | —-0.45,-0.55 1.63
1.06
14 468 7.73 0.32, 0.55, —0.55 2.03
0.68
15 636 2.80 0.79,0.97 | -0.37,-0.48, 1.77
-0.64,-0.93
16 524 7.71 0.56, 0.68, | —0.54, —0.83, 2.28
0.85 -1.11
17 620 2.18 1.02 -0.21, -0.86 1.78
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18 548 1.13 0.91,1.46 | -0.47,-0.75 2.62
19 552 1.98 1.11 —-0.48, -0.84 2.60
20 599 1.38 1.23,1.65 | -0.28,-0.78 2.19
21 537 7.01 0.68,0.95 | -0.72,-1.07 2.63
22 492 4.00 1.10 —-0.52, -0.87 2.37
23 745 3.61 0.85 -0.10, -0.36 1.50
24 665 0.71 0.11,0.76 | -0.28,-0.45 2.02
25 597 1.99 1.38 —0.44, -0.86 1.89
26 702 0.90 1.01,1.55 | -0.13,-0.27 1.78
27 448 8.03 0.54, 0.79 —0.56 2.24
28 650 3.60 0.77,0.90 | —-0.37,-0.49 1.71
29 564 - 0.47,0.95 | -0.72,-1.12 2.28
30 564 - 0.45,0.90 | -0.72,-1.13 242
31 541 - 0.45,0.95 | -0.78,-1.56 2.38
32 548 - 0.47,0.94 | -0.83,-1.23 2.37
33 549 0.48 0.99 -0.20, -0.59 2.35
34 753 - 0.37,0.70 | —0.33,-0.80 1.77
35 857 - 0.40,0.78 | —-0.32,-0.73 1.87
36 858 — 0.35,1.00 | -0.31,-0.65 1.82
37 860 - 0.38,0.91 | -0.32,-0.92 1.79
38 675 0.39 0.09 -0.10, -0.27 1.82

aAbsorbance measured in DCM and benzonitrile at 1 x 10° M
concentration. Jmax: absorption maxima. &: extinction coefficient.
bElectrochemical analysis was estimated by DPV in 0.1 M solution of
(TBAPFg in DCM) and (TBACIO4 in o-dichlorobenzene) ata 100 mVs*
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scan rate versus saturated calomel electrode, Fc/Fc* electrode and
Ag/AgCI electrode. °Eqg = HOMO-LUMO band gap as calculated by
DFT at B3LYP/6-31G**/ B3LYP/6-31G*/ B3LYP/6-31G(d,p) basis set
level for C, H and N.

1.5.2. Phenothiazine-5,5-dioxide-based TCBD and DCNQ

Derivatives

The phenothiazine can be oxidized to phenothiazine-5,5-dioxide (i.e.
sulfone), which lowers the electron density of the molecule, makes it
more difficult to oxidize and subsequently tune its electronic
properties.[101, 102] When the sulfur atom in the phenothiazine unit is
oxidized to form sulfoxide and sulfone groups, the dihedral angle (the
angle between the planes of the benzene rings) is significantly reduced.
However, the fundamental structure of the phenothiazine unit remains
unchanged.[103] The phenothiazine-5,5-dioxide possesses a non-planar
structure have been considered a potential candidate for the
luminophores family due to its high photoluminescence,
phosphorescence, and room temperature phosphorescence (RTP)
properties, and is also used in optoelectronic applications.[104-106]
The phenothiazine-5,5-dioxide derivatives 39-48 functionalized
with TCBD and DCNQ were designed and synthesized via the [2 + 2]
CA-RE reaction of the ethynyl-linked phenothiazine-5,5-dioxide
derivatives with the strong acceptor TCNE/TCNQ units resulting in
yields of 43-75% (Figure 1.4).[90, 107, 108] The phenothiazine-5,5-
dioxide derivatives 39 and 40 functionalized with TCBD and DCNQ
showed two absorption bands in the UV-vis spectra at 342, 427 nm and
373, 535 nm, respectively which is associated with ICT transition from
the weak donor phenothiazine-5,5-dioxide to the acceptors
TCBD/DCNQ moieties. The DCNQ substituted phenothiazine-5,5-
dioxide derivative 40 exhibited absorption at higher wavelength regions
than TCBD incorporated derivative 39. The absorption spectra of mono-
and di-TCBD incorporated phenothiazine-5,5-dioxide derivatives 41,
42, 45, and 46 showed numerous absorption bands in the shorter

wavelength region i.e. 250—430 nm, corresponding to the n—n*
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transitions, and at the band at longer wavelength regions i.e. 437, 570,
446, and 546 nm, respectively, corresponding to the ICT transitions
arising from D—A interactions. Additionally, the mono- and di-DCNQ
incorporated phenothiazine-5,5-dioxide derivatives 43, 44, 47, and 48
exhibited a broad absorption band in the longer wavelength region i.e.
from 525-1000 nm (absorption maxima at 663, 660, 665 and 663 nm,
respectively), which could be ascribed to the ICT transitions and in the
shorter wavelength region from 300-500 nm, attributed to the m—=n*
transitions (Table 1.2). The ICT band of the DCNQ-incorporated
phenothiazine-5,5-dioxide derivatives 40, 43, 44, 47, and 48 were
bathochromically shifted by 90-150 nm in comparison to TCBD-
incorporated phenothiazine-5,5-dioxide derivatives 39, 41, 42, 45 and
46, which are corresponding to the strong accepting nature of the DCNQ
moiety.

The electrochemical studies were evaluated by the cyclic
voltammogram, the TCBD and DCNQ incorporated phenothiazine-5,5-
dioxide derivatives 39 and 40 revealed one reversible oxidation potential
at 1.74 V and 1.41 V, respectively, corresponding to the weak donor
ability of the phenothiazine-5,5-dioxide entity. Whereas the reduction
waves of the phenothiazine-5,5-dioxide functionalized TCBD and
DCNQ derivatives 39 and 40 occur at —0.09, -0.41 V and -0.11, -0.24
V, respectively, due to the formation of the mono and di anions of the
TCBD and DCNQ moieties in the low potential region. In the case of
the mono- and di-TCBD incorporated phenothiazine-5,5-dioxide
derivatives 41, 42, 45, and 46, the two reduction potentials were
observed in the range of —-0.14 to —-0.80 V, corresponding to mono
(TCBDY*") and di (TCBD *?") anion formation of the TCBD moiety in
the cathodic region. Similarly, the mono- and di-DCNQ incorporated
phenothiazine-5,5-dioxide derivatives 43, 44, 47, and 48 revealed two
oxidation potentials in the —0.01 to —0.66 region, which attributed to the
formation of the mono and di anions of the electron-deficient DCNQ
moiety in the anodic side. On the other hand, the TCBD and DCNQ
incorporated triphenylamine substituted phenothiazine-5,5-dioxide

derivatives 41, 43, 45, and 47 revealed two oxidation potentials at 0.65,
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1.25V; 0.67,1.27 V; 0.69, 1.04 V and 0.81, 1.30 V, respectively (Table
1.2). The first oxidation potential relates to the triphenylamine unit,
while the second oxidation potential is associated with the
phenothiazine-5,5-dioxide unit. For compound 42, the two oxidation
potentials were observed at 0.88 V and 1.06 V. The first oxidation
corresponds to the phenothiazine group which is distant from TCBD,
and the second potential is attributed to the phenothiazine group which
is close to TCBD. Similarly, in the case of 44, 46 and 48 only one
oxidation potential was observed at 0.95, 1.07 and 0.90 V, respectively,
corresponding to phenothiazine moieties (overlap of two anodic waves).

The DCNQ-incorporated phenothiazine-5,5-dioxide derivatives
40, 43, 44, 47 and 48 show a lower HOMO-LUMO energy gap in
comparison to TCBD functionalized phenothiazine-5,5-dioxide
derivatives 39, 41, 42, 45 and 46 corresponding to the strong acceptor
character of the DCNQ unit.
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Figure 1.4. Chemical structures of phenothiazine-5,5-dioxide
derivatives 39-48 incorporated with TCBD or DCNQ units.

Table 1.2. Summary of photophysical, electrochemical, and
theoretically obtained data of phenothiazine-5,5-dioxide derivatives 39—
48.
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Compounds |  Amax e/ 104 Eox Ered Eq

(nm)* | (Mem™)? (V)P (V)P (eV)©

39 427 0.78 1.74 -0.09,-0.41 2.77

40 535 0.88 141 -0.11,-0.24 2.19

41 437 - 0.65, 1.25 —0.17to - 1.80
0.80

42 570 1.01 0.88,1.06 | -0.16,-0.54 2.09

43 663 — 0.67,1.27 | —0.33,-0.66 141

44 660 1.42 0.95 -0.03,-0.13 1.46

45 446 — 0.69,1.04 | -0.17to-— 2.22
0.80

46 546 1.84 1.07 -0.14, -0.57 2.05

47 665 — 0.81,1.30 | -0.13,-0.27 1.66

48 663 0.78 0.90 -0.01,-0.13 1.62

aAbsorbance measured in DCM at 1 x 10 M concentration; Amax:
absorption maxima; e: extinction coefficient. °Electrochemical analysis
was estimated by DPV in 0.1 M solution of tetrabutylammonium
hexafluorophosphate (TBAPFs) in DCM and TBA(CIO)4 in DCB at a
100 mVs ! scan rate versus Ag/AgCl electrode. °Eg = HOMO-LUMO
band gap as calculated by DFT at B3LYP/6-31G(d,p) and B3LYP/6-
31G** basis set level for C, H, and N.

1.5.3. TCBD and DCNQ Derivatives Based on BODIPY

The BODIPY dyes, often known as 4,4-Difluoro-4-bora-3a,4a-diaza-s-
indacene dyes, have attracted significant interest over recent years due
to their excellent chemical and photophysical properties. These include
strong absorption, high molar absorption coefficients, long fluorescence
lifetimes, high fluorescence quantum yields, low toxicity, and as well as

good photochemical stability.[109-112] The optical and electronic
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characteristics of BODIPYs can be tuned by extending the conjugation
and introducing suitable donor/acceptor (D/A) units at the meso and
pyrrolic (o and P) positions.[113, 114] Consequently, BODIPY-based
n-conjugated dyes have found widespread application in the
development of laser dyes, fluorescent imaging agents, chemosensors,
molecular switches, photosensitizers, light-emitting devices, and
optoelectronic materials.[115-117]

In 2017, 2020 and 2024, Misra et al. reported the TCBD and
DCNQ incorporated meso BODIPY's 49-54, which were synthesized by
the [2 + 2] CA-RE reaction resulted in 60-85% vyields (Figure
1.5).[118-120] The absorption spectra showed that TCBD-incorporated
BODIPYs 49, 50, and 53 showed substantial broadening in the SO—S1
transition, as well as a broad shoulder peak in the 530-700 nm region.
Similarly, DCNQ-incorporated BODIPYs 51, 52, and 54 had the same
trend, showing a broadening of the SO—S1 peak with a new broad peak
covering the 560-900 nm range. The DCNQ-incorporated BODIPYs 51,
52, and 54 exhibit a red-shifted ICT band in the lower energy region in
comparison to TCBD-incorporated BODIPYs 49, 50, and 53
corresponding to stronger electronic communication between the D and
A units (Table 1.3).

CN D

53 54

TCBD = 49 50

DCNQ = 51 52

Figure 1.5. Chemical structures of BODIPY derivatives 49-54
functionalized with TCBD or DCNQ moieties.
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The electrochemical studies suggest that the TCBD incorporated
BODIPYs 49 and 50 exhibited three reduction potentials at (-0.20, —
0.56 and —0.91V) and (-0.10, —0.47 and —0.79 V), respectively. The first
two one-electron reduction potentials were attributed to the formation of
the mono (TCBDY) and di (TCBD""?") anions of the TCBD moiety and
the last reduction potential was due to the anion formation of the
BODIPY unit. Similarly, the DCNQ incorporated BODIPY's 51 and 52
exhibits two reduction potentials observed at (—0.05 and —0.18 V) and
(-0.05 and —0.11 V), respectively, corresponding to the formation of the
mono (DCNQY") and di (DCNQ 2" anions of the DCNQ moiety, and
another reduction potential which were cathodically shifted and
appeared at —0.78 and —0.70 V, respectively which is due to the
reduction of the BODIPY. On the other hand, the oxidation potentials of
the TCBD/DCNQ incorporated BODIPYs 49-52 were observed at
(1.36, 1.71 V), (1.04, 1.67 V), (1.09, 1.72 V), and (0.99, 1.61 V),
respectively. The first oxidation wave corresponds to the oxidation of
the triphenylamine and phenothiazine entities, while the second
oxidation wave is attributed to the cation formation of the BODIPY unit
(Figure 1.6 and Table 1.3). These findings indicate that while reducing
the TCBD-incorporated BODIPYs 49 and 50 is more challenging
compared to DCNQ-incorporated BODIPYs 51 and 52, it demonstrates
a superior ability to disrupt the electronic characteristics of
phenothiazine, triphenylamine, and BODIPY entities within the

conjugates.
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Figure 1.6. Cyclic voltammograms of BODIPYs 49 and 51, and
differential pulse voltammograms of BODIPYs 50 and 52 in
benzonitrile containing 0.1 M (TBA)CIO4 were recorded at a scan rate
of 100 mVs™.

The  N,N-dimethylanilne  functionalized = donor—acceptor
BODIPYs 53 and 54 showed oxidation potential at 1.51 and 0.99 V, due
to the formation of NND-* on the cathodic region. Four reduction
potentials were observed at (—0.32, -0.43, -0.82, -1.55 V) and (-0.12, —
0.25, -0.52, -1.44 V) respectively, the initial first two reduction
potentials were observed due to the mono and di anion formation of the
TCBD and DCNQ moieties. The last two reduction potentials were
observed due to the formation of the BODIPY mono and di anions.[121]
Each step corresponds to a one-electron transfer. The BODIPY 54 was
easier to reduce in comparison to BODIPY 53 because the DCNQ has
better electron acceptor nature (Table 1.3 and Figure 1.7).

The DFT calculations suggest that the DCNQ-incorporated
BODIPYs lower the HOMO-LUMO gap as compared to TCBD-
incorporated BODIPY's because of the strong accepting capability of the
DCNQ.

DCNQY/--
_\_
TGBDY-- *u s L
A4
3
DMAO/.+

Figure 1.7. Differential pulse voltammograms of N,N-dimethylanilne
functionalized BODIPYs 53 and 54 in DCB containing 0.1 M
(TBA)CIO4 supporting electrolyte at 298 K. *indicates ferrocene

oxidation used as an internal standard.

Table 1.3. Summary of photophysical, electrochemical, and
theoretically obtained data of BODIPY derivatives 49-54.

24



Compounds Amax Eox Ered Eg
(nm)? (V) (V) (eV)©
49 — 1.36,1.71 -0.20, -0.56, -0.91 —
50 — 1.04, 1.67 -0.10,-0.47,-0.79 | 1.97
ol — 1.09,1.72 —-0.05,-0.18, -0.78 —
52 - 0.99,1.61 -0.05,-0.11, -0.70 1.57
53 561 1.51 -0.32,-0.43, - 241
0.82, -1.55
54 689 0.99 -0.12, -0.25, - 1.82
0.52,-1.44

aAbsorbance measured in (benzonitrile, toluene, and DCB) at 1 x 107°
M concentration. Amax: absorption maxima. °Electrochemical analysis
was estimated by DPV in 0.1 M solution of (TBA)CIO4 in benzonitrile
and TBAPFs in DCM at a 100 mVs™ scan rate versus Ag/AgCl
electrode. °Eq = HOMO-LUMO band gap as calculated by DFT at
B3LYP/6-31G (d,p) basis set level.

1.5.4. I1soindigo-based TCBD and DCNQ Derivatives

Isoindigo is used as a strong acceptor to improve in push-pull organic
chromophores due to its versatile acceptor nature. Its photochemical
stability, planar  structure, and potential for  structural
modification.[122—-124] It has been used as an antiproliferative agent in
pharmaceutical applications and applied in the design of small
molecules and polymers that are donor—acceptor (D—A) based.[125,
126] Isoindigo-based materials are promising in organic semiconductors
and photovoltaics due to their high absorption coefficients and good
charge transport properties in the visible spectrum.[127, 128]

In 2020, Misra et al. reported the synthesis of four
triphenylamine (TPA) substituted mono- and di-TCBD and DCNQ-
incorporated isoindigo derivatives, namely 55 (90%), 56 (93%), 57
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(83%), and 58 (87%) via the CA-RE reaction as shown in Figure
1.8.[129]

The mono-TCBD incorporated isoindigo derivative 55 exhibited
two distinct absorption bands in its electronic absorption spectrum, the
band at lower wavelength region i.e. 457 nm corresponds to the n—m*
transition, while the band at higher wavelength region i.e. 594 nm is
associated with the ICT transition. Similarly, the di-TCBD incorporated
isoindigo derivative 56 shows two absorption bands at 475 nm and 554—
710 nm, which are due to the m—=n* transition and the ICT transition,
respectively. Notably, the absorption spectrum of isoindigo derivative
55 with mono-TCBD displays a red shift compared to isoindigo
derivative 56 with di-TCBD. This shift is attributed to the more twisted
backbone structure of isoindigo 56 followed by the incorporation of an
additional TCBD unit. Additionally, the DCNQ-incorporated isoindigo
derivatives 57 and 58 exhibit two distinct electronic absorption bands,
with high-energy bands at approximately 428 nm and 430 nm, and low-
energy bands at 628 nm and 619 nm, respectively, as shown in Table
1.4. The high-energy bands are caused by the m—=n* transition, while the
low-energy bands are due to the ICT transition.

The three reduction potentials were observed in the isoindigo
derivatives 55-58 that are incorporated with mono- and di-TCBD and
DCNQ. The first two reduction potentials in isoindigo derivatives occur
at —0.30 and —0.57 V (for 55), —0.17 and —0.76 V (for 56), —0.15 and —
0.26 V (for 57) and —0.15 and —0.26 V (for 58), corresponding to the
TCBD and DCNQ moieties. The isoindigo derivatives 55-58 undergo
the third reduction at around —0.85 V, -0.87 V, -0.86 V, and -0.89 V,
respectively, attributed to the isoindigo moiety (Table 1.4). The strong
acceptor character of the DCNQ moiety is indicated by its lower
reduction values compared to the TCBD and isoindigo units. The mono-
TCBD and DCNQ substituted isoindigo derivatives 55 and 57 exhibit
two oxidation potentials at 0.97 V and 1.25 V, and 0.92 V and 1.72 V,
respectively, attributed to the TPA moiety. The di-TCBD and DCNQ
incorporated isoindigo derivatives 56 and 58 display a single oxidation
potential ~ 1.25V and 0.99 V, respectively. The photophysical and DFT

26



investigations indicate a red shift in the absorption spectra of mono- and

di-DCNQ functionalized isoindigo derivatives. These derivatives also
exhibit low HOMO-LUMO gap values.

Figure 1.8. Chemical structures of isoindigo derivatives 55-58
functionalized with TCBD or DCNQ moieties.

Table 1.4. Summary of photophysical, electrochemical, and

theoretically obtained data of isoindigo derivatives 55-58.

Compounds | Amax e Eox Ered =
(nm)* | (Mfem™)? | (V)P | (V)P | (eV)°
55 594 23720 0.97 -0.30 181
1.25 -0.57
—0.85
56 475 55620 1.25 -0.17 1.95
-0.76
-0.87
57 628 33720 0.92 -0.15 1.78
1.72 -0.26
—-0.86
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58 619 33240 0.99 -0.15 1.55

—0.26

-0.89

aAbsorbance measured in DCM at 1 x 10 M concentration. Amax:
absorption maxima. e: extinction coefficient. "Electrochemical analysis
was estimated by DPV in 0.1 M solution of tetrabutylammonium
hexafluorophosphate (TBAPFg) in DCM ata 100 mVs ! scan rate versus
saturated calomel electrode. °E; = HOMO-LUMO band gap as
calculated by DFT at B3LYP/6-31G** basis set level for C, H and N.

1.5.5. TCBD and DCNQ Derivatives Based on Truxene

Truxene is a planar heptacyclic aromatic compound that can be regarded
as a cyclotrimer of fluorene.[130] Truxene is a star-shaped molecule,
plays key role in the construction of extended n-conjugated molecular
systems.[131] Truxene has excellent solubility, thermal and chemical
stability, and ease of functionalization making it an essential building
block for the design of m-conjugated derivatives in a variety of
applications, such as OFETs, OPVs, chemical sensors, OLEDs, organic
fluorescent probes, organic solar cells (OSCs), nonlinear optics, liquid
crystals, and bioimaging.[132-136] Jian Pei et al. have invested
significant synthetic effort in developing a range of m-conjugated
truxene-based molecular systems with a star shape that have potential
uses in optoelectronics.[137]

The tri-TCBD/DCNQ incorporated truxene derivatives 59
(71%), 60 (65%), 61 (65%), and 62 (60%), were synthesized by the [2
+ 2] CA-RE reaction (Figure 1.9).[138, 139] The photonic and
electronic characteristics of tri-TCBD/DCNQ incorporated truxenes
with end-capping moieties of triphenylamine (59, 61) and phenothiazine
(60, 62) were investigated. The photophysical properties of the truxene
derivatives 59 and 60 incorporated with TCBD display absorption
maxima at 433 nm and 545 nm, respectively, while the DCNQ-
incorporated truxene derivatives 61 and 62 displayed absorption

maxima at 655 nm and 637 nm, respectively. These lower energy
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regions are caused by ICT transition corresponding to strong D-A
interactions between donors (triphenylamine and phenothiazine) to
acceptors (TCBD and DCNQ) moieties. The DCNQ-incorporated
truxene derivatives 61 and 62 exhibit a red-shifted absorption and low
HOMO-LUMO gap comparison to TCBD-incorporated truxenes 59 and
60. This suggests that truxenes 61 and 62 have strong donor—acceptor
(D—A\) interactions. The electron-deficient TCBD incorporated truxene
derivative 60 exhibits two reduction potentials at —0.80 VV and -1.18 V,
with the oxidation of PTZ anodically shifted by 210 mV to 0.51 V. The
DCNQ-incorporated truxene 62 showed two reduction potentials at —
0.62 and —0.78 V corresponding to DCNQ moiety while the oxidation
of phenothiazine exhibited at 0.39 V. The TCBD/DCNQ incorporated
truxene derivatives 59 and 61 display a one reduction wave at —1.49 and
-1.46 V due to the strong acceptor TCNE and TCNQ moieties. The
oxidation wave at 1.30 and 1.25 V, respectively, attributed to the donor
moiety (Table 1.5). The stronger charge transfer observed in derivatives
61 and 62 compared to 59 and 60 is attributed to the superior electron

acceptor ability of the DCNQ moiety.

TCBD = 59 60

DCNQ = 61 62
Figure 1.9. Chemical structures of truxene derivatives 59-62
functionalized with TCBD or DCNQ moieties.
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Table 1.5. Summary of photophysical, electrochemical, and

theoretically obtained data of truxene derivatives 59-62.

Compounds | Amax el 10° Eox Ered Eq

(nm)* | (Mtem™)2 | (V)P (V)P (eV)

59 433 15 1.30 -1.49 2.34°

60 545 — 0.51 —0.80 1.31°
-1.18

61 655 1.8 1.25 -1.46 1.92°¢

62 637 — 0.39 —0.62 1.01°
-0.78

aAbsorbance measured in DCM (59, 61) and toluene (60, 62) at 1 x 10°°
M concentration. Amax: absorption maxima; ¢ = extinction coefficient.
bElectrochemical analysis was estimated by DPV in 0.1 M solution of
tetrabutylammonium hexafluorophosphate (TBAPFg) in DCM (59, 61)
and benzonitrile (60, 62) at a 100 mVs? scan rate versus Fc/Fc*
electrode. °Eq = HOMO-LUMO band gap as calculated by DFT at
B3LYP/6-31G** basis set level in the gas phase.

1.5.6. Naphthalenediimide-based TCBD and DCNQ Derivatives

Naphthalenediimide (NDI) can function as a subunit that withdraws
electrons in a D-n-A chromophore system. NDIs are known for their
excellent light absorption, high electron mobility, outstanding thermal
stability, and favorable photochemical properties, making them ideal for
various optoelectronic applications.[140-142] As significant electron-
accepting (n-type) semiconductors, NDIs are utilized in OPVs, OTFTs,
OLEDs, and OSCs applications.[143-145]

In 2021, Rao et al. reported the synthesis of symmetrical and
unsymmetrical donor—acceptor based on TPA donor and NDI acceptor

chromophores 63-67. These chromophores were synthesized via a [2 +
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2] CA-RE reaction with the strong electron acceptors TCNE (1,1,2,2-
tetracyanoethylene) and TCNQ (7,7,8,8-tetracyanoquinodimethane),
resulting in yields of 41-81% (Figure 1.10).[146] The TCBD and
DCNQ naphthalenediimide derivatives 63—67 exhibit absorption bands
in the range of 280—400 nm, attributed to the m-n* transition. While in
the longer wavelength regions displayed at 486 nm, 484 nm, 650 nm,
651 nm, and 650 nm, respectively, corresponding to ICT transitions.
(Table 1.6). The two cross-conjugated DCNQ incorporated derivatives
65 (650 nm), 66 (651 nm), and 67 (650 nm) exhibited red-shifted
absorption band when compared to the TCBD functionalized derivatives
63 (486 nm) and 64 (484 nm). These results show that the DCNQ moiety
is a stronger acceptor than the TCBD moiety.

The TCBD and DCNQ naphthalenediimide derivatives 63-67
display multiple redox potentials with onset values of oxidation (Eox)
and (Ereq) shown in Table 1.6. The onset values of the oxidation (Eox) of
naphthalenediimide derivatives 63-67 are at 1.19, 0.91, 0.96, 0.92, and
0.89 V, and the onset values of the reduction (Ereq) are —0.31, —0.24, —
0.26, -0.41, and -0.24 V, respectively. The estimated HOMO/LUMO
energy levels of naphthalenediimide derivatives 63-67 from the
equation (HOMO = —e[Eox + 4.7] eV and LUMO = —e[Ered + 4.7]
eV)[147] are -5.89/-4.39, -5.61/-4.46, —5.66/-4.44, -5.62/-4.29, and —
5.59/-4.46 eV, respectively. The naphthalenediimide derivatives 67
showed a significant LUMO energy level because of the increased
electron-withdrawing ability of the TCBD and DCNQ moieties.
According to electrochemical properties, reducing the LUMO energy
level of chromophores is the most efficient strategy to prevent electron

entrapment by moisture or oxygen.
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67

Figure 1.10. Chemical structures of naphthalenediimide derivatives 63—
67 functionalized with TCBD or DCNQ moieties.

The performance of optoelectronic materials is determined by
the energy gap between the HOMO and LUMO, known as the HOMO-
LUMO energy gap (Eg). Additionally, the distribution of electron
density in the frontier molecular orbitals is influenced by the electron-
donating strength of the various NDI-based chromophores. Figure 1.11
represents the frontier molecular orbitals of 63-67 as calculated using
DFT. The results suggest that the HOMO electron density is mainly
concentrated on the triphenylamine moiety, whereas the LUMO is
dispersed over the NDI component. After introducing the TCNE and
TCNQ electron-accepting groups into the molecular structures transfers
the electron density of the LUMO to these groups and moves away from
the NDI core. The theoretically calculated HOMOs of the NDI
derivatives 63-67 are -5.46 eV, —6.06 eV, -5.44 eV, —6.03 eV, and —
5.96 eV and the corresponding LUMOs are —3.91 eV, —4.30 eV, —4.03
eV, —4.22 eV, and —4.21 eV, respectively. The theoretically calculated
energy gaps (Eg) for 63-67 are 1.55 eV, 1.76 eV, 1.41 eV, 1.81 eV, and
1.75 eV, respectively (Figure 1.11). The LUMO energy levels of the
chromophores are lowered by electron acceptor subunits like TCBD and
DCNQ, which can be used to tune the bandgap.
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Figure 1.11. Frontier molecular orbitals of push-pull 63 to 65
chromophores, calculated at B3LYP/6-31G(d,p)//B3LYP/6-311G(d,p)
and 66 to 67 chromophores, calculated at B3LYP/6-
31G(d,p)//B3LYP/6-311+G(d,p) basis set level.

Table 1.6. Summary of photophysical, electrochemical, and

theoretically obtained data of naphthalenediimide derivatives 63-67.

Compounds | Amax e/ 10* Eox®™t | Ered®™®t | Eg =
(nm)* | (Mfem™)? | (V)P | (V)° | (eV)° | (eV)°
63 486 3.67 1.19 -0.31 | 150 | 1.55
64 484 5.76 0.91 -024 | 115 | 1.76
65 650 3.14 0.96 -026 | 1.22 | 141
66 651 9.81 0.92 -041 | 133 | 181
67 650 2.49 0.89 -0.24 | 113 | 1.75

aAbsorbance measured in DCM at 1 x 10 M concentration. Amax:
absorption maxima; e = extinction coefficient. *Electrochemical analysis
was estimated by CV in 0.1 M solution of tetrabutylammonium
hexafluorophosphate (TBAPFs) in DCM at a 100 mVs ! scan rate versus
Ag/AgCI electrode. °Eqg = HOMO-LUMO band gap as calculated by

33




DFT at B3LYP/6-31G(d,p)//B3LYP/6-311G(d,p) (for 63 to 65) and
B3LYP/6-31G(d,p)//B3LYP/6-311+G(d,p) (for 66 to 67).

1.5.7. Benzothiadiazole-based TCBD and DCNQ Derivatives

Benzothiadiazole is a heterocyclic compound consisting of a benzene
ring fused with a thiadiazole ring. It has an electron-deficient nature and
the ability to enhance charge transport properties.[148-151]
Benzothiadiazole derivatives are used as fluorescent probes,
photoinduced intramolecular charge transfer (ICT), solar cells, materials
science, OLEDs, pharmaceuticals, and nonlinear optics.[152—-155] Lee
et al. developed non-fullerene acceptors for organic solar cells based on
2,1,3-benzothiadiazole (BTD) functionalized with rhodamine, resulting
in 8.19% power conversion efficiency.[156] Yang et al. investigated
2,1,3-benzothiadiazole (BTD) chromophores based on
diketopyrrolopyrrole and isoindigo for use in high-performance
ambipolar semiconducting materials.[157]

The TCBD and DCNQ incorporated benzothiadiazole
derivatives 68—78 were designed and synthesized via [2 + 2] CA-RE
reaction with ethynyl linked donor functionalized benzothiadiazole
derivatives and strong acceptors TCNE and TCNQ resulting in 50-85%
yields (Figure 1.12).[158-160] The TCBD and DCNQ incorporated
benzothiadiazole derivatives 68—78 show absorption bands in shorter
wavelength regions at 275-400 nm range attributed to the m-m*
transition, whereas, in the longer wavelength region the absorption
maxima occur at 455-690 nm range, corresponding to the ICT
transition. The DCNQ-incorporated derivatives show a substantial
bathochromic shift compared to the TCBD-incorporated derivatives
because of the strong D-A interaction of the DCNQ moieties.

The electrochemical studies suggest that the TCBD-incorporated
benzothiadiazole derivatives 68 and 70 show three reversible reduction
potentials in the range of —0.21 V to —1.03 V. The first and second
reduction potentials correspond to the mono- and di-anion formation of
the TCBD moiety and the third reduction potential is attributed to the
benzothiazole unit. The DCNQ-incorporated benzothiadiazole
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derivatives 69 and 71 exhibit three reversible reduction potentials on the
cathodic side in the range of —0.21 V to —0.99 V corresponding to the
DCNQ and benzothiadiazole acceptor moieties. On the anodic side, the
benzothiadiazole derivatives 68—71 showed two oxidation potentials in
the region of 0.92-1.34 V corresponding to the triphenylamine entity.

In case of mono-TCBD and DCNQ incorporated
benzothiadiazole derivatives 72 and 73 exhibit two reversible reduction
potentials at (—0.61, —1.04 V) and (—0.59, —0.72 V), respectively,
attributed to the reduction of TCBD and DCNQ moieties and third
reduction potential observed at —1.92 V and —1.98 V corresponding to
the benzothiadiazole entity. On the anodic side, the benzothiadiazole
derivatives 72 and 73 showed two quasi-reversible oxidation potentials
at (0.62, 0.80 V) and (0.57, 0.72 V), respectively corresponding to the
donor triphenylamine unit. On the other hand, the di-TCBD
incorporated benzothiadiazole derivative 74 exhibits three reduction
potentials at —0.15, —0.30 and —0.96 V. The first two reduction potentials
corresponds to the TCBD moiety and the third reduction potential is
attributed to the benzothiadiazole unit. The di-DCNQ incorporated
benzothiadiazole derivative 75 exhibits multiple reversible reduction
potentials in the region of —0.12 to —1.06 V, due to the DCNQ and
benzothiadiazole acceptor moieties. In the case of benzothiadiazole
derivative 76 which has both TCBD and DCNQ electron acceptors, four
reduction potentials were observed on the cathodic regions at —0.52,
—0.66, —0.85, and —1.32 V corresponding to strong acceptor
TCBD/DCNQ and benzothiadiazole moieties. On the anodic side, the
benzothiadiazole derivative 76 exhibits two oxidation potentials at 0.57
and 0.80 V, due to the TPA unit.

The benzothiadiazole derivatives 77 and 78 functionalized with
TCBD and DCNQ display four reduction potentials on the cathodic side.
The first two reduction potentials occurring between —0.2 V and -0.85
V are attributed to the TCBD and DCNQ moieties. The subsequent two
reduction potentials ranging from —0.95 V to —1.40 V correspond to the
naphthalimide and benzothiadiazole acceptor units. On the anodic side,
the TCBD and DCNQ incorporated benzothiadiazole derivatives 77 and
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78 exhibits one oxidation potential at 1.10 and 0.83 V corresponding to

the donor triphenylamine unit (Table 1.7). A comparison of the first

reduction potentials of benzothiadiazole derivatives 68-78 reveals that
the DCNQ-incorporated derivatives 69, 71, 73, 75, 76, and 78 are more
easily reduced than the TCBD- incorporated derivatives 68, 70, 72, 74,

and 77. This difference can correspond to the stronger electron-

accepting character of the DCNQ

moiety.

The DFT calculations show that the electron density of HOMOs

for benzothiadiazole derivatives 68—78 are mainly delocalized over the
donor triphenylamine (TPA) entity and adjacent to the TCBD/DCNQ
moieties or directly linked to the benzothiadiazole core. Whereas the

LUMOs are mainly concentrated on the electron acceptors such as

benzothiadiazole, TCBD, and

DCNQ moieties. The DCNQ-

incorporated benzothiadiazole derivatives lower the LUMO energy

level, which leads to a low HOMO-LUMO gap and bathochromic shift

in the electronic absorption spectra as compared to TCBD-incorporated

benzothiadiazole derivatives.
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Figure 1.12. Chemical structures of benzothiadiazole derivatives 68—78
functionalized with TCBD or DCNQ moieties.
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Table 1.7.

Summary of photophysical,

electrochemical, and

theoretically obtained data of benzothiadiazole derivatives 68—78.

Compounds |  Amax e/ 104 Eox Ered Eq

(nm)2 | (Mlem™)2 | (V)P (V)P (eV)©

68 518 4.86 097 | —0.36 2.46
1.18 | —0.83
-1.03

69 665 5.11 092 | -0.21 2.31
1.34 | —0.35
-0.99

70 560 3.38 094 | —043 2.40
1.15 | -0.81
~1.02

71 683 5.66 092 | -0.22 2.18
1.07 | -0.36
—0.99

72 — — 062 | —061 | 1.23°
0.80 | -1.04
-1.92

73 - — 057 | —0.59 1.16°
072 | -0.72
~1.98

74 490 6.02 1.04 | —0.15 2.03
—0.30
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—0.96

75 637 5.14 0.91 -0.12 1.86

—0.22

-0.35

—0.45

-1.06

76 - — 0.57 -0.52 1.07°
0.80 -0.66
-0.85

-1.32

77 455 3.7 1.10 -0.45 4.44

—0.84

-1.19

-1.40

78 690 1.3 0.83 -0.29 4.17

-0.74

—0.95

-1.25

aAbsorbance measured in (benzonitrile and DCM) at 1 x 10° M
concentration. Jmax: absorption maxima; e: extinction coefficient.
bElectrochemical analysis was estimated by DPV in 0.1 M solution of
[(TBA)CIOy4 in benzonitrile and TBAPFg in DCM] at a 100 mVs ! scan
rate versus [Fc/Fc* electrode and SCE electrode]. °Eg= HOMO-LUMO
band gap as calculated by DFT at B3LYP/6-31G*// B3LYP/6-31G**

basis set level.

38



1.5.8. Fullerene-based TCBD and DCNQ Derivatives

Fullerene (Ceo) has a strong electron-accepting nature due to its
electron-deficient @ system and good charge-transporting. Fullerenes
and their derivatives have a high electron affinity and low reorganization
energy during electron transfer. They also possess an exceptional
capacity to transport charge, making them suitable electron acceptor
components in organic photosynthetic and photovoltaic systems.
Fullerene-based acceptors with high LUMO levels need to produce a
high voltage in organic photovoltaic systems.[161-164]

In 2014, Yamada et al. reported the TCBD and DCNQ
incorporated diethylamine and octamethylferrocenyl functionalized
fulleropyrrolidine derivatives 79-82 which were synthesized via the
Prato reaction followed by [2 + 2] CA-RE reaction resulting in 96%,
73%, 25%, and 86% yields, respectively (Figure 1.13).[165]

The absorption spectra of fulleropyrrolidine-based derivatives
79-82 are the result of contributions from fullerene (Ceo) and the donor—
acceptor structure. The absorption maxima of the pyrrolidinofullerene-
based derivatives 79-82 show at 475, 707, 401, and 554 nm,
respectively which corresponds to ICT transition. The cyclic
voltammograms of compounds 79-82 displayed a one-electron
reversible oxidation potential at 0.90, 1.00, 1.02, and 1.07 V,
respectively. This oxidation potential corresponds to the N,N-
diethylaniline and octamethylferrocenyl moiety. Additionally, five
distinct and well-separated one-electron reversible reduction potentials
were observed ranging from -0.72 to —2.19 V corresponding to the
TCBD/DCNQ and fullerene acceptor units (Table 1.8). The quantum
yields of fulleropyrrolidine-based derivatives 80, 81, and 82 are
diminished to 4.0 x 107°, 2.0 x 10°°, and 1.0 x 10°°, respectively. This
is in comparison to the reference quantum yield of 6.0 x 10-% when
excited by Ce at a wavelength of 330 nm, with N-
methylfulleropyrrolidine as the reference compound. In contrast, the
quantum yield of 79 remains at 6.0 x 107*, indicating that there is no

reduction in the fluorescence of fullerene. Substituting with N,N-
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diethylaniline may result in a longer lifetime compared to
octamethylferrocenyl due to the greater distance and the characteristics

of the Marcus inverted region.[166]

81 82

Figure 1.13. Chemical structures of fulleropyrrolidine derivatives 79—
82 functionalized with TCBD or DCNQ moieties.

Table 1.8. Summary of photophysical, and electrochemical obtained

data of fullerene derivatives 79-82.

Compounds |  Amax e/ 104 Eox Ered EqoPt
(nm) | (Mlem?)* | (V)P (V)P (eV)?
79 475 2.68 0.90 -0.95 2.61
-1.15
-1.24
-1.55
-2.19
80 707 3.55 1.00 -0.70 1.75
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-0.84

-1.15

-1.52

-2.05

81 401 1.90 1.02 —0.94 3.09

-1.11

-1.34

-1.52

—2.06

82 554 2.0 1.07 -0.72 2.24

—0.82

-1.12

-1.51

—2.05

aAbsorbance measured in CH.Cl, at 6 x 10°® M concentration. Jmax:
absorption maxima. e: extinction coefficient, Eq°": optical bandgap.
bElectrochemical analysis in 0.1 M solution of tetrabutylammonium
hexafluorophosphate (TBAPFs) in DCM at a 100 mVs ! scan rate versus
Fc*/Fc (ferrocenium/ferrocene).

1.5.9. Quinoxaline-based TCBD and DCNQ Derivatives

Quinoxalines are a class of heterocyclic compounds containing a fused
ring system composed of a benzene ring and a pyrazine ring.
Quinoxaline functionalized compounds have significant importance in
organic synthesis, medicinal chemistry, and materials science due to
their diverse biological and pharmacological activities.[167] Burrows et
al. synthesized bipolar materials incorporating quinoxalines as the

electron-transporting unit and arylamine as the hole-transporting
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unit.[168] The photophysical properties of aza-derivatives of 1,2-diaryl-
ethylenes, including quinoxaline, have garnered significant attention
due to the influence of the n-m* states introduced by nitrogen
atoms.[169] The quinoxaline-based D—A systems are found useful in
studying electron transfer and seeking applications for aggregation-
induced emission.[170-173] The quinoxaline derivatives 83 and 84
were synthesized by [2 + 2] CA-RE reaction in good yields (Figure
1.14).[174]

The absorption maximum of quinoxaline derivative 83 is located
at 467 nm, attributed to an ICT transition from donor (D) to acceptor (A)
TCBD moiety. In case of compound 84, two absorption bands were
observed at 463 nm and 658 nm corresponding to the n—n* transition
and ICT transition, respectively (Figure 1.15). The compound 84 shows
a red-shifted absorption by 191 nm compared to compound 83 indicating
the strong electron-accepting character of the DCNQ moiety. The
electrochemical properties of quinoxaline derivatives 83 and 84
functionalized with TCBD and DCNQ were examined using cyclic
voltammetry. Both derivatives display a single oxidation potential at
0.45 V and 0.44 V, respectively, corresponding to the triphenylamine
unit. The quinoxaline derivatives 83 and 84 reveal three reduction
potentials observed at (—0.68, —1.04, and —2.26V) and (—0.32, —0.54,
and —1.96 V), respectively (Table 1.9). The first two reduction potentials
correspond to electron-deficient TCBD and DNCQ moieties and the
third reduction potential is attributed to the quinoxaline unit. In
compounds 83 and 84, the HOMO was mainly localized on the
triphenylamine units that are directly attached to the quinoxaline moiety.
On the other hand, the LUMO was mainly located on the quinoxaline
and TCBD unit in compound 83 and on the quinoxaline and DCNQ unit

in compound 84.
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Figure 1.14. Chemical structures of Quinoxaline derivatives 83 and 84
functionalized with TCBD or DCNQ moieties.

Absorbance

Figure 1.15. Absorption spectra of Quinoxaline derivatives 83 and 84

in benzonitrile.

Table 1.9. Summary of photophysical, electrochemical, and
theoretically obtained data of Quinoxaline derivatives 83 and 84.

Com pOUﬂdS Amax Eox Ered Eqg
(nm)? (V)° (V)P (eVv)©
83 467 0.45 —0.68 2.01
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-1.04
—2.26
84 463 0.44 —0.32 1.60
658 -0.54
-1.96

aAbsorbance measured in benzonitrile at 1 x 107> M concentration. Amax:
absorption maxima. °Electrochemical analysis was estimated by DPV in
0.1 M solution of tetrabutylammonium hexafluorophosphate (TBAPFs)
in DCM at a 100 mVs ™ scan rate versus Fc/Fc* electrode. °Eg= HOMO-
LUMO band gap as calculated by DFT at B3LYP/6-31G™* basis set level

in the gas phase.
1.5.10. 3-Alkynylindole-based TCBD and DCNQ Derivatives

Indole is a bicyclic structure consisting of a five-membered nitrogen-
containing pyrrole ring fused with a six-membered benzene ring.[175,
176] It is widely recognized for its structural characteristics and versatile
properties, making it a promising candidate in various fields such as
organic synthesis, materials science, and pharmaceuticals.[177, 178]
The 3-Alkynylindole is a compound in which an alkynyl group is
attached to the third position of an indole ring. Researchers are interested
in the various electrical and photonic properties that can be achieved by
structurally modifying 3-alkynylindole. It is possible to precisely
modify its electrical structure by changing the substituents and
functional groups, thus enabling the development of specialized
applications in molecular electronics, Sensors, and
optoelectronics.[179-181]

The 3-alkynylindole-based TCBD and DCNQ derivatives 85—
102 were synthesized via the [2 + 2] CA-RE reaction of ethynyl-linked
3-alkynylindole derivatives with strong acceptor TCNE and TCNQ. The
yields of the corresponding 3-alkynylindole derivatives 85-102 are
shown in Figure 1.16.[182] The extensive structural variation seen in

this investigation provides an understanding of the relationship between
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the structure and optical properties of the nonplanar push-pull
chromophores. The chromophores functionalized with TCBD (85-93)
have absorption maxima (Amax) values ranging from 395 to 442 nm, but
the chromophores incorporated with TCNQ (94-102) have Amax values
close to the near-infrared spectrum, between 612 and 658 nm (Table
1.10). The low-energy absorption bands correspond to ICT transitions
between electron-poor cyano-rich acceptor units and electron-rich
indole groups. Compared to those induced by TCNE, chromophores
containing  TCNQ exhibit significantly red-shifted low-energy
absorption bands. These observations align with the calculated energy
band gap values for chromophores 85-102 (Figure 1.17). The calculated
band gap values for TCBD incorporated derivatives 85-93 range from
2.52 t0 2.89 eV, whereas DCNQ incorporated derivatives 94-102 have
lower band gap values ranging from 1.78 to 2.33 eV compared to TCBD
incorporated derivatives 85-93. Notably, derivatives with nitrobenzene-
containing chromophores 89 and 98 exhibit the lowest band gap values.
This can be attributed to the strong electron-accepting properties of
nitrobenzene relative to other substituent groups studied. In all cases, the
electron density distribution in the HOMOs is primarily located on the
donor indole moiety, while the LUMOs are predominantly concentrated
on the electron-deficient cyano-rich regions. Both HOMO and LUMO
depictions reveal small but discernible overlaps, illustrating the electron
transfer from the electron-rich indole to the electron-deficient cyano-
rich core. These findings indicate the potential of indole-containing

push—pull systems for applications in optoelectronics.
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A' = DCNQ = 99 (95%) 100 (80%) 101 (94%) 102 (96%)

Figure 1.16. Chemical structures of 3-alkynylindole derivatives 85-102
functionalized with TCBD or DCNQ moieties.
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Figure 1.17. Energy-level diagram of the HOMOs and LUMOs of
TCBD functionalized 3-alkynylindole derivatives 85—93 and DCNQ
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functionalized 3-alkynylindole derivatives 94—102 estimated by DFT
studies using B3LYP/6-31G* basis set level.

Table 1.10. Summary of photophysical and theoretically obtained data
of 3-alkynylindole derivatives 85-102.

Compounds | Amax e/10% Eromo | ELumo Eq

(nm)2 | (Mem?)2 | (V)P (V)P (eV)°
85 442 3.73 -5.94 -3.18 2.76
86 428 14 —6.07 -3.18 2.89
87 426 1.53 -6.12 -3.31 2.81
88 427 0.85 —6.10 -3.26 2.84
89 407 1.45 -6.19 -3.67 2.52
90 431 1.06 -6.12 -3.52 2.60
91 395 1.72 —6.08 -3.29 2.79
92 434 0.97 —6.07 -3.40 2.67
93 390 3.8 —6.10 -3.31 2.79
94 612 2.84 -5.48 -3.50 1.98
95 610 3.2 -5.51 -3.52 1.99
96 614 1.88 -5.53 -3.61 1.92
97 614 2.32 -5.52 -3.58 1.94
98 635 2.2 -5.60 -3.82 1.78
99 653 1.88 -5.55 -3.71 1.84
100 617 1.95 -5.52 -3.58 1.94
101 658 1.40 -5.59 -3.26 2.33
102 626 2.4 -5.53 -3.60 1.93
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8Absorbance measured in dichloromethane solvent at 25 °C. Amax:
absorption maxima; &: extinction coefficient. "HOMO and LUMO and
energy band gap calculated by DFT calculations using B3LYP/6-31G*
basis set level.

1.5.11. Silafluorene-based TCBD and DCNQ Derivatives

Silafluorene is a derivative of fluorene where a silicon atom replaces one
of the carbon atoms in the five-membered ring because of its high
thermal  stability, fast electron transport, and excellent
photoluminescence.[183, 184] Silafluorene derivatives have numerous
uses as organic functional materials, including OFETs, OPVs, OLEDs,
and molecular wires.[185-187] Moon et al. have developed two new
donor—acceptor (D—A) type polymers utilizing silafluorenes as electron
donors, which exhibit significant solubility and high thermal
stability.[188] Shimizu et al. summarized the progress in utilizing
various substituted silafluorenes as solid-state emitters.[189]

The TCBD and DCNQ incorporated silafluorene derivatives
103-108 were synthesized by the [2 + 2] CA-RE reaction of ethynyl-
bridged silafluorenes with three equivalents of TCNE and TCNQ
(Figure 1.18).[190] The DCNQ-incorporated silafluorene derivatives
106-108 exhibit red-shifted absorption spectra with lower HOMO-
LUMO energy gap in comparison to the TCBD-incorporated
silafluorene derivatives 103-105.

The TCBD-incorporated silafluorene derivatives 103-105
containing amino electron-donating groups display distinct absorption
maxima at 457 nm, 459 nm, and 439 nm, respectively, with shoulder
bands extending to approximately 550 nm. These bands correspond to
the ICT transitions involving the lone pairs electrons of the amino
groups. Conversely, the DCNQ-incorporated silafluorene derivatives
106-108, which also incorporate amino donors, exhibit two distinct
absorption bands at (458 nm, 696 nm), (449 nm, 672 nm), and (450 nm,
676 nm), respectively. These absorption bands indicate strong multi-ICT
transitions and highlight stronger donor—acceptor interactions in

silafluorene derivatives 106-108 (Table 1.11). The silafluorene
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derivative 107 exhibited a slightly red-shifted ICT transition compared
to compounds 106 and 108. This suggests that the N,N-dimethylamino
groups have a greater ability to donate electrons than the triphenylamino
groups. The absorption maxima of silafluorene derivative 107 remains
unchanged compared to compound 108, suggesting that the substituents
on the Si atom do not significantly affect the absorption spectra. Overall,
symmetrical silafluorene derivatives 103—108, characterized by a
D—-A-D'-A-D structural motif, exhibit variable absorption bands
ranging from 300 to 900 nm across the UV-vis and NIR spectral regions.

The electrochemical investigation of silafluorene derivatives
103-108 reveals distinct oxidation potentials ranging from 0.58 to 1.82
V, attributed to the respective terminal N,N-dimethylaniline and
triphenylamine donor moieties. TCBD derivatives 103-105 exhibit
three oxidation potentials at (0.74 V, 1.31 V), (0.75V, 1.31 V), and (0.79
V, 1.33 V), corresponding to the donor silafluorene, NND, and TPA
units, respectively. In contrast, DCNQ derivatives 106-108 display
oxidation potentials at 0.84 V, 1.03 V, and 1.03 V, respectively, which
are 0.47 V, 0.28 V, and 0.30 V lower than their TCNE counterparts.
Both TCBD and DCNQ silafluorene derivatives 103-108 show two
reversible reduction potentials ranging from —0.89 to —0.16 V,
associated with TCNE and TCNQ acceptor units, suggesting two-
electron transfers potentially forming tetraanionic species.[191] The
reduction potentials of 103-108 are exhibited at (—=0.31 V, —0.72 V),
(-0.19V,-0.67 V), (-0.16 V, —0.68 V), (—0.33 V, —0.82 V), (-0.27 V,
—0.85 V), and (-0.25 V, —0.69 V), respectively (Table 1.11).
Comparative analysis of the first reduction potential among the
symmetrical silafluorene derivatives indicates that TCNQ derivatives
106-108 are more readily reduced compared to TCNE derivatives 103—
105. This is attributed to the stronger electron-withdrawing nature of
TCNQ units. The HOMO energy levels predominantly exhibit electron
density localized on the silafluorene or phenyl moieties, whereas the
LUMO energy levels generally show delocalization on the TCBD and
DCNQ acceptor moieties. The TCBD derivatives 103-105 display n—m*

transitions in the shorter wavelength region and ICT transitions in the
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longer wavelength region. Similarly, DCNQ derivatives 106-108
exhibit ICT transitions with lower HOMO-LUMO energy gaps,

consistent with experimental observations.
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Figure 1.18. Chemical structures of TCBD/DCNQ functionalized

Silafluorene derivatives 103-108.

Table 1.11. Summary of photophysical, electrochemical, and

theoretically obtained data of Silafluorene derivatives 103-108.

Compounds | Amax ¢/ 10 Eox Ered Eg

(nm)* | (Mlem?)? | (V)P (V) (ev)

103 457 6.18 0.74 -0.31 2.28
1.31 -0.72

104 459 3.81 0.75 -0.19 2.03
131 -0.67

105 439 5.68 0.79 -0.16 2.01
1.33 —0.68

106 696 6.64 0.84 -0.33 1.88
-0.82

107 672 51 1.03 -0.27 1.75
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-0.85

108 676 4.27 1.03 -0.25 1.75

—0.69

%The absorption maxima estimated from the UV—vis absorption spectra
(1.0 x 10° M in DCM). Amax. absorption maxima; &: extinction
coefficient. PElectrochemical analysis in 0.1 M solution of
tetrabutylammonium hexafluorophosphate (TBAPFg) in DCM at a 100
mVs™! scan rate versus saturated calomel electrode. *Energy band gap
calculated by DFT calculations using B3LYP/6-31G** basis set level.

1.5.12. Tetraphenylethylene-based TCBD and DCNQ Derivatives

Tetraphenylethylene (TPE) has been used as a weak electron donor in
organic frameworks with D—A and D—A-D structures.[192, 193] TPE is
a commonly used AIE fluorophore and has been effectively utilized for
developing various AlE-active stimuli-responsive materials.[194-196]
AlEs are utilized in bioimaging, biological process elucidation,
innovative therapies including photothermal therapy (PTT), cocktail
therapy, photodynamic therapy (PDT), and sonodynamic therapy
enhancement.[197-205] The TCBD and DCNQ functionalized
tetraphenylethylene derivatives 109 and 110 were synthesized using an
excess of tetracyano derivatives (TCNE and TCNQ) via [2 + 2] CA-RE
reaction in 71% and 47% vyields, respectively (Figure 1.19).[206] The
tetraphenylethylene derivatives functionalized with DCNQ and TCBD
were studied for their photophysical and electrochemical properties.
The TCBD functionalized tetraphenylethylene derivative 109
exhibits two absorption bands at 307 nm (e = 4.56 x 10* M~tcm™) and
469 nm (¢ = 1.13 x 10° Mlcm™). The absorption band at lower
wavelength region is due to the m—n* transition, while the absorption
band at higher wavelength region corresponds to the ICT transition due
to the involvement of dicyanovinylic moieties. On the other hand, the
DCNQ-incorporated TPE derivative 110 exhibits three different
absorption bands at 337 nm (e = 1.14 x 10°Mtcm™), 468 nm (¢ = 7.85
x 10* M~lem™) and 688 nm (¢ = 1.55 x 10° Mcm™). The first
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absorption band is due to the m—m* transition, while the second
absorption band corresponds to a less intense CT band because of the
involvement of the dicyanovinylic moieties, and the third band is
attributed to an intense charge transfer band involving the
dicyanoquinoid moieties.

(Ijlezs ?IZHZS

N N

N N

I I
C12H25 C12H25
A = TCBD = 109
A' = DCNQ = 110

Figure 1.19. Chemical structures of tetraphenylethylene derivatives 109
and 110 functionalized with TCBD or DCNQ moieties.

Table 1.12. Summary of photophysical, electrochemical, and
theoretically obtained data of tetraphenylethylene derivatives 109 and
110.

Compounds |  Amax el 10° Eox Ered EqoPt

(nm)* | (MTem™)2 | (V)° | (V) | (eV)?

109 469 1.13 1.31 —0.45 2.30
—0.88

110 688 1.55 0.88 -0.23 1.38
—0.46
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aAbsorbance measured in THF at 6 x 10 M concentration. Amax:
absorption maxima. e: extinction coefficient E4°™: optical bandgap.
bElectrochemical analysis in 0.1 M solution of tetrabutylammonium
hexafluorophosphate (TBAPFg) in DCM ata 100 mVs ! scan rate versus

saturated calomel electrode.

The electrochemical properties of TPE derivatives 109 and 110
incorporated with TCBD and DCNQ were investigated using cyclic
voltammetry (CV) (Figure 1.20). The TPE derivatives 109 and 110
exhibit one oxidation potential at 1.31 and 0.88 V respectively, which
corresponds to the oxidation of the four anilines. The reduction
potentials are significantly affected by the presence of electron-
accepting groups. The TPE derivatives 109 and 110 incorporated TCBD
and DCNQ exhibit two reduction potentials at (-0.45 V, —-0.88 V) and
(-0.23 V, -0.46 V) vs. SCE, respectively (Table 1.12). These potentials
correspond to the mono-anion and di-anion formation of the TCBD and
DCNQ moieties.
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Figure 1.20. Cyclic voltammograms of 109 and 110 in 0.1 M solution
of tetrabutylammonium hexafluorophosphate (BusNPFg) in DCM at 100
mV.s! scan rate versus SCE.

1.5.13. Azulene-based TCBD and DCNQ Derivatives

Azulene is a natural colouring ingredient in cosmetics and skin care
products because of its bright blue colour.[207] It is a common
ingredient in skincare products, particularly those designed for sensitive
or irritated skin due to its soothing and anti-inflammatory properties.
Azulene (CioHs) has attracted the interest of several research groups

because of its unique properties.[208, 209]
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In 2008 and 2009, Shoji et al. reported that the mono- and di-
TCBD/DCNQ incorporated phenyl and thiophene linkage azulene
derivatives 111-118 were designed and synthesized by the [2 + 2] CA—
RE reaction using one and two equivalents of TCNE and TCNQ
acceptor moieties resulted in the 70-90% vyields (Figure 1.21).[80, 210]
The UV-visible spectra of mono- and di-TCBD incorporated azulene
derivatives 111 and 112 (phenyl linkage) exhibited two strong and weak
charge transfer (CT) absorption at 462, 534 nm and 444, 540 nm,
respectively. The charge transfer (CT) absorption wavelength of
compound 112 exhibited a red shift of 6 nm as compare to compound
111, attributable to the extension of the m-conjugation in compound 112.
Additionally, the 115 and 116 (thiophene linkage) exhibit the absorption
maxima at 460 and 434 nm, respectively. The phenyl linkage mono- and
di-TCBD incorporated azulene derivatives 111 and 112 exhibit
bathochromic shifts by around 100 nm in comparison to thiophene-
linked derivatives 115 and 116. The mono-DCNQ incorporated azulene
derivative 113 (phenyl linkage) showed weak and strong absorption
spectra at 393 and 641 nm, respectively, and a significant solvent effect
could be seen when the solvent had been changed from DCM to hexane
and in this case, absorption maxima observed at 598 nm. The mono-
DCNQ incorporated azulene derivative 117 with a thiophene linkage,
exhibited strong absorption maxima at 626 nm and a hypsochromic shift
of 31 nm when measured in hexane. In contrast, the di-DCNQ
incorporated azulene derivative 114 (with a phenyl linkage) showed a
strong charge transfer (CT) absorption maxima at 627 nm. The CT
absorption of 114 exhibited a 14 nm hypsochromic shift compared to
compound 113, which was inconsistent with the expected expansion of
the m-conjugation. Additionally, when the solvent for compound 114
was changed to hexane, the CT absorption maxima showed a
bathochromic shift of 9 nm, with the broad absorption band extending
towards the near-infrared spectrum. The two absorption bands in the di-
DCNQ-incorporated azulene derivative 118 (thiophene linkage) were
seen in all solvents, and a hypsochromic shift could be observed again

when the solvent was changed to hexane.
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The electrochemical analysis of the mono-TCBD incorporated
azulene derivative 111 (with a phenyl linkage) exhibits two reversible
reduction potentials at —-0.61 V and —1.03 V, corresponding to the
formation of anionic and dianionic radical species. In contrast, the di-
TCBD incorporated azulene derivative 112 (with a phenyl linkage)
shows four reversible reduction potentials at —0.45 V, -0.63 V, -1.00 V,
and —1.09 V, indicating the formation of a tetraanionic species. On the
other hand, the mono- and di-DCNQ incorporated azulenes 113 and 114
(phenyl linkage) revealed two reversible reduction potentials at (-0.44,
-0.59 V) and (-0.38, —0.55 V), respectively which are due the formation
of the dianionic and tetraanionic species. Additionally, the mono- and
di-TCBD incorporated azulenes 115 and 116 (thiophene linkage)
exhibited three reversible reduction potentials at (-0.64, —1.03, and —
1.95 V) and (-0.31, —0.54, and —1.10 V), respectively attributed to the
formation of trianionic and tetraanionic species. The mono-DCNQ
incorporated azulene derivative 117 (thiophene linkage) also revealed
two reversible reduction waves at —-0.44 V and -0.58 V which
corresponds to the dianionic formation. The di-DCNQ incorporated
azulene derivatives 118 (thiophene linkage) showed four reversible
reduction waves observed at -0.31 V, -0.43 V, -0.61 V, and -1.94 V,
corresponding to two-electron transfer in one step and the formation of

pentaanionic species (Table 1.13).

MeO,C MeO,C I . .I | iCOzMe
A = TCBD = 111 112
A' = DCNQ = 113 114
MeO,C MeO,C CO,Me
@B @Y
\ / \ /
A = TCBD = 115 116
A' = DCNQ = 117 18
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Figure 1.21. Chemical structures of azulene derivatives 111-118
functionalized with TCBD or DCNQ moieties.

Table 1.13. Summary of photophysical and electrochemical obtained

data of azulene derivatives 111-118.

Compounds Amax e/10% Ered
(nm)* | (Mem™)? (V)P
111 534 3.88 -0.61,-1.03
112 540 4.10 -0.46,-0.64,-1.01, -1.11
113 641 4.42 —0.43,-0.59
114 627 4.70 —0.38, -0.55
115 460 4.18 -0.64,-1.03,-1.95
116 434 4.67 -0.31,-0.54,-1.10
117 626 4.47 —0.44, -0.58
118 590 4.69 -0.31,-0.43,-0.61,-1.90

8Absorbance measured in DCM. Jmax: absorption maxima; ¢: extinction
coefficient. P°Electrochemical analysis in 0.1 M solution of
tetraethylammonium perchlorate EtsNCIO4 in benzonitrile at a 100

mVs ! scan rate versus Fc/Fc*.
1.5.14. Imidazole-based TCBD and DCNQ Derivatives

Imidazole is a heterocyclic aromatic organic compound characterized by
a five-membered ring with three carbon atoms and two nitrogen atoms,
exhibiting an amphoteric nature.[211, 212] Imidazole and its derivatives
exhibit various biological activities and are present in numerous natural
compounds. It finds extensive usage in organic synthesis, chemosensors,
pharmaceuticals, and acts as a coordinating ligand in coordination
chemistry. Its aromatic character of imidazole makes it an essential
building block in medicinal chemistry and facilitates drug design.[213—
215]
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In 2023, Guragain et al. reported the TCBD and DCNQ
incorporated triphenylamine substituted imidazole derivatives 119 and
120 which were synthesized by [2 + 2] CA-RE reaction of ethyne-linked
triphenylamine functionalized imidazole with TCNE and TCNQ as a
strong acceptor, resulted in 88% and 80% yield, respectively (Figure
1.22).[216] The absorption spectra of the triphenylamine functionalized
imidazole derivatives 119 and 120 incorporated with TCBD and DCNQ
exhibited the absorption maxima at 495 nm and 668 nm, respectively
attributed to ICT transitions. The absorption spectra of the DCNQ-
incorporated imidazole derivatives 120 exhibits a red-shift in
comparison to the TCBD-incorporated imidazole derivative 119
because the molecular structure of 120 is more twisted backbones after

the DCNQ moiety is incorporated.

119 120

Figure 1.22. Chemical structures of imidazole derivatives 119 and 120
functionalized with TCBD or DCNQ moieties.

The DPVs of compounds 119 and 120 were conducted in DCB
using 0.1 M (TBA)CIO4 as shown in Figure 1.23. At the anodic potential
one reversible oxidation wave was observed for 119 and 120 at 0.65 and
0.52 V which corresponds to donor triphenylamine moiety. Similarly, at
the cathodic potential the three reversible reduction waves were
observed for 119 and 120 at (-0.88, —1.28 and —1.95 V) and (-0.34, —
0.68 and —0.96 V), respectively, corresponding to the acceptor TCBD,
DCNQ, and imidazole moieties (Table 1.14). The photophysical and
electrochemical studies demonstrated that the DCNQ-incorporated
triphenylamine functionalized imidazole derivatives 120 exhibited red-
shifted absorption by approximately 170 nm along with lower HOMO-
LUMO gap values.
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Figure 1.23. Differential pulse voltammograms of TCBD/DCNQ
functionalized imidazole derivatives 119 and 120 in DCB containing 0.1
M (TBA)CIOs. The peak denoted by “*’ is due to ferrocene oxidation

used as an internal standard.

Table 1.14. Summary of photophysical and electrochemical obtained
data of imidazole derivatives 119 and 120.

Compounds | Amax e/ 10 Eox Ered =
(nm)* | (Mtem™)* | (V)° (V) (eVv)°
119 495 4.19 0.65 —-0.88 1.53
-1.28
-1.95
120 668 4.00 0.52 -0.34 0.86
—0.68
-0.96

8Absorbance measured in DCB. Jmax: absorption maxima. ¢: extinction
coefficient. P°Electrochemical analysis in 0.1 M solution of
tetrabutylammonium perchlorate (TBA)CIO4 in DCB at a 100 mVs™*

scan rate versus Fc/Fc*.
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1.5.15. Naphthalimide-based TCBD and DCNQ Derivatives

The 1,8-naphthalimide moiety is a versatile fluorescent compound that
exhibits high electron affinity and acts as an acceptor unit with high
charge carrier mobility.[217] The photonic and electronic properties of
the donor—acceptor (D—A) naphthalimide derivatives can be influenced
at the C—4 or C-5 positions.[218] The chemistry of 1,8-Naphthalimide
derivatives has attracted significant attention from researchers in various
fields, including fluorescent dyes, laser dyes, pH sensors, metal sensors,
bioimaging, optoelectronic materials, etc.[219-224]

In 2017, Gautam et al. reported the TCBD and DCNQ
functionalized Naphthalimide derivatives 121 and 122, synthesized by
the [2 + 2] CA-RE reaction of ethynyl linked triphenylamine substituted
naphthalimide with strong acceptors TCNE and TCNQ in 65% and 60%
yields, respectively (Figure 1.24).[225] The naphthalimide derivatives
121 and 122 incorporated with TCBD and DCNQ show significant
absorption in the visible spectrum. This is indicated by a high-energy
band observed between 330 and 414 nm, which corresponds with the 7t-
n* transition. Furthermore, an ICT transition has been observed at

wavelengths greater than 450 nm in the near-infrared (NIR) region.

121 122

Figure 1.24. Chemical structures of functionalized naphthalimide
derivatives 121 and 122 functionalized with TCBD or DCNQ moieties.

The naphthalimides 121 and 122 show multiple redox potentials
corresponding to the naphthalimide, TCBD, and DCNQ acceptors
moieties, and the oxidation of the donor TPA moiety. The
naphthalimides 121 and 122 exhibit one oxidation at 1.14 and 0.98 V,

respectively, corresponding to the triphenylamine moiety. Meanwhile,
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they exhibit three reduction potentials at (—0.32, -0.76, and —1.01 V) and
(-0.10, -0.29, and —1.10 V), respectively (Figure 1.25 and Table 1.15).
The first two correspond to TCBD and DCNQ moieties, while the last

corresponds to the acceptor naphthalimide unit.

—

— 122

Current (pA)

T T

-1.5 -1.0 ~0[.5 010 0.5 1.0 1.5
Potential (V) vs SCE
Figure 1.25. Cyclic voltammogram of 121 and 122 at 0.01 M
concentration in 0.1 M BusNPFs in chloroform recorded at a scan rate
of 100 mV s L.

The density functional theory (DFT) was employed for
investigating the naphthalimide derivatives 121 and 122 at the
B3LYP/6-31G** basis set level. The electron density of the HOMOs for
compounds 121 and 122 are mainly localized over the triphenylamine
donor moiety. On the other hand, the LUMOSs are mainly delocalized on
the acceptor TCBD, DCNQ, and 1,8-naphthalimide moieties (Figure
1.26). The compound 122 exhibits a red shift in absorption and lower
the HOMO-LUMO gap as compared to the compound 121 due to the
strong electron accepting character of DCNQ moiety. The TCBD and
DCNQ-incorporated naphthalimides exhibit broad absorption spectra,
multiple reduction potentials, and low HOMO-LUMO gap values,

which make them promising candidates for organic photovoltaics.
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Figure 1.26. The correlation diagram of the HOMO and LUMO frontier

molecular orbitals and energies of 121 and 122 are calculated by DFT

calculations at the B3LYP/6 31G** bhasis set level.

Table 1.15. Summary of photophysical and electrochemically obtained

data of naphthalimide derivatives 121 and 122.

Compounds |  Amax e/10% Eox Ered Eq
(nm)* | (Mlem?)? | (V)P (V)P (eVv)P
121 451 3.46 1.14 -0.32 1.44
-0.76
-1.01
122 722 1.86 0.98 -0.10 1.30
-0.29
-1.10

aAbsorbance measured in chloroform at 1 x 10~° M concentration: Amax:

absorption maxima; e: extinction coefficient. °Eox and Ereq are oxidation

and reduction potentials. Eq is the electrochemical band gap calculated

by using the onset values of the oxidation and reduction potential.
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1.5.16. Ferrocene-based TCBD and DCNQ Derivatives

Ferrocene is an excellent electron donor and has a sandwich-like
structure. Ferrocene and its derivatives exhibit high thermal and
photochemical stability, essential for the development of materials used
in nonlinear optics (NLOs), superconductors, semiconductors, OFETS,
OSCs, redox catalysts, sensing, organic synthesis, and biochemistry.
[226-229]

In 2024, Popli et al. reported the N,N-dimethylaniline
functionalized mono- and di-TCBD/DCNQ incorporated ferrocene
derivatives 123-126 synthesized by using 1 and 2 equivalents of TCNE
and TCNQ via [2 + 2] CA-RE reaction in 33%, 80%, 56% and 95%
yields, respectively (Figure 1.27).[230] The mono- and di-TCBD
incorporated ferrocenes 123 and 124 show two absorption bands at (313
and 467 nm), and (360 and 467 nm), respectively. On the other hand,
the mono- and di-DCNQ incorporated ferrocenes 125 and 126 exhibits
two absorption bands at (323 and 651 nm) and (334 and 647 nm),
respectively. The absorption band at longer wavelengths is attributed to
intramolecular charge transfer (ICT), while the absorption band at
shorter wavelengths is corresponds to the n—n * transition. The ICT band
of DCNQ-incorporated ferrocenes 125 and 126 has a stronger and
broader absorption band. It shows a redshift absorption of around 185
nm when compared to TCBD-incorporated ferrocene 123 and 124
because of the presence of the acceptor DCNQ moiety. Ferrocene 126
shows a blue-shifted band compared to 125, presumably due to the
twisted backbone in the molecular structure after the incorporation of an
additional DCNQ moiety.

The mono- and di-TCBD/DCNQ incorporated ferrocenes 123—
126 exhibit two oxidation potentials at (0.82, 1.17 V), (0.82, 1.30 V)
(0.15, 0.93 V) and (0.38, 0.80 V), respectively. The first oxidation
potential corresponds to donor ferrocene and the second one is attributed
to N,N-dimethylaniline unit. The mono- and di-TCBD incorporated
ferrocenes 123 and 124 show two reduction potentials at —0.64, —0.87 V
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and -0.53, -0.69 V, respectively, attributed to the TCBD moieties.
Additionally, mono- and di-TCBD incorporated ferrocenes 125 and 126
showed two reduction waves at —0.37, -0.62 V and -0.26, -0.37 V,
respectively, indicating the reduction of the DCNQ moieties (Table
1.16). The N,N-dimethylaniline functionalized mono- and di-TCBD and
DCNQ incorporated ferrocene derivatives 123-126 exhibit high thermal
stability with decomposition temperatures ranging from 373 to 513 °C
(Table 1). The order of the thermal stability is as follows 125 > 123 >
126 > 124. According to the results, the mono and di-DCNQ
incorporated ferrocene derivatives (125 and 126) are more stable than
the mono- and di-TCBD incorporated ferrocene derivatives (123 and
124), respectively. The DFT calculations show that in the mono- and di-
TCBD/DCNQ incorporated ferrocene derivatives 123-126 the electron
density of the HOMO is mainly localized over the donor moieties N,N-

dimethylaniline and ferrocene, whereas the LUMO orbitals are mainly

concentrated on the acceptors TCBD and DCNQ moieties (Figure 1.28).

Figure 1.27. Chemical structures of ferrocene derivatives 123-126
functionalized with TCBD or DCNQ moieties.
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Figure 1.28. The frontier molecular orbitals of ferrocene derivatives
123-126 are calculated by DFT calculations at the (B3LYP/ 6-31G**
for C, H, N and Lanl2DZ for Fe) basis set level.

Table 1.16. Summary of photophysical, electrochemical, and
theoretically obtained data of ferrocene derivatives 123-126.

Compounds | Amax e/ 10 Eox Ered Eqg Td

(nm)* | (Mfem™)2 | (V)° | (V)° |(eV)°*| (°C)

123 467 4.45 0.82 | -0.64 | 240 | 455
1.17 | -0.87

124 467 5.49 0.82 | -053 | 262 | 373
1.30 | -0.69

125 651 1.38 0.15 | -0.37 | 1.65 | 513
0.93 | -0.62

126 647 6.14 0.38 | -0.26 | 141 | 383
0.80 | -0.37

aAbsorbance measured in DCM at 1 x 10> M concentration: Amax:

absorption maxima; e: extinction coefficient. °Electrochemical analysis
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was estimated by DPV in 0.1 M solution of tetrabutylammonium
hexafluorophosphate (TBAPFg) in DCM at a 100 mVs ™! scan rate versus
Ag/AgCI electrode. “Eg = HOMO-LUMO band gap as calculated by
DFT at B3LYP/6-31G** for C, H, N, and Lanl2DZ for Fe basis set level

of theory. Tq: Decomposition temperature at 10% weight loss.

1.6. Applications of TCBD and DCNQ Bridged Molecular

Framework

The TCBD and DCNQ-based donor—acceptor (D—A) molecular
framework have been investigated for a variety of applications. Here,

we discuss some of the key applications:
1.6.1. Solar Cells

The solar cell utilizes organic materials, primarily carbon-based
molecules or polymers to transform sunlight into electricity.[231, 232]
Compared to traditional silicon-based solar cells, organic solar cells
(OSCs) manifest several advantages, including flexibility, lightweight
properties, and the potential for lower manufacturing costs, which
makes OSCs particularly promising for a variety of applications.[233—
237]

1.6.1.1. Bulk Heterojunction Organic Solar Cells (BHJOSCs)

Organic solar cells (OSCs) have been investigated as a renewable energy
source due to their ability to convert sunlight into the electricity at a low
cost.[238, 239] Significant improvements in the performance of OSCs
have been achieved with bulk heterojunction (BHJ) architectures, which
incorporate a conjugated polymer as the electron donor and a fullerene
as the electron acceptor.[240, 241] The TCBD and DCNQ
functionalized derivatives 121 and 122 were used for bulk
heterojunction organic solar cells (Figure 1.24)[225] To demonstrate the
potential applications of compounds 121 and 122 as acceptors in the
polymer solar cells, they were combined with the donor—acceptor (D—
A) copolymer P. Subsequently, bulk heterojunction polymer solar cells

(BHJ-PSCs) were fabricated with the following device structure:
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ITO/PEDOT:PSS/P:121 or 122/PFN/AI.[242]. The copolymer P has a
D-A structure, with dibromide 2-hexyl-4,7-dibromo-5-fluorobenzo-
1,2,3-triazole as the acceptor unit and 4,4'-bis(2-ethylhexyl)-5,5'-
bis(trimethyltin)-dithieno[3,2-b:2’,3"-d]silole as the donor unit. The
copolymer P shows a strong absorption band with maximum absorption
at 578 nm in thin films. The absorption profile of copolymer P
complements that of 121 and 122, making it suitable for enhancing light
harvesting efficiency when blended with 121 and 122 as acceptors. The
absorption spectra of the BHJ active layer cast from chloroform are
displayed in Figure 1.29. The impact of various D/A weight ratios and
the additive's concentration were examined to optimize device
performance. Figure 1.30 displays the optimized PSC's current-voltage
characteristic. Table 1.17 provides a summary of the relevant data. The
devices based on P:121 (1:1) and P:122 exhibited overall power
conversion efficiencies (PCEs) of 2.34% (Jsc = 6.14 mA cm2, Vo =
1.06 V and FF = 0.36) and 3.14% (Jsc = 8.02 mA cm, Vo = 0.98 V and
FF = 0.40), respectively, without the use of an additive. The device's
performance improved significantly to 4.94% (Jsc = 9.15 mA cm™2, Vo
=1.02 V and FF = 0.54) for device 121 and 6.11% (Jsc = 11.25 mA cm~
2, Voc = 0.92 V and FF = 0.59) for device 122 after a 3% DIO additive

was added.
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Figure 1.29. Normalized absorption spectra of thin films of P:121 and

P:122 cast from chloroform.
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Figure 1.30. Current-voltage (J-V) characteristics of devices with P:121

and P:122 illumination spectra.

Table 1.17. Photovoltaic parameters of the organic solar cells based on
P:121 and P:122.

Active layer Jsc Voc FF PCE
(MA cm™) V) (%)
P:121 (as cast) 6.14 1.06 0.36 | 2.34(2.23)
P:122 (as cast) 8.02 0.98 040 | 3.14(3.06)*
P:121 (SA) 9.15 1.02 0.54 | 4.94(4.86)
P:122 (SA) 11.26 0.92 0.59 | 6.11(6.07)

®Average of eight devices.
1.6.1.2. Dye-sensitized solar cells (DSSCs)

Dye-sensitized solar cells (DSSCs) have garnered significant attention
of the scientific community due to its potential as a promising renewable
energy source, offering high power conversion efficiency and low
production costs.[243, 244] The TCBD and DCNQ functionalized
derivatives 127-130 were used as a photosensitizer for DSSCs (Figure
1.31).[245]
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The DSSC devices were fabricated using FTO conducting glass
substrates, which were screen-printed with a 15 um transparent layer of
20 nm titania particles and a 10 um scattering layer of 400 nm titania
particles. The chemically adsorbed derivatives 127-130 on TiO>
produced J-V curves in DSSCs (Figure 1.32, Table 1.18). The TCBD-
incorporated triphenylamine derivative 129 achieved a Jsc of 0.65 mA
cm~2, which is higher than the 0.12 mA cm? of the TCBD-
functionalized dimethylaniline derivative 127. Similarly, the DCNQ-
incorporated triphenylamine derivative 130 showed a Jsc of 1.71 mA cm™
2. compared to 1.41 mA cm™? for the DCNQ-functionalized
dimethylaniline derivative 128, indicating the effectiveness of
triphenylamine as a donor unit. DCNQ-incorporated derivatives also
exhibited higher Vo values than TCBD counterparts, attributed to their
energy levels and larger molecular sizes. The device sensitized by
DCNQ-incorporated derivative 128 had twice the Voc of the TCBD-
functionalized derivative 127. The highest PCE of 0.25% was achieved
with the DCNQ-incorporated triphenylamine derivative 130.

129 130

Figure 1.31. Chemical structures of TCBD and DCNQ functionalized
derivatives 127-130 for dye-sensitized solar cells.
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Figure 1.32. Photocurrent density—photovoltage (J-V) curves of DSSCs

based on 127-130.

Table 1.18. Summary of DSSC performances?.
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Voltage (V)

Compounds Jsc Voc FF PCE
(MA cm?) V) (%)
127 0.12 0.12 0.42 0.0058
128 141 0.24 0.61 0.20
129 0.65 0.19 0.52 0.063
130 1.71 0.24 0.61 0.25

30.25 cm? TiO; electrode composed of a transparent layer (15 um) and
scattering layer (10 pum) in CH3CN containing 2 M Lil and 0.025 M ..

1.6.2. Photoacoustic Imaging (PAI)

Photoacoustic imaging is a hybrid technique that combines the high
contrast of optical imaging with the high spatial resolution of ultrasound
imaging, enabling detailed visualization of biological tissues.
Photoacoustic imaging a non-invasive real-time technique benefits from
materials absorbing light in the near-infrared (NIR) region. NIR-
absorbing low molecular weight organic dyes are promising as PA
contrast agents due to their good biodegradability and lower potential
toxicity compared to inorganic agents.[248-251] In 2022, Misra et al.
reported DCNQ-incorporated derivatives 131 and 132 for photoacoustic

imaging (Figure 1.33).[252] These derivatives exhibited NIR absorption
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and were evaluated for their photoacoustic applications. The
photoacoustic spectra of 131 and 132 were measured in DMF using tube
phantoms, with ICG as a reference, using a Vevo LAZR 2100 device
across 680-970 nm. Both dyes produced detectable PA signals at 5
nmol/mL, with peaks around 695-700 nm, and had a detection limit of
2 nmol/mL. The PA spectra closely matched their absorption spectra
(Figure 1.34), suitable for spectral unmixing. In aqueous solutions with
cremophor EL,[253] both dyes were detectable at 12.5 uM, showing a
slight 10 nm red-shift in PA maxima compared to DMF solutions,

indicating J-aggregation.

Figure 1.33. Chemical structures of the DCNQ functionalized

derivatives 131 and 132 for photoacoustic imaging.
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Figure 1.34. Overlay of UV-vis spectra (in DCM) and photoacoustic
(PA) spectra (in DMF) of DCNQ-functionalized derivatives 131 and
132 at 10 uM (*background signal from the tube).

In 2019, Zhao et al. reported the application of DCNQ-
incorporated derivatives 133 and 134 for photoacoustic imaging (Figure
1.35).[254] Figure 1.36a shows that all the NIR-absorbing derivatives
exhibited a good photoacoustic effect. The molar extinction coefficients
(e) of fullerene derivatives 133 and 134 were measured to understand
their photoacoustic intensities. According to the photothermal
mechanism equation for the photoacoustic effect:

q < I'enF 1)

where I is the Gruneisen parameter, # is the thermal conversion
efficiency, ¢ is the optical absorption coefficient, and F is the local
optical fluence.[255] The thermal conversion efficiencies () were
calculated from the cooling curves in Figure 1.36b. Despite DCNQ-
functionalized derivatives 133 and 134 showing optical absorption
coefficients of 1.1 x 10% and 2.5 x 10* L mol™' cm™, respectively, their
thermal conversion efficiencies (1) did not match the photoacoustic
intensities. The DCNQ incorporated derivative 133 had the highest
thermal conversion efficiency (52.3%) compared to 134 (43.8%).
However, the photoacoustic intensity of 134 with a phenyl group was
higher than that of 133 with a thienyl group (Table 1.19).

133 134

Figure 1.35. Chemical structures of the DCNQ functionalized

derivatives 133 and 134 for photoacoustic imaging.
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Figure 1.36. (a) PA intensities of the DCNQ functionalized derivatives
133 and 134 in THF (3 x 10°° M); (b) Heating and cooling curves of

DCNQ functionalized derivatives 133 and 134 as a function of time.

Table 1.19. Summary of PA intensity, €, AT, ts, and 1 of the DCNQ

functionalized derivatives 133 and 134.

Compounds PA € AT Ts n
(109 (10*L/mol/cm) C) %)
133 8.0 1.1 4.7 4.6 52.3
134 12.4 2.5 3.1 4.6 43.8

1.7. Current Work

The m-conjugated donor—acceptor molecular systems with a low
HOMO-LUMO band gap are an interesting class of materials owing to
their wide application in the field of optoelectronics. A large variety of
electron donors (phenothiazine, thiophene, triphenylamine, carbazole,
and N,4-dimethylbenzenesulfonamide) and strong acceptors (TCNE,
TCNQ, and fulleropyrrolidine) have been incorporated into the donor—
acceptor chromophores to enhance the optical characteristics and
HOMO-LUMO band gap. The photophysical, electrochemical, thermal,
and computational studies of the TCBD and DCNQ functionalized

donor—acceptor chromophores were investigated.
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The main objectives of the current work are as follows:

1.

To design and synthesize the TCBD and DCNQ functionalized
donor—acceptor phenothiazine chromophores for optoelectronic

applications.

To synthesize symmetrical and unsymmetrical TCBD and
DCNQ  functionalized  donor-acceptor  phenothiazine
chromophores by varying the donor/acceptor units in a

systematic way.

To investigate the effect of the cyano-based strong acceptors
TCBD and DCNQ incorporated phenothiazine chromophores on
their photophysical, electrochemical, thermal properties and the
energy gap between HOMO and LUMO energy levels.

To fine-tune the HOMO-LUMO gap by altering the
donor/acceptor strength or n-linker on the TCBD and DCNQ
functionalized phenothiazine based donor—acceptor

chromophores.

To understand the distribution of electron density in the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), the nature of absorption transitions,
and the HOMO-LUMO energy gap via density functional theory
(DFT) and time-dependent density functional theory (TD-DFT)

calculations.

1.8. Organization of thesis

Chapter 1 describes the general introduction of the donor—acceptor

system, followed by the design, synthesis, and functionalization of the

TCBD and DCNQ moieties as well as their application in different

fields.

Chapter 2 summarizes the instrumentation and general methods used in

the present study.
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Chapter 3 describes the design and synthesis of the NIR absorbing
1,1,4,4-tetracyanobuta-1,3-diene (TCBD) and dicyanoquinodimethane
(DCNQ) functionalized phenothiazine based donor—acceptor
chromophores. The photophysical, electrochemical, thermal, and
theoretical studies were investigated to analyze the effect of strong

acceptors TCBD and DCNQ in the donor—acceptor chromophores.

Chapter 4 describes the design and synthesis of the Near-IR capturing
N,4-dimethyl-benzenesulfonamide phenothiazine-based TCBD and
DCNQ incorporated donor—acceptor chromophores and investigated
their photophysical, electrochemical, and computational studies.

Chapter 5 describes the synthesis and characterization of NIR
absorbing TCBD and DCNQ functionalized symmetrical and
unsymmetrical N-methyl-p-toluenesulfonamide-phenothiazine based
donor—acceptor chromophores. The photophysical, electrochemical,
thermal, and computational studies were studied to understand the effect
of strong acceptors TCBD and DCNQ moieties in the donor—acceptor
chromophores.

Chapter 6 describes the synthesis and characterization of NIR
absorbing triphenylamine substituted TCBD and DCNQ incorporated
phenothiazine and  fulleropyrrolidine  based  donor—acceptor
chromophores, exploring their photophysical, electrochemical, and

computational studies.

Chapter 7 describes the design and synthesis of TCBD and DCNQ
functionalized phenothiazine and fulleropyrrolidine based donor—
acceptor chromophores, exploring their photophysical, electrochemical,

and computational studies.

Chapter 8 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 addresses about the instrumentation, materials,
computational calculations, and spectroscopic techniques utilized in the
characterization of synthesized molecules.

2.2. Chemicals for synthesis

The common solvents used for syntheses were purified according to
well-known procedures.!* 10H-phenothiazine, 9H-carbazole, n-propyl
iodide, sodium hydroxide, potassium hydroxide, anhydrous sodium
sulphate, glacial acetic acid, bromine, hydrogen peroxide,
bis(pinacolato)diboron, potassium acetate,  ferrocene, N-
Bromosuccinimide, hydrochloric acid, triphenylamine, carbon
tetrabromide, and triphenylphosphine were obtained from S. D. Fine

chem. Ltd. and Spectrochem India. Copper iodide (Cul), cesium

carbonate, Bis(triphenylphosphine)palladium(Il) dichloride
(PdCI2(PPhs)2), [1,1-
Bis(diphenylphosphino)ferrocene]dichloropalladium(ll) (Pd(dppf)CI),
tetrakis(triphenylphosphine)palladium(0) (Pd(PPhz)a),

tetrabutylammonium hexafluorophosphate (TBAPFs), 4-ethynyl-N,N-
dimethylaniline and N-methylglycine (sarcosine) were purchased from
Aldrich ~ chemicals USA and Spectrochem India. 1,2-
Dimethylethylenediamine (DMEDA), N,4-
dimethylbenzenesulfonamide, 1,1,2,2-tetracyanoethylene (TCNE) and
7,7,8,8-tetracyanoquinodimethane (TCNQ) was obtained from TCI
chemicals. Fullerene (Cso) was obtained from Aldrich chemicals USA
and SES research USA.

Dry solvents dichloromethane (DCM), 1,2-dichloroethane
(DCE), chloroform (CHCIz), N,N-dimethylformamide (DMF),
triethylamine (TEA), tetrahydrofuran (THF), acetone, toluene, 1,4-
dioxane, acetonitrile, isopropanol, ethanol, and methanol were obtained
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from S. D. Fine chem. Ltd, Advent Chembio Pvt. Ltd. and Spectrochem
India. All moisture sensitive reactions were performed under
nitrogen/argon atmosphere using standard schlenk method. The N-
Bromosuccinimide was recrystallized from hot water before use. The
solvents and reagents were used as received unless otherwise indicated.
Photophysical and electrochemical studies were performed using
spectroscopic grade solvents. Silica gel (100200 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.
2.3. Spectroscopic Measurements
2.3.1. NMR Spectroscopy

'H NMR (400 MHz and 500 MHz), and *3C NMR (100 MHz and 125
MHz) spectra were recorded on the Bruker Avance (I11) 400 MHz and
Model AVNACE NEO500 Ascend Bruker 500 MHz FT-NMR
spectrometer, using CDCIs as solvent. Chemical shifts in *H, and *C
NMR spectra were reported in parts per million (ppm). In *H NMR
chemical shifts are reported relative to the residual solvent peak (CDCls,
7.26 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 PerkinElmer LAMBDA 35 UV/Vis spectrophotometer.

114



2.4. Electrochemical Studies

The cyclic voltammograms (CVs) and differential pulse
voltammograms (DPVs) were recorded on PalmSens 4 electrochemical
analyzer using Glassy carbon as working electrode and Pt wire as the
counter electrode, Ag/AgCI electrode as the reference electrode. The
scan rate was 100 mVs!. A solution of 0.1 M tetrabutylammonium
hexafluorophosphate (BusNPFs) in dichloromethane (CH2Cl2) was used
as the supporting electrolyte. The CV and DPV plotting convention is
the IUPAC convention. The polishing material is a commercially
available polishing pad and alumina(Al203).

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 performed at the
B3LYP/6-31G (d,p) level for C, H, N, O, and S in the Gaussian 09W

program.f?l
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Chapter 3
Synthesis and Characterization of NIR Absorbing TCBD

and DCNQ Incorporated Donor-Acceptor Phenothiazines

3.1. Introduction

The m-conjugated small molecules which contain S and N-atom based
heterocyclic units such as thiazoles, benzothiazoles, benzothiadiazole,
carbazole, thiophene, and phenothiazines are of wide interest due to their
potential applications in the field of organic light emitting diodes
(OLEDS), non-linear optics (NLO), organic photovoltaics (OPVs) and
organic field-effect transistors (OFETSs).[1-4] Phenothiazine is a
heterocyclic compound which has a non-planar geometry and exhibits
excellent photo and thermal stability.[5-7] The 10H-phenothiazine is a
colorless crystalline solid with an absorption maxima at 316 nm in
dichloromethane. Phenothiazine can be easily functionalized by
electrophilic substitution reactions at the -3 and -7 positions and
nucleophilic substitution reactions at the N-position.[8-10] The high
electron density and good electron donor ability of phenothiazine make
it a suitable candidate to be used in various applications such as chemical
sensors, photovoltaic devices, and light-emitting diodes (LEDs).[11, 12]
Thiophene is one of the most widely used heterocyclic compound and is
widely explored as a donor material in organic solar cells (OSC).[13]
The high polarizability of the sulphur atoms in the thiophene ring
contributes significantly to the electron-donating and charge-transport
behaviour of the thiophene derivatives.[14, 15] Thiophene derivatives
are widely used in organic solar cells, organic light-emitting diodes
(OLED:s), and organic field-effect transistors (OFETS).[16] Carbazole is
an essential component frequently used as an electron-donating (D)
group in m-conjugated molecules. It is used for excellent hole-
transporting capabilities, luminescence efficiency, optical properties,
thermal and chemical stability, and easy structural modification.[17]
Several carbazole-containing oligomers have been used as essential

functional components in different systems, such as organic field-effect
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transistors, organic light-emitting diodes (OLEDs), and organic
photovoltaics.[18]

The cyano-based electron acceptors 1,1,2,2-tetracyanoethylene
(TCNE) and 7,7,8,8-tetracyanoquinodimethane (TCNQ) are well-
known strong electron acceptors[19] and are highly reactive towards
electron-rich alkynes and undergo [2 + 2] cycloaddition reaction to form
cyclobutene rings followed by retroelectrocyclization reaction (CA-RE
reaction)[20] to give 1,1,44-tetracyanobutadiene (TCBD) and
cyclohexa-2,5-diene-1,4-diylidene-expanded TCBD or DCNQ
(dicyanoquinodimethane) derivatives.[21] The donor-acceptor systems
containing TCBD and DCNQ acceptors are potential candidates for
organic photovoltaics.[22] Tuning the photonic properties for donor-
acceptor systems can be achieved by changing the strength of donor or
acceptor units and the connecting mw-linker.[23-25] The cross-
conjugated systems with strong electron-acceptor TCBD and DCNQ
groups have recently been used in organic electronic devices due to their
strong and wide electronic absorption in the visible to near-IR regions
and their ability to tune the lowest unoccupied molecular orbital
(LUMO) energy levels.[26]

Diederich et al. wused [2 + 2] cycloaddition—
retroelectrocyclization  reaction to  produce  charge-transfer
chromophores by reacting TCNE and TCNQ acceptors with a variety of
acetylenic donors.[27] Michinobu et al. have extensively explored the
TCBD and DCNQ substituted derivatives which are considered as
promising materials for photovoltaic applications.[28] Shoji, Kato, Paul
and Trolez et al. have reported the donor-acceptor based TCNE and
TCNQ substituted derivatives as redox-active ICT chromophores for
various optoelectronic applications.[29, 30] Nakamura et al. explored
carbazole based TCBD derivatives for application in nonlinear optics
(NLOs), organic photovoltaics (OPVs) and dye-sensitized solar cells
(DSSCs).[31] A series of 1,1'-disubstituted ferrocenyl TCBD
compounds have been reported by Holger and coworkers.[32] Our group
has reported TCBD and expanded TCBD (DCNQ) incorporated

phenothiazine derivatives with ferrocenyl and triphenylamine donors at
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the terminal position.[33, 34] Herein, we have investigated the
optoelectronic, thermal, and computational studies by introducing
hydrogen, thiophene and carbazole at the terminal position (Scheme
3.1).

In this manuscript, we describe the design and synthesis of
symmetrical and unsymmetrical TCBD and DCNQ functionalized
phenothiazines with terminal donors (H, thiophene, and carbazole). The
phenothiazine derivatives 1-18 were synthesized by the Pd-catalyzed
Sonogashira cross-coupling reaction followed by [2 + 2] cycloaddition
retroelectrocyclic ring-opening reaction (Scheme 3.2, 3.3 and 3.4).
Herein, our objective was to investigate the photophysical and
electrochemical properties of unsubstituted, thiophene and carbazole
functionalized phenothiazine derivatives by incorporating strong
electron acceptors TCNE and TCNQ moieties. The DCNQ derivatives
exhibit more pronounced intramolecular charge transfer (ICT) transition
and reduced HOMO-LUMO energy gaps compared to TCBD
derivatives. This difference is due to the stronger electron-accepting
character of the DCNQ compared to the TCBD moiety, as there is
excessive electronic conjugation in the former molecular structure
owing to the presence of a six-membered quinone ring.[4(a), 4(b), 33,
34, 35(a)]

H\ NC._CN N.
TCNQ : TCNE |
-~ ————
DCE DCM R S
Z s I ‘
R

NCTCN
R=H (1), Th (7), CBZ (13) R=H (2), Th (8), CBZ (14)

NN NC._CN N NC._CN
TCNQ 9 TCNE | |
R To . L
DCE & S N DCM R, S R
R R

NC™ CN NC™ °CN

R = H (4), Th (10), CBZ (16)

b ).
Scheme 3.1. General synthetic scheme for phenothiazine derivatives 1—
18.

R=H (5), Th (11), CBZ (17)

R =H (6), Th (12), CBZ (18)
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3.2 Result and Discussion

The ethynyl phenothiazines 1 and 4 were synthesized according to the
literature procedure.[1(a)] The [2 + 2] cycloaddition—retroelectro-
cyclization reaction of ethynyl phenothiazine 1 and 4 with TCNE and
TCNQ resulted in the formation of TCBD and DCNQ functionalized
phenothiazine derivatives 2, 3, 5, and 6 (Scheme 3.2). The reaction of 1
with 1.1 equivalents of TCNE in dichloromethane solvent at room
temperature for 2 hours resulted in the formation of 2 in 70% yield,
whereas the reaction of 4 with 2.1 equivalents of TCNE in
dichloromethane solvent at room temperature for 8 hours resulted in the
formation of 5 in 65% vyield. The reaction of ethynyl phenothiazines 1
and 4 with 1.1 and 2.1 equivalents of TCNQ in dichloromethane at room
temperature for 18 and 24 hours, respectively resulted in the formation

of 3 and 6 in 80% and 70% yield, respectively.

RT, 2 h

N NC”CN
0 — z

R 0,

< N H 70%

Ethynyl-PTZ, 1 ]
N. A
TCNQ. DCM, O O )
RT, 8 h 8 >
NC 2

N. NC_CN
H TCNE, DCM o @ '
: |

TCNE. DCM, | )
RT, 18 h 5

(Ethynyl),-PTZ, 4

TCNOQ, DCM) NCS O

RT, 24 h

Scheme 3.2. Synthetic route of phenothiazine derivatives 2, 3, 5 and 6.
The synthesis of phenothiazine derivatives 7-12 are shown in Scheme
3.3. The phenothiazine derivatives 7 and 10 were synthesized by the Pd-
catalyzed Sonogashira cross-coupling reaction of ethynyl-phenothiazine

1 and (ethynyl)2-phenothiazine 4 with 2-bromothiophene Br-Th in the
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presence of THF:TEA (1:1) under argon atmosphere, in 60% and 55%
yield respectively.

The reaction of mono-thiophene substituted phenothiazine 7
with 1.1 equivalent of TCNE in dichloromethane at room temperature
resulted in the formation of 8 in 80% yield, whereas the reaction of 1.1
equivalent of TCNQ with mono-thiophene substituted phenothiazine 7
at 60 °C resulted in the formation of 9 in 75% vyield. The [2 + 2]
cycloaddition—retroelectrocyclization  reaction  of  di-thiophene
substituted phenothiazine 10 with 2.5 equivalent of TCNE in
dichloromethane at 40 °C resulted in the formation of 11 in 80% yield,
whereas the reaction of 2.5 equivalent of TCNQ with di-thiophene
substituted phenothiazine 10 at 80 °C resulted in the formation of 12 in
65% yield.

N C_CN
TCNE, DCM @s )
T S

@:)@\Jf Br _Pd(PPhy),Cly, Cul 8
s N \E) E;N, THF @5 80%
60°C, 12 h H
[ TcNQ.DCE @[S :
605,120 >
6

1 Br-Th
0 %o

9
75%
TCNE, DCM NCI N CI N
20°C.36h > s
A\
H NC
N
/@[g@\Jf Br\E) PA(PPhy),Cl, Cul
=z s N EGN, THF
60°C, 12 h NC
4 Br-Th TCNQ DCE S5
\
55 / 5C.a8h >

Scheme 3.3. Synthetic route of phenothiazine derivatives 7-12.

The synthesis of phenothiazine derivatives 13-18 are shown in
Scheme 3.4. The phenothiazine derivatives 13 and 16 were synthesized
by the Pd-catalyzed Sonogashira cross-coupling reaction of ethynyl-

phenothiazine 1 and (ethynyl)2-phenothiazine 4 with 3-bromo-9-propyl-
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9H-carbazole Br-CBZ in the presence of THF:TEA (1:1) under argon
atmosphere, in 80% and 70% yield respectively.

TCNE DCM
RT 12h @:

@C@\ . Br _Pd(PPhy),Cly, Cul @< 14
SN N EtSN THF 75%
¢ 60°C,12h
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N
S0 s, QAR 5
40°C, 36 h P CCN NC (

kl"l Br Pd(PPh;),Cly, Cul _ /7
—_— 32> -y,
/C:S:C\\\+ 98 EGN, THF
( 60°C,16 h

4 Br-CBZ ), ® &
p TCNQ, DCE

80°C,48 h

Scheme 3.4. Synthetic route of phenothiazine derivatives 13-18.

The reaction of 1.1 equivalent of TCNE with mono-carbazole
substituted phenothiazine 13 in dichloromethane at room temperature
resulted in the formation of 14 in 75% yield, whereas the reaction of
mono-carbazole phenothiazine 13 with 1.1 equivalent of TCNQ at 60
°C resulted in the formation of 15 in 70% vyield. The [2 + 2]
cycloaddition—retroelectrocyclization reaction of 2.5 equivalent of
TCNE with di-carbazole phenothiazine 16 in dichloromethane at 40 °C
resulted in the formation of 17 in 65% yield, whereas the reaction of di-
carbazole phenothiazine 16 with 2.5 equivalent of TCNQ at 80 °C
resulted in the formation of 18 in 60% yield.

The phenothiazines 1-18 were purified by column
chromatography and were well-characterized by H NMR, ¥*C{H}
NMR spectroscopy, and HRMS techniques.

3.3. Photophysical Properties

The photonic properties of the phenothiazine derivatives 1-18 were

recorded in the dichloromethane solutions (1 x 10° M) at room

122



temperature depicted in Figures 3.1 and 3.2, and the corresponding data
are summarized in Table 3.1.

The TCBD and DCNQ functionalized phenothiazine derivatives
2,3,5,6,8,9,11, 12, 14, 15, 17, and 18 exhibit absorption bands in the
high energy region (235-450 nm) corresponding to z—=z* transitions
and in the low energy region (500-900 nm) corresponding to the
intramolecular charge transfer (ICT) transition due to strong donor-
acceptor interaction. The mono-substituted phenothiazine derivatives 1,
7 and 13 exhibit w-n* transition at 324 nm, 357 nm and 356 nm
respectively, whereas, the di-substituted phenothiazine derivatives 4, 10
and 16 exhibit w-n* transition at 340 nm, 393 nm and 358 nm
respectively (Figure 3.1). According to these observations, changing the
terminal substituents from —H to donor thiophene and carbazole units
resulted in red shifted absorption due to stronger communication

between terminal thiophene and carbazole units of phenothiazine

derivatives.
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Figure 3.1. Normalized electronic absorption spectra of phenothiazine
derivatives (a) 1, 4; (b) 7, 10; and (c) 13, 16 recorded in dichloromethane
(1 x 107> M) at room temperature.
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Figure 3.2. Normalized electronic absorption spectra of phenothiazine
derivatives (a) 2, 3, 5, 6; (b) 8, 9, 11, 12; and (c) 14, 15, 17, 18 recorded
in dichloromethane (1 x 10~° M) at room temperature.

The mono-TCBD substituted phenothiazine derivative 2 shows
an absorption maxima at 545 nm, 8 shows an absorption maxima at 370
nm and 538 nm, and 14 shows an absorption maxima at 458 nm and 542
nm, the longer wavelength transitions in phenothiazine derivatives 2, 8
and 14 are due to the intramolecular charge transfer (ICT) transition
which is attributed to the strong donor and acceptor interactions.
Similarly, the di-TCBD substituted derivative 5 shows an absorption
maxima at 620 nm, 11 shows an absorption maxima at 367 nm and 548
nm, and 17 shows an absorption maxima at 459 nm and 552 nm. The di-
TCBD functionalized derivatives 5, 11 and 17 exhibit red shifted
absorption with ~10-75 nm in comparison to mono-TCBD substituted
phenothiazine derivatives 2, 8 and 14 due to the incorporation of another
TCBD moiety. On the other hand, the mono-DCNQ functionalized
phenothiazine derivatives 3, 9 and 15 exhibit two absorption bands at
439 nm, 760 nm; 402 nm, 640 nm; and 411 nm, 613 nm respectively,
the higher energy transition bands are attributed to m-n* and lower
energy transitions attributed to the intramolecular charge transfer (ICT)

transition from the donor (thiophene, carbazole and phenothiazine) to
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acceptor (TCNE/TCNQ) moieties. Similarly, the di-DCNQ
functionalized derivatives 6, 12 and 18 exhibit two absorption bands at
443 nm, 745 nm; 402 nm, 665 nm; and 409 nm, 597 nm respectively.
The DCNQ derivatives 3, 6, 9, 12, 15 and 18 show bathochromically
shifted absorption (~125-200 nm) as compared to the TCBD derivatives
2, 5,8, 11, 14 and 17, due to the strong electron-accepting nature of
DCNQ moiety. The DCNQ functionalized unsubstituted phenothiazine
derivatives 3 and 6 exhibit comparatively red-shifted absorption spectra
than its donor substituted analogous of thiophene and carbazole.

The optical band gap for phenothiazine derivatives 1-18 were
evaluated from the onset edge of the absorption band in
dichloromethane, which was found to be 2.98, 1.39, 1.22, 2.84, 1.45,
1.20, 2.81, 1.70, 1.35, 2.59, 1.63, 1.49, 2.68, 1.78, 1.38, 2.64, 1.73, and
1.31 eV, respectively. The phenothiazine derivatives 2, 3, 5 and 6 exhibit
low optical band gap after the incorporation of TCBD and DCNQ
moiety as compared to the terminal substituents of phenothiazine
derivatives of donor-substituted thiophene (8, 9, 11 and 12) and
carbazole (14, 15, 17 and 18) units. It was observed that the optical band
gap increases when the terminal substituents were varied from —H to
donor-substituted (thiophene and carbazole) units. All transitions are
explained by computational calculations, and their relevant data are
included in Table 3.4.

Table 3.1. Photophysical data of phenothiazine derivatives 1-18.

Phenothiazine Amax € EgoPt
derivatives (nm) (M1cm) (eV)
1 324 66795 2.98

2 545 19625 1.39

3 439, 760 12920, 17735 1.22

4 340 19015 2.84

5 620 21875 1.45

6 443, 745 210850, 36145 1.20

7 357 44700 2.81

8 370, 538 19760, 9160 1.70
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9 402, 640 15210, 4350 1.35

10 393 36160 2.59

11 367, 548 31520, 11300 1.63

12 402, 665 218400, 7060 1.49

13 356 37540 2.68

14 458, 542 11740, 7640 1.78

15 411, 613 31290, 23310 1.38

16 358 123750 2.64

17 459, 552 32160, 19810 1.73

18 409, 597 24270, 19890 131
Absorbance measured in dichloromethane at (1 x 107 M); Amax =
absorption wavelength; € = extinction coefficient; E¢® = optical
bandgap.

3.4. Electrochemical Properties

The redox potentials of the phenothiazines 1-18 were evaluated by
cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
using 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs) as a
supporting electrolyte. The representative cyclic voltammograms and
differential pulse voltammograms are shown in Figures 3.3-3.8 and the
corresponding data are tabulated in Table 3.2.

Table 3.2. Electrochemical and thermal stability data of phenothiazine

derivatives 1-18.

Phenothiazine | Ered Eox | EHomo | ELumo Eqg Thermal
derivatives (V)2 (V)2 | (ev)? (eV)? | (eV)? | Stability®
Ta (°C)
1 - 0.86 | -5.26 - - -
2 -0.05 | 1.01 | 541 | 435 | 1.06 366
-0.69
3 -0.07 | 094 | 533 | 433 | 1.00 274
-0.23
4 — 0.97 | -5.36 — — —
5 -0.21 | 1.02 | -5.42 -4.18 1.23 211
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—0.86
6 -0.10 | 0.85 | 525 | —4.30 | 0.95 312
—0.36
7 — 0.71 - - - 264
1.34
8 -045 | 091 | 6.05 | -3.95 | 2.10 241
-0.75 | 1.65
9 026 | 024 | 541 | 414 | 127 228
-0.85 | 1.01
10 - 0.77 — — — 266
1.45
11 047 | 091 | 586 | -3.93 | 1.93 303
-0.75 | 1.46
12 -0.28 | 0.11 | 516 | 412 | 1.04 236
-0.45 | 0.76
13 - 0.66 - - - 277
1.13
14 -0.52-| 082 | 522 | -3.88 | 1.34 247
0.89
15 -038 | 083 | 523 | 402 | 121 318
—0.95
16 — 0.58 — - - —
1.23
17 -0.48 | 111 | 550 | -3.92 | 158 210
—0.84
18 044 | 138 | 578 | 396 | 182 199
—0.86

8Electrochemical analysis was estimated by differential pulse
voltammetry, in 0.1 M solution of TBAPFg in DCM at 100 mV s % scan
rate versus saturated Ag/AgCl electrode at 25 °C. Eox and Ereq Values are
based on DPV analysis. "Decomposition temperatures for 5% weight

loss at a heating rate of 10 °C min™, under a nitrogen atmosphere.
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The phenothiazine derivatives 1-6 show one reversible
oxidation wave in the range of 0.85 — 1.02 V corresponding to the
phenothiazine donor unit on the anodic side. The ethynyl phenothiazines
1 and 4 show one oxidation wave at 0.86 V and 0.97 V, whereas the
TCBD derivatives 2 and 5 show one oxidation wave at ~1.0 V
corresponding to the phenothiazine moiety. The DCNQ derivatives 3
and 6 show one oxidation wave at 0.94 V and 0.85 V respectively,
corresponding to the phenothiazine moiety. The ethynyl phenothiazines
1 and 4 do not show any reduction waves in their voltammogram (Figure
3.3). However, after the incorporation of the TCBD unit, 2 and 5 exhibit
two reduction waves at —0.05 V and —0.69 V and, at —0.21 V and —0.86
V respectively, which are due to the TCBD moiety on the cathodic side.
The DCNQ substituted derivatives 3 and 6 exhibit two reduction waves
at—-0.07 V and -0.23 V (for 3) and, at —0.10 V and —0.36 V (for 6) which
are due to the DCNQ moiety on the cathodic side. The calculated
electrochemical energy gap (Egap) Of 2, 3, 5, and 6 were 1.06 eV, 1.00
eV, 1.23 eV, and 0.95 eV respectively. The Egqsp values follow the order
5> 2 > 3 > 6 which is in accordance with the optical HOMO-LUMO
gap. The resulted HOMO-LUMO gap values of mono and di-DCNQ
incorporated 3 and 6 suggest that the incorporation of di-DNCQ
provides the better tuned HOMO and LUMO energy levels as compared

to the mono derivative.
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Figure 3.3. Cyclic voltammograms of phenothiazine derivatives 2 and
5in 0.1 M solution of BusNPFe in dichloromethane were recorded at a

scan rate of 100 mV s ! versus saturated Ag/AgCl electrode at 25 °C.
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Figure 3.4. Differential pulse voltammograms of phenothiazine
derivatives 1-6 in 0.1 M solutions of BusNPFe in dichloromethane at

100 mV st scan rate versus saturated Ag/AgCl electrode at 25 °C.
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Figure 3.5. Cyclic voltammograms of phenothiazine derivatives 8 and
11 in 0.1 M solution of BusNPFg in dichloromethane were recorded at a
scan rate of 100 mV s™* versus saturated Ag/AgCl electrode at 25 °C.
The phenothiazine derivatives 7-12 show two reversible
oxidation waves in the range of 1.70 — 0.10 V. The thiophene substituted
phenothiazine 7 and 10 show two oxidation waves at 0.71, 1.34 V and

0.77, 1.45 V, respectively. The first oxidation potential was observed
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due to the presence of the phenothiazine unit and the second oxidation
potential corresponds to the thiophene unit. The phenothiazine
derivatives 7 and 10 do not show any reduction waves in their
voltammogram (Figure 3.5). However, the TCBD and DCNQ
incorporated phenothiazines 8, 9, 11 and 12 exhibit two reversible
oxidation waves at 0.91, 1.65 V; 0.24, 1.01 V; 0.91, 1.46 V and 0.11,
0.76 V, as well as two reversible reduction waves at —0.45, —0.75 V; —
0.26, -0.85 V; -0.47, —0.75 V and —0.28, —0.45 V respectively. These
reduction values are due to the acceptor TCBD and DCNQ. The
electrochemical band gap (Egap) 0f 8, 9, 11, and 12 are 2.10 eV, 1.27 eV,
1.93 eV, and 1.04 eV, respectively. The Egqp values follow the order 8 >
11 > 9 > 12. The comparative study of the HOMO-LUMO energy gap
of thiophene derivatives follow the similar trend and di-TCBD and
DCNQ incorporated derivatives 9 and 12 exhibit low Egap with respect

to the mono-substituted analogues.
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Figure 3.6. Differential pulse voltammograms of phenothiazine
derivatives 7-12 in 0.1 M solutions of BusNPFg in dichloromethane at
100 mV st scan rate versus saturated Ag/AgCl electrode at 25 °C.

Similarly, the phenothiazine derivatives 13 and 16 show two
reversible oxidation waves, and 14, 15, 17 and 18 show one reversible
oxidation wave in the range of 1.40 - 0.55 V, and 14, 15, 17 and 18 show
two reversible reduction waves in the range of —0.35 to —1.0 V. The

carbazole substituted phenothiazine 13 and 16 exhibit two oxidation
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potentials at 0.66, 1.13 V and 0.58, 1.23 V, respectively. The first
oxidation potential was observed due to the presence of the
phenothiazine unit and the second oxidation potential corresponds to the
carbazole unit. The phenothiazine derivatives 13 and 16 do not show
any reduction waves in their voltammogram (Figure 3.7). However, the
TCBD and DCNQ linked phenothiazines 14, 15, 17 and 18 show one
reversible oxidation wave at 0.82 V, 0.83 V, 1.11 V and 1.38 V, which
are attributed to the simultaneous reversible oxidation of phenothiazine
and carbazole units[36] and two reversible reduction waves at —0.52, —
0.89 V; -0.38,-0.95V; -0.48, -0.84 V and —0.44, —0.86 V respectively.
This is caused by the acceptor TCNE and TCNQ moiety. The calculated
electrochemical band gap (Egep) Of 14, 15, 17 and 18 are 1.34 eV, 1.21
eV, 1.58 eV, and 1.82 eV respectively. The Egqsp values follow the order
18 > 17 > 14 > 15. Interestingly in the case of carbazole substituted
derivatives, the mono carbazole based derivatives exhibit low Egap
compared to the di-carbazole derivatives.

The electrochemical data reveals that the incorporation of cyano-
based electron acceptor groups is able to perturb the redox properties of
phenothiazines and the DCNQ unit and stabilizes the LUMO energy
level to a greater extent as compared to the TCBD unit.

6 15

—13 —14] — 15

44 104

- -
a2 A

Current (uA)
s

Current (pA)

it (pA)

Curren

A =

‘::;j

15 1.0 0.5 0.0 s 1.0 1.5 15 Lo 0s 0.0 0.s 10 L5 15 1.0 0s 00 0s
Potential (V) vs Ag/AgCl Potential (V) vs Ag/AgCl Potential (V) vs Ag/AgC1

1.0

L5

H

.
S

@
s
°

{[—1s —17 3{[—1s
s
] .
14
s

104 14

Current (uA)
=2
urrent (uA)
Current (uA)

C

e =
n

15 1.0 0.5 0.0 0s 1.0 1.5 15 1.0 05 00 0.5 Lo L5 15 1.0 0s 00 0.5

1.0

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

Figure 3.7. Cyclic voltammograms of phenothiazine derivatives 14 and
17 in 0.1 M solution of BusNPFs in dichloromethane were recorded at a
scan rate of 100 mV s* versus saturated Ag/AgCl electrode at 25 °C.
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Figure 3.8. Differential pulse voltammograms of phenothiazine
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100 mV s ! scan rate versus saturated Ag/AgCl electrode at 25 °C.

3.5. Thermogravimetric Analysis

The thermal properties of the phenothiazine derivatives 1-18 were
investigated by the thermogravimetric analysis (TGA) at a heating rate
of 10 °C mint under a nitrogen atmosphere, and their corresponding
thermograms are shown in Figure 3.9. The n-conjugated phenothiazine
derivatives 1-18 display good thermal stability.

The decomposition temperatures (Tqs) for phenothiazine
derivatives 2, 3, 5, 6, 7-12, 13, 14, 15, 17, and 18 at 5% weight loss were
found to be at 366 °C, 274 °C, 211 °C, 312 °C, 264 °C, 241 °C, 228 °C,
266 °C, 303 °C, 236 °C, 277 °C, 247 °C, 318 °C, 210 °C and 199 °C,
respectively (Table 3.2). These results indicate that phenothiazine
derivative 2 is thermally more stable than the other phenothiazine
derivatives. The mono TCBD incorporated phenothiazine derivative 2
shows better decomposition temperature than the mono TCBD
substituted thiophene and carbazole derivatives 8 and 14. A similar
pattern was observed for the di DCNQ incorporated phenothiazine
derivatives 6, 12, and 18. On the other hand, a different pattern was
observed for the mono DCNQ incorporated phenothiazine derivatives
among 3, 9, and 15. In this case, carbazole substituted phenothiazine

derivative 15 shows good decomposition temperature as compared to

132

Lo

15




the mono DCNQ functionalized phenothiazine derivative 3 and

thiophene substituted phenothiazine derivative 9.
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Figure 3.9. Thermogravimetric analysis of phenothiazine derivatives
(@) 2, 3,5 and 6; (b) 7-12 and (c) 13, 14, 15, 17 and 18 measured at a

heating rate of 10 °C min™* under a nitrogen atmosphere.

3.6. Computational Calculations

In order to understand the molecular conformations and ground-state
geometries of the phenothiazines 1-18, density functional theory (DFT)
calculation were performed at the B3LYP/6-31G (d,p) level in the
Gaussian 09W program.[37] The frontier molecular orbitals of
phenothiazine derivatives 1-18 are shown in Figures 3.10-3.12 and the
corresponding data are listed in Table 3.3. The optimized structures of
phenothiazine derivatives 1-18 are nonplanar with a twisted backbone
due to the incorporation of the TCBD and DCNQ units. The HOMOs
are mainly concentrated on the phenothiazine, thiophene, and carbazole
units, whereas LUMOs are located on the TCBD and DCNQ units
resulting in a strong charge transfer from the donor units (phenothiazine,
thiophene, and carbazole) to the acceptor units (TCBD/DCNQ).
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Figure 3.10. Energy level diagram of the HOMO-LUMO frontier
orbitals of phenothiazine derivatives 1-6 calculated by DFT calculations
at the B3LYP/6-31G (d,p) level.

The energy level diagrams of phenothiazine derivatives 1-6 are
displayed in Figure 3.10. The theoretically calculated HOMO/LUMO
levels of the phenothiazine derivatives 1-6 are —5.42/-1.15, —-5.96/-
4.34, -5.93/-4.56, -5.49/-1.39, —6.46/-4.68, and —6.05/-4.54 eV
respectively. The incorporation of the strong acceptors TCBD and
DCNQ units lowers the LUMO energy level. The theoretical HOMO-
LUMO gap values for phenothiazine derivatives 1-6 are 4.26, 1.62,
1.37,4.10, 1.78 and 1.50 eV respectively, and follow the order 1 > 4 >
5>2>6>3.
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orbitals of phenothiazine derivatives 13-18 calculated by DFT
calculations at the B3LYP/6-31G (d,p) level.

The energy level diagrams of phenothiazine derivatives 7-12 are
shown in Figure 3.11. The theoretically calculated HOMO/LUMO
levels for the phenothiazine derivatives 7-12 are —5.26/-1.65, -5.92/—
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3.60, -5.83/-3.98, -5.11/-1.87, —6.19/-3.57, and -5.95/-3.93 eV
respectively. The incorporation of the strong acceptors TCBD and
DCNQ units lower the LUMO energy level. The theoretical HOMO-
LUMO gap values for phenothiazine derivatives 7-12 are 3.61, 2.32,
1.85, 3.24, 2.62 and 2.02 eV respectively, and follow the order 7 > 10 >
11 >8> 12 > 9. Similarly, the energy level diagrams of phenothiazine
derivatives 13-18 are shown in Figure 3.12. The theoretically calculated
HOMO/LUMO levels of the phenothiazine derivatives 13-18 are —
4.82/-0.94, -5.56/-3.05, -5.48/-3.59, —4.71/-1.07, -5.95/-3.35, and —
5.75/-3.86 eV respectively. The incorporation of the strong acceptors
TCBD and DCNQ units lower the LUMO energy level. The theoretical
HOMO-LUMO gap values for phenothiazine derivatives 13-18 are
3.88, 2.51, 1.89, 3.64, 2.60 and 1.89 eV respectively, and follow the
order 13 > 16 > 17 > 14 > 18 = 15. The theoretical HOMO-LUMO gap
of phenothiazines 1-18 were found to be in good agreement with the
experimentally calculated optical band gap values estimated from the
UV/Vis absorption spectra (Table 3.1 and 3.3). The DFT studies reveal
that the effect of various donors at the terminal position influences the
theoretically calculated HOMO and LUMO energy levels. The HOMO
energy levels were more stable when the terminal substituents were
changed from -H to donor thiophene and carbazole units. Nevertheless,
the LUMOSs were obtained relatively at high energy levels on changing
the terminal -H with donor thiophene and carbazole units.

Table 3.3. Theoretical data of phenothiazine derivatives 1-18:

Phenothiazine | HOMO LUMO HOMO-LUMO

derivatives (eV)? (eV)? gap
(eV)?

1 -5.42 -1.15 4.26

2 -5.96 -4.35 1.62

3 -5.93 —4.57 1.37

4 -5.49 -1.40 4.10

5 —6.46 —4.68 1.78
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6 —6.05 —4.54 1.50
7 —-5.26 -1.65 3.61
8 -5.92 -3.60 2.32
9 -5.83 -3.98 1.85
10 -5.11 -1.87 3.24
11 —6.19 -3.57 2.62
12 -5.95 -3.93 2.02
13 —4.82 -0.94 3.88
14 —5.56 -3.05 2.51
15 -5.48 -3.59 1.89
16 -4.71 -1.07 3.64
17 -5.95 -3.35 2.60
18 —5.75 —-3.86 1.89

®Theoretical data was obtained from density functional theory (DFT)
calculations performed at the B3LYP/6-31G (d,p) level.

The time-dependent DFT (TD-DFT) calculation was employed
to study the nature of electronic transitions taking place in phenothiazine
derivatives 1-18 by using the basis set B3LYP/6-31G (d,p) in
dichloromethane and the computational data regarding frontier
molecular orbitals involved in a transition with oscillator strength are
demonstrated in Table 3.4.

The mono and di-ethynyl substituted phenothiazines 1 and 4
show the distribution of electron density of HOMO and LUMO energy
levels over the entire molecular framework. However, the TCBD and
DCNQ-based phenothiazine derivatives 2, 3, 5, and 6 show the well-
separated distribution of electron density of HOMO and LUMO energy
levels. In 2, 3, 5, and 6, the HOMO is mainly localized over the donor
phenothiazine, whereas the LUMO is mainly localized over the
TCBD/DCNQ acceptor moieties (Figure 3.10). The well-separated
electron density of HOMO and LUMO energy levels of 2, 3, 5, and 6
indicated the possibilities of intramolecular charge transfer transitions.
The simulated absorption spectra of 2, 3, 5, and 6 obtained from TD-
DFT studies revealed absorption bands at 599, 714, 568, and 691 nm,
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respectively. These absorption bands were originated due to the
transition from HOMO to LUMO and were assigned as ICT transition

from donor phenothiazine to the acceptor TCBD/DCNQ moieties.
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Figure 3.13. Theoretical (top) and experimental (bottom) absorption

spectra of phenothiazine derivatives 2 and 5.

The TD-DFT calculation reveals absorption maxima at 308 nm
and 320 nm for the mono ethynyl and di ethynyl substituted
phenothiazines 1 and 4 which was attributed to the m-n* transition
localized on the phenothiazine moiety. A comparison of experimental
absorption spectra and simulated absorption spectra of 2 and 5 are
shown in Figure 3.13. The simulated absorption spectra of 2 revealed
one absorption band at 599 nm which was originated due to the
transition from HOMO—LUMO. The simulated absorption spectra of 5
revealed one absorption band at 568 nm which was originated due to the
transition from HOMO—LUMO. The simulated absorption spectra of 3
revealed two absorption bands at 513 and 714 nm respectively which
were originated due to the transition from HOMO-1—-LUMO and
HOMO—LUMO respectively. The simulated absorption spectra of 6
revealed two absorption bands at 493 and 691 nm respectively which
were originated due to the transition from HOMO-2—LUMO+1 and
HOMO—LUMO, respectively. A comparison of experimental
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absorption spectra and simulated absorption spectra of 3 and 6 are

shown in Figure 3.14.
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spectra of phenothiazine derivatives 3 and 6.
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The TD-DFT calculation of the phenothiazine derivatives 7 and

10 show absorption maxima at 368 and 445 nm respectively due to n—
n* transition originating from HOMO—LUMO (Figure 3.15). The

simulated absorption spectra of phenothiazine derivatives 8 and 11
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exhibit strong absorption bands at 544 and 606 nm respectively which
are due to intramolecular charge transfer (ICT) transitions originating
from HOMO—LUMO+1 and HOMO—LUMO, respectively (Figure
3.16). The simulated absorption spectra of the phenothiazine derivatives
9 and 12 show strong absorption bands at 595 and 704 nm, respectively.
These absorption bands are attributed to intramolecular charge transfer
(ICT) transitions which originate from HOMO—LUMO+1 (Figure
3.17). The donor-acceptor based phenothiazine derivatives 7-12 exhibit
good agreement between the theoretically calculated ICT band and the
experimentally observed ICT band from the UV-vis spectra. The
computational data shows that the symmetrical phenothiazine
derivatives 10-12 are bathochromic shifted as compared to

unsymmetrical phenothiazine derivatives 7-9, respectively.
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Figure 3.18. Theoretical (top) and experimental (bottom) absorption

spectra of phenothiazine derivatives 13 and 16.
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Figure 3.20. Theoretical (top) and experimental (bottom) absorption

spectra of phenothiazine derivatives 15 and 18.

Similarly, the phenothiazine derivatives 13 and 16 show

absorption maxima at 371 and 351 nm respectively due to m—m*
transition originating from HOMO—LUMO (Figure 3.18). The
simulated absorption spectra of phenothiazine derivatives 14 and 17
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exhibit strong absorption bands at 549 and 574 nm, respectively, which
are due to intramolecular charge transfer (ICT) transitions originating
from HOMO-1—LUMO (Figure 3.19). The simulated absorption
spectra of the phenothiazine derivatives 15 and 18 show strong
absorption bands at 677 and 635 nm, respectively. These absorption
bands are produced by intramolecular charge transfer (ICT) transitions
that originate from HOMO-1—-LUMO and HOMO-1—LUMO+1,
respectively (Figure 3.20). The donor-acceptor based phenothiazine
derivatives 13-18 exhibit a good agreement between the theoretically
calculated ICT band and the experimentally observed ICT band from the
UV-vis spectra. The computational data shows that the phenothiazine
derivatives 13 and 15 are red shifted as compared to phenothiazine

derivatives 16 and 18, respectively.

The experimental values were found to be lower than the
theoretical electronic absorption wavelengths, which may be caused by
a number of factors, including the solvent effect, the dipole moment, and

temperature.

Table 3.4. Calculated electronic transitions for phenothiazine

derivatives 1-18 in dichloromethane:

Phenothiazine | Wavelength Composition and f& | Assignment
derivatives (nm) Molecular Contribution

1 308 HOMO—LUMO (0.63) 0.16 ¥
2 599 HOMO—LUMO (0.68) 0.16 ICT
3 513 HOMO-1—LUMO (0.70) 1.01 ICT?

714 HOMO—LUMO (0.69) 0.45 ICT?
4 320 HOMO—LUMO (0.66) 0.28 ¥
5 568 HOMO—LUMO (0.67) 0.21 ICT
6 493 HOMO-2—LUMO+1 (0.48) | 1.31 ICT!

691 HOMO—LUMO (0.67) 0.41 ICT?
7 368 HOMO—LUMO (0.69) 0.69 ¥
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8 544 HOMO—LUMO+1 (0.69) | 0.23 ICT
9 595 HOMO—LUMO+1 (0.65) | 0.07 ICT
10 445 HOMO—LUMO (0.69) | 0.95 -t
11 606 HOMO—LUMO (0.70) | 0.20 ICT
12 704 HOMO—LUMO+1 (0.68) | 0.16 ICT
13 371 HOMO—LUMO (0.69) | 1.14 -t
14 549 HOMO-1—-LUMO (0.70) | 0.12 ICT
15 677 HOMO-1—LUMO (0.70) | 0.07 ICT
16 351 HOMO—LUMO+1 (0.68) | 0.18 -t
17 574 HOMO-1—LUMO (0.57) | 0.10 ICT
18 635 HOMO-1—-LUMO+1 (0.53) | 0.009 ICT

40scillator strength.

3.7. Experimental Section

General Methods

The chemicals were used as received unless otherwise indicated. All
oxygen or moisture-sensitive reactions were performed under a
nitrogen/argon atmosphere. *H NMR (500 MHz) and *C{*H} NMR
(125 MHz) spectra were recorded on a Bruker 500 MHz FT-NMR
spectrometer at room temperature. Structural assignments were made
with additional information from the gCOSY, gHSQC, and gHMBC
experiments. *H NMR chemical shifts are reported in parts per million
(ppm) relative to the solvent residual peak (CDCls, 7.26 ppm).
Multiplicities are given as s (singlet), d (doublet), t (triplet), and m
(multiplet) and the coupling constants, J, are given in hertz. **C NMR
chemical shifts are reported relative to the solvent residual peak (CDCls,
77.0 ppm). The UV-visible absorption spectra were recorded on a
PerkinElmer LAMBDA 35 UV-visible Spectrophotometer in DCM
solvent at room temperature. Thermogravimetric analysis was
performed on a Mettler Toledo thermal analysis system. High-
Resolution Mass Spectrometry (HRMS) was recorded on a Bruker-
Daltonics micrOTOF-Q Il mass spectrometer. The Cyclic
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voltammograms (CVs) and differential pulse voltammograms (DPVs)
were recorded on a PalmSence 4 -electrochemical analyzer in
dichloromethane (CH2Cl>) solvent and 0.1 M Tetrabutylammonium
hexafluorophosphate (BusNPFs) was used as the supporting electrolyte.
The electrodes used were glassy carbon as a working electrode, Pt wire
as a counter electrode, and Ag/AgCl electrode was used as a reference
electrode. The scan rate was 100 mV s for cyclic voltammetry at 25
°C. The CVs and DPVs plotting convention is the IUPAC convention.
The polishing material is a commercially available polishing pad and
alumina (Al203).

Synthesis of 2-(10-propyl-10H-phenothiazin-3-yl) buta-1,3-diene-
1,1,4,4-tetracarbonitrile (2)

In a 100 mL round bottomed flask TCNE (80 mg, 1 mmol) was added
to a solution of compound 1 (160 mg, 1 mmol) in CH2Cl2 (20 mL). The
mixture was stirred for 2 h at room temperature. The solvents were
removed under vacuum, and the product was purified by silica gel
column chromatography with DCM and hexane as the eluent to yield 2
as a dark-brown solid with 70% yield: mp 110-115 °C; *H NMR (500
MHz, CDCls) 6 = 7.96 (s, 1H), 7.34 (dd, J = 8.7, 2.4 Hz, 1H), 7.19 —
7.16 (m, 1H), 7.13 (d, J = 2.4 Hz, 1H), 7.07 (dd, J = 7.6, 1.6 Hz, 1H),
7.00 - 6.97 (m, 1H), 6.91 — 6.87 (m, 2H), 3.93 — 3.80 (m, 2H), 1.89 —
1.81 (m, 2H), 1.04 (t, J = 7.4 Hz, 3H); ¥C{*H} NMR (125 MHz,
CDClIs) 6 = 159.4, 154.0, 150.8, 142.3, 129.8, 127.9, 127.6, 127.4,
126.1, 124.3, 123.6, 122.5, 116.2, 115.3, 112.2, 111.7, 111.5, 108.8,
97.7, 85.6, 50.0, 19.9, 11.1; HRMS (ESI-TOF) m/z calculated for
C23H15NsS + Na 416.0940 [M + Na]*, measured 416.0939 [M + Na]".
Synthesis of 2-(4-(3,3-dicyano-1-(10-propyl-10H-phenothiazin-3-
yl)allylidene)cyclohexa-2,5-dien-1-ylidene)malononitrile (3)

In a 100 mL round bottomed flask TCNQ (96 mg, 1 mmol) was added
to a solution of compound 1 (125 mg, 1 mmol) in dichloroethane (20
mL). The mixture was stirred for 8 h at room temperature. The solvents
were removed under vacuum, and the product was purified by silica gel
column chromatography with DCM and hexane as the eluent to yield 3
as a dark-green solid with 80% yield: mp 115-125 °C; 'H NMR (500
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MHz, CDCls) é = 8.12 (s, 1H), 7.39 (s, 2H), 7.29 (s, 1H), 7.19 — 7.15
(m, 1H), 7.09 (dd, J = 7.6, 1.5 Hz, 1H), 7.00 — 6.95 (m, 2H), 6.94 — 6.91
(m, 2H), 6.89 (d, J = 8.1 Hz, 2H), 3.87 (dd, J = 8.2, 6.3 Hz, 2H), 1.87
(9, =7.3Hz, 2H), 1.04 (t, J = 7.4 Hz, 3H); 3C{*H} NMR (125 MHz,
CDClIs) 6 = 153.5, 152.6, 148.5, 144.8, 143.5, 137.9, 131.2, 129.4,
127.8, 127.6, 127.5, 126.4, 123.6, 123.1, 121.4, 121.0, 116.0, 115.6,
113.9, 113.3, 112.8, 110.3, 110.2, 105.4, 91.8, 80.5, 49.8, 20.0, 11.2;
HRMS (ESI-TOF) m/z calculated for CzoH19NsS 469.1356 [M]",
measured 469.1376 [M]".

Synthesis of 2,2'-(10-propyl-10H-phenothiazine-3,7-diyl)bis(buta-
1,3-diene-1,1,4,4-tetracarbonitrile) (5)

In a 100 mL round bottomed flask, TCNE (74 mg, 0.5791 mmol) was
added to a solution of compound phenothiazine 4 (80 mg, 0.2757 mmol)
in CH2Cl2 (20 mL) under an argon atmosphere. The mixture was stirred
for 18 h at room temperature. The solvent was removed in a vacuum,
and the product was purified by SiO2 column chromatography with
DCM/hexane (2:1, v/v) as eluent to yield 5 as a dark brown solid with
65% yield: mp 135-145 °C; *H NMR (500 MHz, CDCl3) & = 7.96 (s,
2H), 7.34 (dd, J = 8.6, 2.3 Hz, 2H), 7.09 (d, J = 2.3 Hz, 2H), 6.98 (d, J
=8.7 Hz, 2H), 3.90 (t, J = 7.5 Hz, 2H), 1.87 (q, J = 7.4 Hz, 2H), 1.06 (t,
J = 7.3 Hz, 3H); ¥C{*H} NMR (125 MHz, CDCls3) é = 159.6, 152.7,
148.2,129.8,127.5,125.1,116.5,111.5, 111.0, 108.6, 104.3, 98.1, 89.2,
50.5,31.9 14.1, 11.0; HRMS (ESI-TOF) m/z calculated for Ca1HisNgS
+ Na 568.1063 [M + Na]*, measured 568.1083 [M + Na]".

Synthesis of 2,2'-((10-propyl-10H-phenothiazine-3,7-diyl)bis(2-(4-
(dicyanomethylene)cyclohexa-2,5-dien-1-ylidene)ethan-2-yl-1-
ylidene))dimalononitrile (6)

In a 100 mL round bottomed flask, TCNQ (100 mg, 0.4912 mmol) was
added to a solution of compound 4 (57 mg, 0.1964 mmol) in DCE (25
mL). The mixture was heated at 80 °C in an oil bath for 24 h. After
cooling to room temperature, the solvents were removed under vacuum,
and the product was purified by silica gel column chromatography with
DCM as the eluent to yield 6 as a dark-colored solid with 70% yield: mp
142-152 °C; 'H NMR (500 MHz, CDCls) = 8.16 (s, 2 H), 7.50 (br.
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s.,2H),7.43 (br.s.,2H), 7.31 (br.s.,2H), 7.18 (br.s., 2 H), 7.06 - 7.01
(m,J=7.9Hz, 2 H),6.99 - 6.95 (m, J =8.4 Hz, 2 H), 6.91 (br. s., 2 H),
3.92 (t, J=6.5Hz, 2 H), 1.93 - 1.87 (m, 2 H), 1.07 (t, J = 7.0 Hz, 3 H);
1BC{*H} NMR (125 MHz, CDCls) 6 169.6, 152.7, 152.4, 146.6, 144.1,
138.4,131.3,129.2,128.5, 125.0, 116.2, 113.8, 113.0, 110.2, 91.5, 81.6,
50.3,19.8, 11.0; HRMS (ESI-TOF) m/z calculated for C43H23NgS + Na
720.1689 [M + Na]*, measured 720.1721 [M + Na]".

Synthesis of 10-propyl-3-(thiophen-2-ylethynyl)-10H-phenothiazine
()

In a 100 mL round bottomed flask, 3-ethynyl-10-propyl-10H-
phenothiazine 1 (400 mg, 1.5 mmol) and 2-bromothiophene (270 mg,
1.65 mmol) were purged under nitrogen and
bis(triphenylphosphine)palladium (Il)dichloride (40 mg) and copper(l)
iodide (1 - 2 mg) were added in anhydrous triethylamine (20 mL) and
tetrahydrofuran (20 mL), the reaction mixture was stirred and refluxed
for 12 h at 60 °C in an oil bath. Then the solvent was evaporated under
a vacuum. The residue was dissolved in dichloromethane, and this
solution was washed with water for several times, dried with anhydrous
Na,SO4, and filtered off. The crude was purified by column
chromatography using dichloromethane-hexane (1/3 v/v) as eluent to
give an oily yellowish of 7 with 60% yield: mp 72-80 °C; 'H NMR
(500 MHz, CDClI3) 6 =7.30 - 7.28 (m, 1 H), 7.27 (br. s., 2 H), 7.25 -
7.23(m, 1 H), 7.17 - 7.10 (m, 2 H), 7.00 (dd, J = 3.7, 5.0 Hz, 1 H), 6.92
(t,J=7.2Hz, 1H),6.85(d,J=8.1Hz 1 H), 6.78(d, J =8.4 Hz, 1 H),
3.81 (br.s., 2 H), 1.86 - 1.80 (m, 2 H), 1.01 (t, J = 7.4 Hz, 3 H); 13C{'H}
NMR (125 MHz, CDCls) 8 = 145.5, 144.6, 131.5, 130.6, 130.0, 127.5,
127.3, 127.1, 127.0, 124.9, 124.2, 123.6, 122.8, 116.6, 115.6, 115.1,
92.6, 82.4, 49.3, 20.1, 11.3; HRMS (ESI-TOF) m/z calculated for
C21H17NS2 + Na 370.0695 [M + Na]*, measured 370.0653 [M + Na]".
Synthesis of 2-(10-propyl-10H-phenothiazin-3-yl)-3-(thiophen-2-
ylbuta-1,3-diene-1,1,4,4-tetracarbonitrile (8)

In a 100 mL round bottomed flask, TCNE (40 mg, 0.317 mmol) was
added to a solution of compound 7 (100 mg, 0.288 mmol) in CH,Cl; (20

mL) under an argon atmosphere. The mixture was stirred for 4 h at RT.
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The solvent was removed in a vacuum, and the product was purified by
column chromatography with DCM/hexane (2:1, v/v) as eluent to yield
8 as a dark brown solid with an 80% yield: mp 118-128 °C; 'H NMR
(500 MHz, CDCl3) 6 = 7.97 (d, J = 4.6 Hz, 1 H), 7.87 (d, J=3.5 Hz, 1
H), 7.70 (dd, J=2.2,89Hz, 1 H),7.37(d,J=2.3Hz, 1 H), 730 (t,J =
45Hz,1H),721-7.15(m, 1 H),7.08-7.05(m, 1H),7.02-6.97 (m,
1 H), 6.90 - 6.84 (m, 2 H), 3.86 (t, J = 7.3 Hz, 2 H), 1.85 (sxt, J = 7.3
Hz, 2 H), 1.04 (t, J = 7.3 Hz, 3 H); 3C{*H} NMR (125 MHz, CDCls)
6=162.7,158.4,151.4,141.9, 138.3, 137.3, 134.9, 130.5, 130.0, 128.0,
127.7, 127.6, 125.5, 124.6, 124.0, 122.6, 116.3, 115.1, 112.8, 112.5,
112.0, 111.5, 80.8, 80.4, 50.0, 20.0, 11.1; HRMS (ESI-TOF) m/z
calculated for C27H17NsS; + K 514.0557 [M + K]*, measured 514.0845
M + K]*.

Synthesis of 2-(4-(3,3-dicyano-1-(10-propyl-10H-phenothiazin-3-
yl)-2-(thiophen-2-yl)allylidene)cyclohexa-2,5-dien-1-
ylidene)malononitrile (9)

In a 100 mL round bottomed flask, TCNQ (58 mg, 0.285 mmol) was
added to a solution of 7 (90 mg, 0.259 mmol) in DCE (20 mL). The
mixture was heated at 60 °C for 12 h in an oil bath. After cooling to
room temperature, the solvents were removed under vacuum, and the
product was purified by column chromatography with DCM/hexane
(3:1, v/v) as the eluent to yield 9 as a dark-colored solid with 75% yield:
mp 220-225 °C; 'H NMR (500 MHz, CDCl3) 6 = 7.94 (d, J = 3.8 Hz,
1 H), 7.88 (d, J=4.9 Hz, 1 H), 7.56 (br. s., 1 H), 7.51 (d, J = 9.8 Hz, 1
H), 7.31(d, J=9.6 Hz, 1 H), 7.23-7.15(m,3H), 7.09 (d,J=7.6 Hz, 1
H), 7.04 (s, 1 H), 7.00 - 6.94 (m, 2 H), 6.88 (dd, J = 4.4, 8.2 Hz, 2 H),
3.85(t,J = 7.2 Hz, 2 H), 1.86 (sxt, J = 7.2 Hz, 2 H), 1.04 (t, J = 7.3 Hz,
3 H); BC{’H} NMR (125 MHz, CDCls) & = 161.8, 153.9, 148.8, 148.2,
142.8, 137.7, 136.5, 134.5, 133.9, 132.4, 131.9, 129.9, 129.0, 128.8,
128.3, 128.2, 127.8, 127.6, 126.4, 126.0, 125.7, 123.9, 122.9, 122.0,
116.0, 115.3, 113.1, 112.4, 111.1, 110.9, 110.1, 49.7, 29.7, 27.7, 20.0,
11.2; HRMS (ESI-TOF) m/z calculated for C33H2:NsS; + K 590.0870
[M + K]*, measured 590.0885 [M + K]".
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Synthesis of 10-propyl-3,7-bis(thiophen-2-ylethynyl)-10H-
phenothiazine (10)

In a 100 mL round-bottomed flask, 3,7-diethynyl-10-propyl-10H-
phenothiazine 4 (479 mg, 1.65 mmol) and 2-bromothiophene (807.6 mg,
4.95 mmol) were purged under nitrogen and
bis(triphenylphosphine)palladium (Il)dichloride (100 mg) and copper(l)
iodide (2 - 3 mg) were added in anhydrous triethylamine (25 mL) and
tetrahydrofuran (25 mL), the reaction mixture was stirred and refluxed
for 12 h at 60 °C in an oil bath. Then the solvent was evaporated under
a vacuum. The residue was dissolved in dichloromethane, and this
solution was washed with water for several times, dried with anhydrous
Na,SO4, and filtered off. The crude was purified by column
chromatography using dichloromethane-hexane (2/3 v/v) as eluent to
give an oily yellowish of 10 with 55% yield: mp 128-135 °C; H NMR
(500 MHz, CDCl3) § = 7.29 (d, J= 1.8 Hz, 1 H), 7.27 (d, J = 1.8 Hz, 1
H), 7.25-7.21 (m, 2 H), 7.16 - 7.13 (m, 1 H), 7.13 - 7.10 (m, 1 H), 7.10
-7.08(m, 1 H), 6.92 (t, J=7.5Hz, 2 H), 6.84 (d, J =8.1 Hz, 1 H), 6.75
(d,J=85Hz,2H),3.80(t J=7.2Hz,2H),1.86-1.77 (m, 2 H), 1.00
(t, J=7.4Hz, 3 H); ¥*C{*H} NMR (125 MHz, CDCls3) 6 = 144.7, 131.7,
130.7, 130.0, 127.1, 127.1, 124.1, 123.5, 117.1, 115.2, 92.4, 82.7, 49.5,
20.0, 11.2; HRMS (ESI-TOF) m/z calculated for C27H19NSz 453.0674
[M]*, measured 453.0967 [M]".

Synthesis of  3,3'-(10-propyl-10H-phenothiazine-3,7-diyl)bis(2-
(thiophen-2-yl)buta-1,3-diene-1,1,4,4-tetracarbonitrile) (11)

In a 100 mL round-bottomed flask, TCNE (70 mg, 0.551 mmol)) was
added to a solution of 10 (100 mg, 0.221 mmol) in CH2Cl, (25 mL)
under an argon atmosphere. The mixture was heated at 40 °C in an oil
bath for 36 h. After cooling to room temperature, the solvent was
removed under vacuum, and the product was purified by column
chromatography with DCM/hexane (3:1, v/v) as eluent to yield 11 as a
dark brown solid with 80% yield: mp 148—160 °C; *H NMR (500 MHz,
CDCl3)6=7.98 (dd,J=5.1, 1.1 Hz, 1H), 7.88 (dd, J = 4.2, 1.1 Hz, 1H),
7.71 (dd, J = 8.9, 2.4 Hz, 1H), 7.39 — 7.27 (m, 4H), 7.19 (d, J = 1.9 Hz,
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1H), 7.01 (dd, J =5.2, 3.6 Hz, 1H), 6.87 (d, J = 8.9 Hz, 1H), 6.82 (d, J
= 8.5 Hz, 1H), 3.85 (t, J = 8.5, 2H), 1.85 (q, J = 7.4 Hz, 2H), 1.05 (t, J
= 7.4 Hz, 3H); BC{*H} NMR (125 MHz, CDCl3) 6 = 162.6, 158.1,
150.5, 141.8, 138.4, 137.2, 134.8, 132.0, 131.1, 130.5, 130.0, 130.0,
127.5, 127.5, 127.1, 125.0, 124.4, 122.9, 122.7, 119.2, 116.2, 115.9,
115.2,112.6,112.4,111.8,111.5,91.5, 83.8,81.5,50.1, 26.9,19.9, 11.1;
HRMS (ESI-TOF) m/z calculated for C3gH19NeS3 + Na 732.0818 [M +
Na]*, measured 732.1099 [M + Na]".

Synthesis of 2,2'-((10-propyl-10H-phenothiazine-3,7-diyl)bis(2-(4-
(dicyanomethylene)cyclohexa-2,5-dien-1-ylidene)-1-(thiophen-2-
yl)ethan-2-yl-1-ylidene))dimalononitrile (12)

In a 100 mL round bottomed flask, TCNQ (191 mg, 0.938 mmol) was
added to a solution of 10 (170 mg, 0.375 mmol) in DCE (25 mL). The
mixture was heated at 80 °C in an oil bath for 48 h. After cooling to
room temperature, the solvents were removed under vacuum, and the
product was purified by column chromatography with DCM as the
eluent to yield 12 as a dark-colored solid with 65% yield: mp 233-240
°C; 'H NMR (500 MHz, CDCl3) 6 = 7.96 (dd, J = 4.2, 1.1 Hz, 1H),
7.89 (dd, J = 5.0, 1.1 Hz, 1H), 7.56 (s, 6H), 7.50 (dd, J = 9.8, 2.0 Hz,
1H), 7.34-7.28 (m, 3H), 7.22 - 7.18 (m, 3H), 7.04 — 6.99 (m, 2H), 6.96
(dd, J =9.6, 2.0 Hz, 1H), 6.87 (d, J = 8.7 Hz, 1H), 6.82 (d, J = 8.5 Hz,
1H), 3.84 (t, J = 7.4 Hz, 2H), 1.85 (p, J = 7.4 Hz, 2H), 1.05 (t, J = 7.3
Hz, 3H); 33C{*H} NMR (125 MHz, CDCls) & = 161.7, 153.9, 150.7,
148.0, 147.8, 142.7, 137.8, 137.4, 136.5, 134.3, 133.8, 132.6, 131.9,
131.8, 131.2, 131.0, 130.0, 129.1, 129.0, 128.9, 127.4, 127.1, 126.5,
126.1, 125.1, 123.0, 123.0, 118.4, 115.7, 115.4, 113.5, 113.5, 112.4,
111.5,94.9,91.7,84.1, 89.7, 65.9, 64.8, 49.9, 20.0, 11.1; HRMS (ESI-
TOF) m/z calculated for CsiH27NgSz + Na + K - H 922.1003 [M + Na
+ K - H]*, measured 922.1828 [M + Na + K - H]".

Synthesis of 10-propyl-3-((9-propyl-9H-carbazol-3-yl)ethynyl)-
10H-phenothiazine (13)

In a 100 mL round-bottomed flask, 3-ethynyl-10-propyl-10H-
phenothiazine 1 (300 mg, 1.130 mmol) and 3-bromo-9-propyl-9H-

carbazole (357 mg, 1.243 mmol) were purged under nitrogen and
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bis(triphenylphosphine)palladium (Il)dichloride (60 mg) and copper(l)
iodide (1 - 2 mg) were added in anhydrous triethylamine (20 mL) and
tetrahydrofuran (20 mL), the reaction mixture was stirred and refluxed
for 12 h at 60 °C in an oil bath. Then the solvent was evaporated under
a vacuum. The residue was dissolved in dichloromethane, and this
solution was washed with water several times, dried with anhydrous
Na,SO4, and filtered off. The crude was purified by column
chromatography using dichloromethane-hexane (1/3 v/v) as an eluent to
give an oily yellowish 13 with an 80% yield: mp 85-95 °C; H NMR
(500 MHz, CDCls) 6 =8.13 - 8.21 (m, 2 H), 8.05 (d, J=7.78 Hz, 2 H),
7.52-757(m,2H),7.46 - 751 (m, 2 H), 7.39 - 7.43 (m, 2 H), 7.31 -
7.38 (m, 1 H), 7.28 (d, J=8.55 Hz, 2 H), 7.22 - 7.25 (m, 1 H), 4.19 - 4.29
(m, 4 H), 1.85 - 1.96 (m, 4 H), 0.92 - 1.00 (m, 6 H); 3C{*H} NMR (125
MHz, CDCls) & = 140.8, 139.4, 139.2, 129.2, 129.0, 128.2, 126.3,
1245, 123.4, 123.3, 123.1, 121.8, 120.5, 119.2, 112.0, 111.5, 110.5,
110.2,109.0,44.9,44.7,22.3,22.3,22.2,11.8,11.7; HRMS (ESI-TOF)
m/z calculated for C32H2sN2S 472.1968 [M], measured 472.1927 [M].
Synthesis of 2-(10-propyl-10H-phenothiazin-3-yl)-3-(9-propyl-9H-
carbazol-3-yl)buta-1,3-diene-1,1,4,4-tetracarbonitrile (14)

In a 100 mL round-bottomed flask, TCNE (40 mg, 0.3028 mmol) was
added to a solution of compound 13 (130 mg, 0.2753 mmol) in CHCl;
(20 mL) under an argon atmosphere. The mixture was stirred for 12 h at
RT. The solvent was removed in a vacuum, and the product was purified
by column chromatography with DCM/hexane (2:1, v/v) as eluent to
yield 14 as a dark color solid with 75% yield: mp 144—155 °C; *H NMR
(500 MHz, CDCls) & = 8.54 (d, J=1.83 Hz, 1 H), 8.13 (d, J=7.78 Hz, 1
H), 7.92 (dd, J=8.85, 1.83 Hz, 1 H), 7.77 (dd, J=8.85, 2.29 Hz, 1 H),
7.54-7.59 (m, 1 H), 7.48 (d, J=1.98 Hz, 1 H), 7.33 - 7.37 (m, 2 H), 7.14
-7.19 (m, 1 H), 7.03 - 7.10 (m, 2 H), 6.96 - 7.00 (m, 1 H), 6.86 - 6.90
(m, 2 H), 4.28 - 4.34 (m, 2 H), 3.83 - 3.89 (m, 2 H), 1.92 - 1.99 (m, 2
H), 1.83 - 1.89 (m, 2 H), 1.03 - 1.07 (m, 3 H), 0.97 - 1.01 (m, 3 H);
BC{!H} NMR (125 MHz, CDCls) & = 166.9, 165.1, 151.1, 149.1,
145.4, 144.0, 142.0, 141.4, 138.9, 130.6, 130.4, 127.9, 127.7, 127.6,
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127.5, 125.4, 125.1, 124.4, 124.3, 124.1, 123.9, 123.5, 123.4, 123.3,
122.7, 122.4, 121.8, 121.3, 121.2, 119.0, 118.8, 116.1, 115.0, 113.6,
113.1, 1125, 111.2, 112.2, 110.5, 110.2, 109.8, 80.9, 80.4, 49.9, 45.1,
34.9,345,34.4,31.9, 315, 31.4,30.2, 30.1, 29.7, 29.3, 22.7, 22.3, 20.0,
14.1,11.7,11.7,11.1; HRMS (ESI-TOF) m/z calculated for CagH2sNsS
+ Na 623.1988 [M + Na]*, measured 623.2057 [M + Na]".

Synthesis of 2-(4-(3,3-dicyano-1-(10-propyl-10H-phenothiazin-3-
yl)-2-(9-propyl-9H-carbazol-3-yl)allylidene)cyclohexa-2,5-dien-1-
ylidene)malononitrile (15)

In a 100 mL round-bottomed flask, TCNQ (48 mg, 0.2329 mmol) was
added to a solution of compound 13 (100 mg, 0.2117 mmol) in DCE (20
mL). The mixture was heated at 60 °C in an oil bath for 18 h. After
cooling to room temperature, the solvents were removed under vacuum,
and the product was purified by column chromatography with
DCM/hexane (3:1, v/v) as the eluent to yield 15 as a dark-colored solid
with 70%yield: mp 162—175 °C; H NMR (500 MHz, CDCls) & = 8.48
(d, J=1.68 Hz, 1 H), 8.04 - 8.13 (m, 1 H), 7.78 - 7.90 (m, 1 H), 7.59 -
7.68 (m, 1 H),7.52-7.58(m, 2H),7.42-7.47 (m,2H),7.30-7.34 (m,
2 H),7.21-724(m,1H), 7.12 -7.17 (m, 1 H), 7.02 - 7.10 (m, 3 H),
6.78 - 6.88 (m, 3 H), 4.29 (q, J=6.87 Hz, 2 H), 3.81 (q, J=7.68 Hz, 2 H),
1.90-1.96 (m, 2 H), 1.80 - 1.86 (m, 2 H), 0.97 - 1.03 (m, 6 H); 3C{*H}
NMR (125 MHz, CDCI3) 6 =171.0, 154.2, 152.8, 150.4, 148.6, 143.5,
142.9, 142.4, 142.3, 141.4, 141.3, 136.2, 134.9, 134.6, 134.5, 133.4,
133.3, 132.0, 130.5, 129.5, 129.4, 128.3, 127.9, 127.8, 127.6, 127.3,
126.2, 125.9, 125.8, 125.6, 124.7, 124.3, 124.2, 123.9, 123.8, 123.4,
123.0, 122.8, 122.5, 122.4, 121.0, 120.6, 116.1, 116.0, 115.3, 114.9,
113.9, 113.8, 113.4, 109.9, 109.8, 109.7, 81.6, 75.5, 49.8, 49.7, 45.1,
45.1, 29.7, 22.4, 22.3, 20.1, 20.0, 14.1, 11.8, 11.8, 11.2, 11.1; HRMS
(ESI-TOF) m/z calculated for CasH32NeS + H 677.2482 [M + H]",
measured 677.2276 [M + H]".

Synthesis of 10-propyl-3,7-bis((9-propyl-9H-carbazol-3-yl)ethynyl)-
10H-phenothiazine (16)
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In a 100 mL round-bottomed flask, 3,7-diethynyl-10-propyl-10H-
phenothiazine 4 (500 mg, 1.727 mmol) and 3-bromo-9-propyl-9H-
carbazole (1.244 g, 4.319 mmol) were purged under nitrogen and
bis(triphenylphosphine)palladium (Il)dichloride (80 mg) and copper(l)
iodide (2 - 5 mg) were added in anhydrous triethylamine (20 mL) and
tetrahydrofuran (20 mL), the reaction mixture was stirred and refluxed
for 16 h at 60 °C in an oil bath. Then the solvent was evaporated under
a vacuum. The residue was dissolved in dichloromethane, and this
solution was washed with water for several times, dried with anhydrous
Na;SO4, and filtered off. The crude was purified by column
chromatography using dichloromethane-hexane (1/3 v/v) as eluent to
give an oily yellowish of 16 with 70% yield: mp 105-110 °C; *H NMR
(500 MHz, CDCls) 6 =8.27 (s, 2 H), 8.09 (d, J = 7.8 Hz, 2 H), 7.63 -
758 (m,J=84Hz, 2H),7.47(d,J=7.6Hz, 2H), 7.43-7.39 (M, 2
H), 7.38 (s, 1 H), 7.36 - 7.34 (m, 2 H), 7.34 - 7.31 (m, 3 H), 7.27 (br. s.,
1H),7.24 (s, 1 H), 6.83-6.79 (m, J=8.2 Hz, 2 H), 4.28 (t, J = 7.2 Hz,
4H),3.83(t,J=7.1Hz,2H),1.96-1.89 (m, 4 H), 1.88-1.82 (m, 2 H),
1.04 (t, J=7.3 Hz, 3H), 0.98 (t, J = 7.3 Hz, 6 H); 13*C{*H} NMR (125
MHz, CDCls) 8 = 146.1, 144.9, 144.8, 140.9, 140.1, 131.8, 130.9,
130.6, 130.0, 129.2, 128.2, 127.5, 127.4, 127.3, 126.3, 126.0, 124.8,
124.8, 124.3, 124.2, 124.0, 123.8, 123.3, 123.1, 122.9, 122.8, 122.6,
1225, 121.8, 120.5, 119.3, 117.7, 115.6, 115.5, 115.4, 115.1, 115.1,
115.0, 113.4, 109.0, 108.8, 90.6, 86.9, 49.3, 49.3, 44.9, 44.8, 22.3, 22.3,
20.1,20.1,11.8,11.8,11.3,11.3; HRMS (ESI-TOF) m/z calculated for
Ca9H41N3S 703.3016 [M], measured 703.3035 [M].

Synthesis of 3,3'-(10-propyl-10H-phenothiazine-3,7-diyl)bis(2-(9-
propyl-9H-carbazol-3-yl)buta-1,3-diene-1,1,4,4-tetracarbonitrile)
(17)

In a 100 mL round-bottomed flask, TCNE (48 mg, 0.3728 mmol)) was
added to a solution of 16 (105 mg, 0.1491 mmol) in CH2Cl> (20 mL)
under an argon atmosphere. The mixture was stirred for 36 h at 40 °C in
an oil bath. The solvent was removed in a vacuum, and the product was

purified by column chromatography with DCM/hexane (2:1, v/v) as
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eluent to yield 17 as a dark color solid with 65% yield: mp 195-205 °C;
'H NMR (500 MHz, CHLOROFORM-d) 8§ =8.54 (d, J = 1.7 Hz, 1
H), 8.41(d,J=18Hz,1H),822(d,J=18Hz, 1H),812(d,J=7.8
Hz, 1 H), 7.95 (dd, J = 1.9, 8.9 Hz, 1 H), 7.89 (dd, J = 1.9, 8.9 Hz, 1 H),
7.81-7.74 (m, 2 H), 7.65 (dd, J = 1.8, 8.7 Hz, 1 H), 7.60 - 7.55 (m, 1
H), 7.55-7.45 (m, 4 H), 7.39 - 7.32 (m, 4 H), 6.99 - 6.90 (m, 2 H), 4.30
(td, J=7.2,10.7 Hz, 4 H), 3.87 (t, J = 9.4 Hz, 2 H), 1.94 (td, J = 7.7,
15.1 Hz, 4 H), 1.89 - 1.83 (m, 2 H), 1.06 (dt, J = 3.5, 7.2 Hz, 3 H), 1.02
- 0.96 (m, 6 H); BC{*H} NMR (125 MHz, CHLOROFORM-d) & =
166.2, 165.4, 144.1, 141.5, 130.6, 128.0, 127.8, 127.4, 124.5, 124.0,
123.5, 123.2, 123.1, 121.4, 121.2, 116.1, 116.1, 113.4, 112.5, 111.6,
111.4,110.7,110.4, 110.0, 83.9, 80.2, 45.2, 31.4, 30.2, 22.3,11.8, 11.1;
HRMS (ESI-TOF) m/z calculated for Ce1H41N11S + Na 982.3159 [M +
Na]*, measured 982.2119 [M + Na]".

Synthesis of 2,2'-((10-propyl-10H-phenothiazine-3,7-diyl)bis(2-(4-
(dicyanomethylene)cyclohexa-2,5-dien-1-ylidene)-1-(9-propyl-9H-
carbazol-3-yl)ethan-2-yl-1-ylidene))dimalononitrile (18)

In a 100 mL round-bottomed flask, TCNQ (76 mg, 0.3728 mmol) was
added to a solution of compound 16 (105 mg, 0.1491 mmol) in DCE (20
mL). The mixture was heated at 80 °C in an oil bath for 48 h. After
cooling to room temperature, the solvents were removed under vacuum,
and the product was purified by column chromatography with DCM as
the eluent to yield 18 as a dark-colored solid with 60% yield: mp
280290 °C; 'H NMR (500 MHz, CHLOROFORM-d) § = 8.45 (s, 1
H), 8.12 - 8.04 (m, 2 H), 8.03 - 8.00 (m, 1 H), 7.81 (d, J = 8.9 Hz, 1 H),
7.57-752(m,4H),7.48-7.44 (m,4H),7.38 (br.s.,2H),7.33(d,J=
4.7 Hz, 3 H),7.31 (br.s.,, 2 H), 7.24 - 7.16 (m, 3 H), 7.06 (d, J = 11.0
Hz, 1 H), 7.02 (d, J = 9.5 Hz, 1 H), 6.96 (s, 1 H), 6.84 (d, J= 8.7 Hz, 1
H), 6.81 - 6.78 (m, 1 H), 4.29 (t, J = 7.0 Hz, 4 H), 3.76 (td, J = 8.0, 15.7
Hz, 2 H), 1.97 - 1.90 (m, 4 H), 1.78 (td, J = 7.9, 15.6 Hz, 2 H), 0.99 (q,
J =6.9 Hz, 9 H); *C{*H} NMR (125 MHz, CHLOROFORM-d) § =
168.8, 151.9, 147.3, 142.5, 141.3, 136.1, 134.2, 133.5, 131.1, 130.6,
129.3, 129.2, 128.1, 127.5, 126.4, 126.0, 125.9, 124.6, 124.1, 123.4,
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122.3, 121.2, 120.9, 120.7, 115.8, 114.1, 113.9, 113.3, 110.1, 109.8,
84.2, 81.4, 50.2, 45.1, 22.7, 22.4, 11.8, 11.0; HRMS (ESI-TOF) m/z
calculated for C73HaoN11S + Na 1134.3785 [M + Na]*, measured
1134.3519 [M + Na]".
3.8. Conclusion

In conclusion, a series of donor-acceptor functionalized
symmetrical and unsymmetrical phenothiazine derivatives 1-18 were
synthesized by the Pd-catalyzed Sonogashira cross-coupling followed
by [2+2] cycloaddition electrocyclic ring-opening reaction with TCNE
and TCNQ acceptors. The di-DCNQ substituted phenothiazine
derivatives 6, 12, and 18 show a strong intramolecular charge transfer
(ICT) band at a low energy region as compared to mono-DCNQ
substituted phenothiazine derivatives 3, 9, and 15 due to strong donor-
acceptor interaction. The electrochemical analysis reveals reduction
waves at low potential due to the TCBD and DCNQ acceptors, whereas
oxidation waves at high potential are due to the donor (phenothiazine,
thiophene, and carbazole). In comparison to TCBD, the incorporation of
DCNQ stabilizes the LUMO energy level considerably. The
photophysical and electrochemical data show that the incorporation of
TCBD and the DCNQ acceptor into ethynyl phenothiazine derivatives
resulted in stronger DA interactions that led to a lower HOMO-LUMO
energy gap. The thermogravimetric analysis (TGA) of phenothiazine
derivatives 1-18 shows that the TCBD substituted phenothiazine
derivative 2 exhibits the highest thermal stability as compared to other
phenothiazine derivatives. The computational studies show that the
electron density on HOMO energy level is mainly localized over the
donor phenothiazine, thiophene, and carbazole units, whereas the
electron density on LUMO energy level is concentrated over the
acceptor TCBD and DCNQ units. The proposed symmetrical and
unsymmetrical phenothiazine derivatives 1-18 provide a new approach
for the development of donor-acceptor chromophores, which are useful
for a variety of optoelectronic applications.
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Chapter 4

Near-Infrared Absorbing Donor-Acceptor Based N,4-
dimethylbenzenesulfonamide Substituted Phenothiazine

Derivatives

4.1. Introduction
In recent years, n-conjugated systems are widely used in electronic and
optical devices such as organic light-emitting diodes (OLEDs), organic
photovoltaics (OPVs), organic field-effect transistors (OFETS), organic
photodetectors, nonlinear optics and bioimaging.[1-8] n-conjugated
donor-acceptor system is a type of chromophore or system that has both
electron-donating group (donor) and an electron-withdrawing group
(acceptor) within its n-conjugated system.[9-13] In these r-conjugated
chromophores, the heteroatom-containing cyclic systems were used to
tune the photophysical and redox properties of push—pull dyes.[14, 15]
Many studies have been reported on developing novel push—pull organic
materials for optoelectronic applications.[16-20] Heterocyclic
derivatives such as thiazoles, benzothiazoles, benzothiadiazole,
phenothiazine, and many more have been explored for non-linear optics
(NLO), organic light-emitting diodes (OLEDs), organic photovoltaics
(OPVs), and organic field-effect transistors (OFETS).[21-26]
Phenothiazine can be easily functionalized by the aromatic
electrophilic substitution reactions at the 3- & 7- positions, and
nucleophilic substitution reaction at the N-position.[27-29] The
phenothiazine derivatives possesses low reversible oxidation potential
making them suitable candidates to be used as electron donor in various
optoelectronic applications.[30, 31] The 1,1,2,2-tetracyanoethylene
(TCNE) and 7,7,8,8-tetracyanoquinodimethane (TCNQ) are strong
electron acceptors because they contain four cyano groups,[32, 33] and
are highly reactive towards electron-rich alkynes, undergo [2 + 2]
cycloaddition reaction to form cyclobutene rings followed by

retroelectrocyclization reaction to produce 1,1,4,4-tetracyanobutadiene
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(TCBD) and cyclohexa-2,5-diene-1,4-diylidene-expanded TCBD or
DCNQ (DCNQ = dicyanoquinodimethane) derivatives.[34] The donor-
acceptor systems containing TCBD and DCNQ acceptors are promising
candidates for organic photovoltaics applications.[35] Diederich,
Michinobu, Shoji, Butenschon, Kato, Paul, Nakamura and Trolez et al.
have explored the donor-acceptor based TCBD and DCNQ
functionalized derivatives as redox-active ICT chromophores for
various optoelectronic applications.[36-46] Recently, our group has
reported a series of donor-acceptor TCBD and DCNQ functionalized
phenothiazine derivatives for optoelectronic applications.[47, 48] The
TCBD and DCNQ functionalized donor-acceptor small molecules and
polymers have been investigated for organic photovoltaics and nonlinear
optics (NLOs).[49, 50]
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Figure 4.1. Chemical structures of donor-acceptor chromophores 1-6.

In this manuscript, we have designed and synthesized donor-
acceptor chromophores 1-6 by Corey-Fuchs reaction via Evano's
conditions followed by [2 + 2] cycloaddition retroelectrocyclic ring-
opening reaction with strong electron acceptors TCNE and TCNQ in
good yields (Figure 4.1 for structures; NTs = N/4-

dimethylbenzenesulfonamide). Herein, our aim was to explore the

168



photophysical, thermal stability, and electrochemical characteristics of
donor-acceptor chromophores 1-6 by introducing strong electron
acceptors TCNE and TCNQ moieties. The photophysical results
indicate that the DCNQ-functionalized 3 and 6 reveal a significant ICT
band at the higher wavelength region in comparison to TCBD-
functionalized 2 and 5 which corresponds to strong donor—acceptor (D-
A) interactions.[47]

4.2. Result and Discussion

The synthesis of donor-acceptor chromophores 1-6 are shown in
Scheme 4.1. The ynamides precursors 1 and 4 were synthesized by the
Corey-Fuchs reaction followed by Evano’s procedure.[51] The reaction
of aldehydes PTZ-CHO and PTZ-(CHO)2 with carbon tetrabromide
and triphenylphosphine in dichloromethane at 0 °C resulted the geminal-
dibromovinyl compounds PTZ-CBr2 and PTZ-(CBr2)2 in 75% and
80% vyield respectively, and after the Evano’s conditions using N-
methyl-p-toluenesulfonamide, cesium carbonate, N,N-
dimethylethylenediamine (DMEDA), and copper iodide as catalysts in
1,4-dioxane at 60 °C, 1 and 4 are formed in 60% and 65% yield,
respectively. The reaction of 1 and 4 with 1.1 equivalent and 2.5
equivalent of TCNE in dichloromethane at room temperature resulted in
2 and 5 in 85% and 65%, respectively. Similarly, the reaction of 1 and 4
with 1.1 equivalent and 2.5 equivalent of TCNQ in dichloroethane
(DCE) at 80 °C resulted in 3 and 6 in 70% and 60%, respectively.
All the reported donor-acceptor chromophores 1-6 were purified by
column chromatography using hexane/DCM as the solvent and were
well-characterized by 'H-NMR, *C-NMR spectroscopy and HRMS
techniques.
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Scheme 4.1. Synthetic route of donor-acceptor chromophores 1-6.

4.3. Photophysical Properties

The optical properties of the donor-acceptor chromophores 1-6 were
recorded in dilute dichloromethane solutions (1 x 10° M) at room
temperature (Figure 4.2), and the data including absorption maxima
(Amax), extinction coefficient, and optical bandgap are summarized in
Table 4.1. The absorption maxima of mono- and di-ynamide derivatives
1 and 4 are at 325 nm and 342 nm, respectively, which is due to the n-
n* transition at higher energy region. The mono- and di-TCBD
substituted 2 and 5 exhibit absorption maxima at 591 nm and 599 nm
respectively, indicating that the incorporation of the TCBD unit results
in strong donor-acceptor interaction. The di TCBD substituted
chromophore 5 shows an 8 nm red shift in compared to mono TCBD
substituted chromophore 2. While, the mono- and di-DCNQ
functionalized chromophores 3 and 6 exhibit their absorption maxima at
686 nm and 702 nm, respectively, which is attributed to the
intramolecular charge transfer (ICT) transitions at the longer
wavelength. The strong absorption bands are due to the strong electron
accepting nature of DCNQ. The di DCNQ substituted 6 exhibits a

bathochromic shift of 16 nm as compared to mono DCNQ substituted 3.
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Figure 4.2. Electronic absorption spectra of donor-acceptor
chromophores 1-6 in dichloromethane (1 x 10°M).

The DCNQ functionalized chromophores 3 and 6 exhibit a
bathochromically shifted absorption (~100 nm) as compared to the
TCBD substituted chromophores 2 and 5 which corresponds to the
strong electron-accepting nature of the DCNQ moiety. The optical
energy gaps of 1-6 were estimated from the onset edge of the absorption
spectra in dichloromethane, which were found to be 2.98, 1.46, 1.18,
2.78, 1.48, and 1.20 eV, respectively. The optical band gaps of 1-6 are
listed in the following order 1 >4 >5> 2 > 6 > 3. All transitions are
explained by TD-DFT calculations, and relevant data are included in
Table 4.3.

Table 4.1. Photophysical and Computational Data of Donor—Acceptor
Chromophores 1-6.

Compounds Amax g EqoPt HOMO | LUMO | band-gap
(nm)? (Mtcmt)? (eV)? (eVv)P (eVv)® (eV)P
1 325 14770 2.98 -5.05 -1.16 3.89
2 591 5815 1.46 -5.71 -3.29 2.42
3 686 10180 1.18 -5.58 -3.77 181
4 342 9890 2.78 -5.06 -1.27 3.79
5 599 13820 1.48 -6.04 -3.85 2.19
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6 702 9020 1.20 -5.89 -4.11 1.78

aAbsorbance measured in dichloromethane at (10> M); Amax =
absorption wavelength; & = extinction coefficient; E¢°" = optical
bandgap; PTheoretical data obtained from density functional theory
(DFT) calculations performed at the B3LYP/6-31G (d,p) level.

4.4. Electrochemical Properties

The redox potentials of donor-acceptor chromophores 1-6 were
evaluated by cyclic voltammetry (CV) and differential pulse
voltammetry  (DPV) using 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFs) as a supporting electrolyte. The
electrochemical data are demonstrated in Table 4.2, and the
representative  cyclic voltammograms and differential pulse
voltammograms for chromophores 1-6 are shown in Figures 4.3 and 4.4.
At low potential, phenothiazine displays only one reversible oxidation
wave.[52, 53] The donor-acceptor chromophores 1-6 exhibit two
reversible oxidation waves in the range of 1.65 — 0.75 V corresponding
to the phenothiazine and ynamide donor moieties on the anodic side.
The mono- and di-ynamide derivatives 1 and 4 exhibit two oxidation
waves at (0.79 V and 1.46 V) and (0.77 V and 1.33 V), respectively. The
phenothiazine moiety is responsible for the first oxidation potential,
while the ynamide moiety is responsible for the second oxidation
potential. The mono- and di-TCBD incorporated chromophores 2 and 5
exhibit two oxidation waves at (1.02 VV and 1.58 V) and (1.23 V and 1.65
V), respectively, while the DCNQ substituted chromophores 3 and 6
display two oxidation waves at (0.89 V and 1.47 V) and (1.01 V and
1.55 V), respectively. These results suggest that the incorporation of the
TCBD/DCNQ acceptors unit enhances the oxidation potential of
phenothiazine at the anodic side while reducing its electron density.
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Figure 4.3. Cyclic voltammograms of 2 and 3 in 0.1 M solution of

BusNPFs in dichloromethane at 100 mV s scan rate versus saturated

Ag/AgCl at 25 °C.

The TCBD/DCNQ functionalized chromophores 2, 3, 5, and 6

exhibit two reduction waves in the range of —0.10 V to —-0.80 V on the

cathodic side. The mono- and di-TCBD substituted chromophores 2 and
5 show two reduction waves at (—0.27 V and —0.75 V) and (-0.28 V and
—0.78 V), respectively. While the mono- and di-DCNQ functionalized

chromophores 3 and 6 exhibit two reduction waves at (-0.16 V and —
0.29 V) and (-0.13 V and —0.27 V), respectively.
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Figure 4.4. Differential pulse voltammograms of 1-6 in 0.1 M solutions
of BusNPFg in dichloromethane at 100 mV s scan rate versus saturated
Ag/AgCl electrode at 25 °C.

The reduction potential values of chromophores 3 and 6 exhibit
a more pronounced anodic shift compared to chromophores 2 and 5
which indicates that the DCNQ unit has a greater influence on the
electronic properties and contributes more to the stabilization of the
LUMO energy levels than the TCBD unit. The electrochemically
calculated HOMO energy levels of chromophores 2, 3, 5, and 6 are —
5.98, -5.87, -6.05, and -5.95 eV, respectively and LUMO energy levels
are —4.13, —4.24, -4.12 and —-4.27 eV, respectively. The calculated
electrochemical band gaps (Egap) Of chromophores 2, 3, 5, and 6 are 1.85
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eV, 1.63 eV, 1.93 eV and 1.68 eV respectively. The Egap values follow
the order 5> 2 > 6 > 3. The calculated electrochemical band gap and the
optical band gap for 2, 3, 5, and 6 are in good agreement.

Table 4.2. Electrochemical data of donor—acceptor chromophores 1-6.

Compounds Ered Eox Ervomo | ELumo | Eg (eV)?
(V)2 (V)@ | (ev)2 | (eV)?
1 - 0.79 - - -
1.46
2 -0.27 1.02 -5.98 -4.13 1.85
-0.75 1.58
3 -0.16 0.89 -5.87 -4.24 1.63
-0.29 1.47
4 - 0.77 - - —
1.33
5 -0.28 1.23 —6.05 -4.12 1.93
-0.78 1.65
6 -0.13 1.01 -5.95 —4.27 1.68
-0.27 1.55

8Electrochemical analysis was estimated by differential pulse
voltammetry, in 0.1 M solution of TBAPFs in DCM at 100 mV s scan
rate versus saturated Ag/AgCl electrode at 25 °C.

4.5. Computational Calculations

The density functional theory calculation was carried out on donor-
acceptor chromophores 1-6 to investigate the molecular conformations
and ground-state geometries at B3LYP/6-31G (d,p) level in the
Gaussian 09W program.[54] The HOMO-LUMO frontier molecular
orbitals and the energy level diagram of the optimized geometries of 1—
6 with the HOMOs (highest occupied molecular orbitals), LUMOs
(lowest unoccupied molecular orbitals), and energy gap are displayed in
Figure 4.5, and the relevant data are displayed in Table 4.1. The
ynamides substituted 1 and 4 exhibit a non-planar structure due to the
presence of phenothiazine (butterfly shape) and ynamide moiety.

However, the 2, 3, 5, and 6 show a more twisted geometry due to the
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presence of multiple nonplanar acceptor TCBD and DCNQ moieties.
The HOMOs of 1 and 4 are concentrated on the phenothiazine unit and
the LUMOs are mainly localized on the ynamide moiety. In the case of
2, 3, 5, and 6 the HOMOs are mainly concentrated on the phenothiazine
unit, whereas the LUMOs are centered on TCBD and DCNQ units. The
TCBD (tetracyanobutadiene) and DCNQ (dicyanoguinodimethane)
units are introduced as cyano-based strong electron acceptors and this
lowers the LUMO energy levels, which leads to a red shift in the UV-
vis spectra. The HOMO-LUMO energy gap in DCNQ functionalized 3
and 6 is lower than in TCBD functionalized derivatives 2 and 5, because
of their strong accepting character of the DCNQ unit. The theoretically
calculated HOMO energy levels of 1-6 are —5.05 eV, -5.71 eV, —5.58
eV, -5.06 eV, —-6.04 eV and -5.89 eV, respectively and the
corresponding LUMO energy levels are —1.16 eV, —-3.29 eV, -3.77 eV,
-1.27 eV, -3.85 eV and —4.11 eV, respectively. The theoretically
calculated HOMO-LUMO gap values for 1-6 are 3.89, 2.42, 1.81, 3.79,
2.19 and 1.78, respectively, and follows the order 1 >4>2>5>3 > 6.
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Figure 4.5. Energy level diagram and HOMO-LUMO frontier orbitals

pictures of donor-acceptor chromophores 1-6 calculated by DFT
calculations at the B3LYP/6-31G (d,p) level.
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The time-dependent density functional theory (TD-DFT)
calculation was carried out at the B3LYP/6-31G (d,p) level on optimized
1-6 in dichloromethane to determine the transitions involved in the
electronic absorption spectra. The experimentally and theoretically
calculated absorption spectra are displayed in Figure 4.6 and the
corresponding data including transitions with oscillator strengths,

composition, and assignments are shown in Table 4.3.
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Figure 4.6. Calculated (red line) TD-DFT: B3LYP/6-31G (d,p) level in
dichloromethane and experimental (black line) UV/vis spectrum of

donor-acceptor chromophores 1-6 in dichloromethane.

The theoretically estimated electronic absorption spectra of
ynamides substituted 1 and 4 exhibits an absorption band at 362 nm and
381 nm respectively, which are attributed to the transition from
HOMO—LUMO. This absorption band was originated from the n—n*
transition localized on the phenothiazine to ynamides moiety. For TCBD
substituted 2 and 5 show the absorption band at 676 nm and 595 nm
respectively, which are originated from HOMO—-LUMO and
HOMO—LUMO+1. On the other hand, the DCNQ functionalized 3 and
6 reveal the absorption band at 872 nm and 796 nm respectively, which
are attributed to the transition from HOMO—-LUMO and
HOMO—LUMO+1. The DCNQ functionalized derivatives 3 and 6
display a stronger intramolecular charge transfer (ICT) band at the

longer wavelength region as compared to TCBD substituted derivatives
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2 and 5 because of the strong donor-acceptor nature of the DCNQ

moiety.

Table 4.3. Calculated electronic transitions for donor-acceptor

chromophores 1-6 in dichloromethane:

Compounds | Wavelength Composition and fa Assignment
(nm) Molecular Contribution
1 362 HOMO—LUMO (0.65) 0.34 ¥
2 676 HOMO—LUMO (0.70) 0.19 ICT
3 872 HOMO—LUMO (0.69) 0.32 ICT
4 381 HOMO—LUMO (0.67) 0.52 ¥
5 595 HOMO—LUMO+1 (0.70) | 0.12 ICT
6 796 HOMO—LUMO+1 (0.68) | 0.11 ICT

40scillator strength.

The theoretical data were found to be higher than the
experimentally calculated values for electronic absorption wavelengths,
which might be related to a number of things namely the solvent effect,

temperature, and dipole moment.

4.6. Experimental section

General methods

The chemicals were used as received unless otherwise indicated. All
oxygen or moisture-sensitive reactions were performed under a
nitrogen/argon atmosphere. *H NMR (500 MHz) and *C NMR (125
MHz) spectra were recorded on Bruker 500 MHz FT-NMR
spectrometers at room temperature. *H NMR chemical shifts are
reported in parts per million (ppm) relative to the solvent residual peak
(CDCls, 7.26 ppm). Multiplicities are given as s (singlet), d (doublet), t
(triplet) and m (multiplet) and the coupling constants, J, are given in
hertz. 3C NMR chemical shifts are reported relative to the solvent
residual peak (CDClIs, 77.0 ppm). UV-visible absorption spectra were
recorded on a PerkinElmer Lambda 35 instrument. HRMS was recorded
with an Agilent 6545A Q-TOF mass spectrometer and on a Bruker-

Daltonics micrOTOF-Q Il mass spectrometer used to measure the mass
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of the compounds. The voltammograms were recorded on a PalmSens 4
electrochemical analyzer in dichloromethane solvent and 0.1 M
TBAPFs as the supporting electrolyte. The electrodes used were glassy
carbon as a working electrode, Pt wire as a counter electrode and
Ag/AgCl as a reference electrode, the scan rate was 100 mV s for cyclic
voltammetry.

Synthesis of  N,4-dimethyl-N-((10-propyl-10H-phenothiazin-3-
yl)ethynyl)benzene sulfonamide (1)

In a 100 mL round bottomed flask, a solution of dibromoalkene PTZ-
CBr2 (350 mg, 0.8231 mmol), TsNHMe (168 mg, 0.9054 mmol), Cul
(17 mg, 0.0897 mmol), N,N'-dimethylethylenediamine (22 uL, 0.2057
mmol) and Cs2CO3 (992 mg, 3.0457 mmol) in dry 1,4-dioxane (10 mL)
was heated to 60 °C under a nitrogen atmosphere over 60 h. Then the
solvent was evaporated under vacuum. The residue was dissolved in
dichloromethane, and this solution was washed with water for several
times, dried with anhydrous Na.SOs, and filtered off. The crude was
purified by column chromatography (cyclohexane:dichloromethane 1:0
to 4:6) to give 1 as a yellow/brown solid with 60% yield. *H NMR (500
MHz, CHLOROFORM-d) & = 7.84 - 7.79 (m, J = 8.1 Hz, 2 H), 7.39 -
7.34 (m, J = 7.9 Hz, 2 H), 7.18 - 7.12 (m, 2 H), 7.12 - 7.07 (m, 2 H),
6.93-6.89 (m, 1 H), 6.84(d, J=8.1Hz,1H),6.73 (d, J=8.4 Hz, 1 H),
3.79 (t, J = 7.1 Hz, 2 H), 3.12 (s, 3 H), 2.46 (s, 3 H), 1.81 (sxt, J = 7.3
Hz, 2 H), 1.00 (t, J = 7.3 Hz, 3 H); ¥*C NMR (125 MHz,
CHLOROFORM-d) 6 = 145.2, 144.8, 144.7, 133.2, 131.0, 130.4, 129.8,
127.9,127.4,127.3,124.8,124.2,122.7,116.3, 115.5, 115.0, 83.6, 68.3,
49.3, 39.4, 21.7, 20.1, 11.3; HRMS (ESI-TOF) m/z calculated for
C25H22N20,S; 448.1279 [M]", measured 448.1296 [M]".

Synthesis of N,4-dimethyl-N-(1,1,4,4-tetracyano-3-(10-propyl-10H-
phenothiazin-3-yl) buta-1,3-dien-2-yl)benzenesulfonamide (2)

In a 100 mL round bottomed flask, TCNE (47 mg, 0.3678 mmol) was
added to a solution of 1 (150 mg, 0.3343 mmol) in CH2Cl, (20 mL)
under an argon atmosphere. The mixture was stirred for 20 h at RT. The

solvent was removed in vacuum, and the product was purified by
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column chromatography with DCM/hexane (2:1, v/v) as eluent to yield
2 as a dark color solid with 85% vyield. *"H NMR (500 MHz,
CHLOROFORM-d) 8 = 7.77 - 7.71 (m, J = 8.2 Hz, 2 H), 7.66 (dd, J =
2.3,8.9 Hz, 1 H), 7.47 - 7.42 (m, J = 8.1 Hz, 2 H), 7.36 (d, J = 2.3 Hz,
1H),7.19(t, J=7.8Hz, 1 H),7.09(d, J=7.6 Hz, 1 H), 7.01 (t, J= 7.5
Hz, 1 H), 6.90 (d, J=8.9 Hz, 2 H), 3.89 (t, J = 7.3 Hz, 2 H), 3.55 (s, 3
H), 2.49 (s, 3 H), 1.89 (sxt, J = 7.4 Hz, 2 H), 1.06 (t, J = 7.3 Hz, 3 H);
13C NMR (125 MHz, CHLOROFORM-d) § = 164.4, 161.5, 151.2,
147.4, 1435, 142.0, 135.9, 132.4, 131.7, 130.8, 129.7, 128.5, 128.3,
127.9, 127.7, 127.3, 127.0, 125.2, 124.8, 1245, 122.8, 116.3, 115.0,
112.9, 112.6, 110.8, 110.7, 82.4, 79.0, 50.1, 41.4, 21.9, 20.1, 11.2;
HRMS (ESI-TOF) m/z calculated for C31H24NsO2S2 + Na 599.1294 [M
+ Na]*, measured 599.1325 [M + Na]".

Synthesis of N-(1,1-dicyano-3-(4-(dicyanomethylene)cyclohexa-2,5-
dien-1-ylidene)-3-(10-propyl-10H-phenothiazin-3-yl)prop-1-en-2-
yD-N,4-dimethylbenzenesulfonamide (3)

In a 100 mL round bottomed flask, TCNQ (75 mg, 0.3678 mmol) was
added to a solution of 1 (150 mg, 0.3343 mmol) in DCE (20 mL). The
mixture was heated at 80 °C for 24 h. After cooling to room temperature,
the solutions were removed under vacuum, and the product was purified
by column chromatography with DCM/hexane (3:1, v/v) as the eluent to
yield 3 as a dark color solid with 70% yield. *H NMR (500 MHz,
CHLOROFORM-d) & = 7.47 (d, J = 8.2 Hz, 2 H), 7.31 (s, 3 H), 7.22 (d,
J=75Hz, 3H),7.16-7.10 (m, 3 H), 7.04 - 6.99 (m, 1 H), 6.98 - 6.95
(m, 1 H), 6.92 (d, J=8.1 Hz, 1 H), 6.89 (d, J=8.5Hz, 1 H), 3.88 (t, J
=7.2Hz, 2 H),3.37 (s,3H),2.38 (s, 3H), 1.92 - 1.86 (m, 2 H), 1.07 (t,
J=7.3 Hz, 3 H); *C NMR (125 MHz, CHLOROFORM-d) & = 166.1,
152.5, 147.9, 1455, 145.2, 141.9, 135.9, 134.4, 132.9, 131.9, 131.6,
130.2, 129.3, 129.0, 128.7, 127.8, 127.0, 126.8, 126.7, 126.3, 125.9,
125.6,124.6,123.0,122.1,115.1,114.3,112.6, 111.0, 110.7, 79.3, 48.8,
39.4, 28.7, 20.7, 19.1, 10.2; HRMS (ESI-TOF) m/z calculated for
C37H28N602S2 + Na 675.1607 [M + Na]*, measured 675.1617 [M +
Na]"*.
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Synthesis of N,N*-((10-propyl-10H-phenothiazine-3,7-
diyl)bis(ethyne-2,1-diyl))bis(N,4-dimethylbenzenesulfonamide) (4)
In a 100 mL round bottomed flask, a solution of dibromoalkene PTZ-
(CBr2)2 (1 g, 1.642 mmol), TsNHMe (760 mg, 4.105 mmol), Cul (125
mg, 0.6568 mmol), N,N'-dimethylethylenediamine (107 uL, 0.9852
mmol) and Cs2COs (4 g, 12.315 mmol) in dry 1,4-dioxane (20 mL) was
heated to 60 °C under a nitrogen atmosphere over 60 h. Then the solvent
was evaporated under vacuum. The residue was dissolved in
dichloromethane, and this solution was washed with water for several
times, dried with anhydrous Na>SOs, and filtered off. The crude was
purified by column chromatography (cyclohexane:dichloromethane 1:0
to 4:6) to give 4 as a yellow/brown solid with 65% yield. *H NMR (500
MHz, CHLOROFORM-d) 6 =7.82 (d,J=8.1Hz,4H),7.37(d,J=8.1
Hz,4H),7.17-7.11 (m, 2 H), 7.09 - 7.05 (m, 2 H), 6.72 (d, J = 8.4 Hz,
2 H),3.77 (t, J=7.1Hz, 2 H),3.12 (s, 6 H), 2.47 (s, 6 H), 1.82 - 1.75
(m 2 H), 099 (t, J = 7.3 Hz, 3 H); C NMR (125 MHz,
CHLOROFORM-d) 6 = 144.8, 144.5, 143.5, 135.8, 133.2, 131.1, 130.4,
130.0, 129.8, 129.7, 128.0, 127.8, 127.3,124.0, 116.7, 115.1, 83.8, 68.1,
49.3, 39.4, 215, 20.0, 11.2; HRMS (ESI-TOF) m/z calculated for
C35H33N304S3 + Na 678.1525 [M + Na]*, measured 678.1516 [M +
Na]*.

Synthesis of N,N’-((10-propyl-10H-phenothiazine-3,7-
diyl)bis(1,1,4,4-tetracyanobuta-1,3-diene-3,2-diyl))bis(N,4-
dimethylbenzenesulfonamide) (5)

In a 100 mL round bottomed flask, TCNE (73 mg, 0.5717 mmol)) was
added to a solution of 4 (150 mg, 0.2287 mmol) in CH2Cl, (20 mL)
under an argon atmosphere. The mixture was stirred at RT for 36 h. The
solvent was removed under vacuum, and the product was purified by
column chromatography with DCM/hexane (3:1, v/v) as eluent to yield
5 as a dark color solid with 65% vyield. 'H NMR (500 MHz,
CHLOROFORM-d) § = 7.77 (d, J = 8.2 Hz, 4 H), 7.69 (dd, J = 2.3, 8.9
Hz, 2 H), 7.48 (d, J = 8.2 Hz, 4 H), 7.35 (d, J = 2.3 Hz, 2 H), 7.00 (d, J
= 8.9 Hz, 2 H), 3.95 - 3.90 (m, 2 H), 3.53 (s, 6 H), 2.51 (s, 6 H), 1.96 -
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1.90 (m, 2 H), 1.12 (t, J = 7.3 Hz, 3 H); BC NMR (125 MHz,
CHLOROFORM-d) 6 = 163.6, 162.1, 148.0, 147.6, 143.6, 135.8, 132.2,
131.7, 131.0, 129.8, 128.4, 128.3, 127.3, 126.7, 124.1, 116.1, 112.3,
112.1,110.8, 110.5, 85.6, 79.4,50.6,41.3, 21.9, 21.5, 19.9, 11.1; HRMS
(ESI-TOF) m/z calculated for C47H33sN1104S3 + Na 934.1771 [M + Na]*,
measured 934.1772 [M + Na]".

Synthesis of N,N'-((10-propyl-10H-phenothiazine-3,7-diyl)bis(3,3-
dicyano-1-(4-(dicyanomethylene)cyclohexa-2,5-dien-1-
ylidene)prop-2-ene-1,2-diyl))bis(N,4-dimethylbenzenesulfonamide)
(6)

In a 100 mL round bottomed flask, TCNQ (101 mg, 0.4955 mmol) was
added to a solution of 4 (130 mg, 0.1982 mmol) in DCE (20 mL). The
mixture was heated at 80 °C for 48 h. After cooling to room temperature,
the solutions were removed under vacuum, and the product was purified
by column chromatography with DCM as the eluent to yield 6 as a dark
color solid with 60% yield. *H NMR (500 MHz, CHLOROFORM-d) §
=770 (d,J=8.2Hz 1 H), 7.60 (s, 1 H), 7.54 - 7.46 (m, 2 H), 7.39 -
7.34(m, 2 H), 7.34 - 7.27 (m, 6 H), 7.25 - 7.18 (m, 2 H), 7.17 - 7.11 (m,
2 H), 7.11 - 7.07 (m, 1 H), 7.06 - 6.97 (m, 2 H), 6.97 - 6.90 (m, 2 H),
6.85 (dd, J=8.5,14.0 Hz, 1 H), 3.95 - 3.84 (m, 2 H), 3.44 - 3.25 (m, 6
H), 2.49 - 2.39 (m, 6 H), 1.97 - 1.85 (m, 2 H), 1.14 - 1.05 (m, 3 H); *C
NMR (125 MHz, CHLOROFORM-d) ¢ = 167.3, 167.2, 167.0, 153.4,
148.8, 146.8, 146.5, 145.9, 141.1, 137.4, 136.8, 135.1, 133.8, 133.6,
133.0, 132.9, 132.8, 130.6, 130.4, 129.4, 129.2, 128.9, 128.2, 128.0,
127.9, 127.8, 127.5, 127.3, 126.9, 126.6, 125.1, 124.1, 123.3, 116.1,
115.9,113.6,113.4,112.0, 111.6, 80.3, 80.2, 78.6, 73.5,50.4, 49.9, 40.7,
40.6, 40.5, 33.4, 22.3, 21.8, 21.8, 21.7, 20.1, 20.0, 14.1, 11.3, 11.2;
HRMS (ESI-TOF) m/z calculated for CsgH41N1104S3 + Na 1086.2397
[M + Na]*, measured 1086.2469 [M + Na]*.

4.7. Conclusion

In summary, we have designed and synthesized phenothiazine- and
ynamide-based chromophores 1-6 by the Corey-Fuchs reaction via

Evano’s conditions followed by [2 + 2] cycloaddition retroelectrocyclic
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ring-opening reaction with strong electron acceptors TCNE and TCNQ
in good yields. The electronic absorption maxima of the DCNQ
substituted 3 and 6 exhibit a significant bathochromic shift of around
100 nm, compared to those of TCBD substituted 2 and 5, due to the
strong electron-accepting nature of the DCNQ moiety. Based on the
electrochemical properties, it can be observed that the reduction
potential values of 3 and 6 are comparatively lower than those of 2 and
5. This indicates that the DCNQ unit has a greater impact on the
electronic properties and contributes more towards stabilizing the
LUMO energy levels in comparison to the TCBD unit. In DFT
calculation, the HOMO-LUMO energy gap in DCNQ functionalized 3
and 6 is lower than in TCBD functionalized derivatives 2 and 5, because
of their strong accepting character of the DCNQ unit. The TD-DFT
calculations reveal significant donor-acceptor interactions and

correspond well with the experimental data.
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Chapter 5

NIR Absorbing TCBD and DCNQ Functionalized Donor-
Acceptor Based Symmetrical and Unsymmetrical N-

Methyl-p-toluenesulfonamide-Phenothiazine Derivatives

5.1. Introduction

Over the past few years, the design and synthesis of m-conjugated
systems with specific electronic and optical properties have been an
active area of research in the field of materials sciences.[1-6] The
exploration of new =-conjugated materials that exhibit enhanced
properties possesses the potential for advancing the development of
optoelectronic devices with better efficiency and cost-effectiveness.[7—
12] The n-conjugated systems are widely used as prominent materials in
electronic and optical devices, comprising an important area of research
owing to their numerous applications in organic photovoltaic cells
(OPVs), organic field-effect transistors (OFETSs), organic
photodetectors, organic light-emitting diodes (OLEDSs), nonlinear
optics, and bioimaging.[13-20]

The phenothiazine (PTZ) moiety is an important class of
heterocyclic compound with a non-planar butterfly structure because it
contains electron-rich nitrogen (N) and sulfur (S) heteroatoms.
Phenothiazine has a dihedral angle of 158.51° between the planes of its
two benzene rings.[21-23] Phenothiazine derivatives have unique
electrical and optical properties that make them useful in optoelectronic
devices including organic field effect transistors (OFETS), dye-
sensitized solar cells (DSSCs), organic light-emitting diodes (OLEDs),
and organic solar cells.[24-26] N-Methyl-p-toluenesulfonamide (NTs)
can be used as a mild dehydrating agent in reactions that involve the
formation of amides and other nitrogen-containing compounds.[27] It
can also be used as a protecting group for amines and as a catalyst in
various chemical reactions.[28] The ability of N-Methyl-p-
toluenesulfonamide to act as a donor molecule is due to the presence of

a lone pair of electrons on the nitrogen atom in its molecular
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structure.[29] The use of N-Methyl-p-toluenesulfonamide as a donor-
acceptor system in organic electronics has been studied for its potential
applications in organic solar cells, organic light-emitting diodes
(OLED:s), organic field-effect transistors (OFETSs) and other electronic
devices.[30, 31] The 1,1,2,2-tetracyanoethylene (TCNE) and 7,7,8,8-
tetracyanoquinodimethane (TCNQ) are m-conjugated molecules that
possess strong electron-accepting properties. This is attributed to the
electron-withdrawing nature of the four cyano groups present in both
compounds. They undergo a [2 + 2] cycloaddition-
retroelectrocyclization (CA-RE) reaction with n-conjugated electron-
rich alkynes to produce donor-acceptor (D-A) based compounds in a
good vyield.[32-35] TCNE and TCNQ are utilized in a variety of
applications such as organic field-effect transistors, organic solar cells,
and nonlinear optical materials.[36, 37] Diederich, Michinobu, Shoji,
Trolez, Nakamura and Kato et al. investigated the potential of donor-
acceptor-based TCBD and DCNQ functionalized derivatives as redox-
active ICT chromophores for a variety of optoelectronic
applications.[38—46] Our group has recently reported a set of donor-
acceptor TCBD and DCNQ functionalized phenothiazine derivatives
with N,4-dimethylbenzenesulfonamide, hydrogen, thiophene, carbazole,
and triphenylamine donors at the terminal position.[47, 48] The DCNQ
moiety exhibits a robust ICT band in the NIR region and a facile
reduction wave compared to the TCBD moiety.[47, 49] Herein, we have
investigated the optoelectronic, thermal, and computational studies by
introducing N,4-dimethylbenzenesulfonamide at the terminal position
and incorporation of TCBD and DCNQ in phenothiazine derivatives 1
5 (Figure 5.1).

In this contribution, the symmetrical phenothiazine derivative
(PTZ-NTs)2, 1 was designed and synthesized via the Corey-Fuchs
reaction followed by Evano’s condition. Further, the TCBD/DCNQ-
functionalized symmetrical and unsymmetrical phenothiazine
derivatives (PTZ-NTs).-TCBD, 2; (PTZ-NTs).-(TCBD), 3; (PTZ-
NTSs)2-DCNQ, 4; and (PTZ-NTs)2-(DCNQ)z2, 5 were synthesized by [2

+ 2] cycloaddition retroelectrocyclization [CA-RE] reaction with strong
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electron acceptors TCNE and TCNQ in good yields (see Figure 5.1 for
structures; PTZ = 10-propyl-10H-phenothiazine, NTs = N,4-
dimethylbenzenesulfonamide  or  N-Methyl-p-toluenesulfonamide,
TCBD = 1,1,4,4-tetracyanobutadiene and DCNQ =
dicyanoquinodimethane). Our objective was to investigate the effects of
incorporating strong acceptor TCBD and DCNQ moieties on the
electrochemical, photophysical, thermal stability, and computational
studies of phenothiazine derivatives (PTZ-NTs).-TCBD, 2; (PTZ-
NTs)2-(TCBD)2, 3; (PTZ-NTs)-DCNQ, 4; and (PTZ-NTs)2-
(DCNQ)z2, 5. The photophysical results indicate that the phenothiazine
derivatives 4 and 5 functionalized with DCNQ exhibit an intramolecular
charge transfer (ICT) band at longer wavelengths as compared to
phenothiazine derivatives 2 and 3 which are substituted with TCBD.
This difference can be explained by the existence of strong donor—

acceptor (D—A) interactions.*’ 49

ool Jeal. leal,
SRS Fe gl

(PTZ-NTs),, 1 (PTZ-NTs),-TCBD, 2 (PTZ-NTs),~(TCBD),, 3
0 Tall ZallR,
HO- Y N -
H Ts
(PTZ-NTs),-DCNQ, 4 (PTZ-NTs),-(DCNQ),, 5

Figure 5.1. Chemical structures of unsymmetrical and symmetrical
phenothiazine derivatives 1-5.

5.2. Results and Discussion

The synthesis of unsymmetrical and symmetrical donor-acceptor-based
phenothiazine derivatives 1-5 are shown in Schemes 5.1 and 5.2. The
ynamides precursor 1 was synthesized by the Corey-Fuchs reaction
followed by Evano’s procedure.[50] The reaction of aldehydes 6 with
carbon tetrabromide and triphenylphosphine in dichloromethane at 0 °C

195



resulted geminal-dibromovinyl compounds 7 in 85% yield, after the
Evano’s conditions using N-methyl-p-toluenesulfonamide, cesium
carbonate, N,N-dimethylethylenediamine (DMEDA), and copper iodide
as catalysts in 1,4-dioxane at 60 °C, symmetrical phenothiazine
derivative 1 was formed in 60% yield (Scheme 5.1).

The [2 + 2] cycloaddition-retroelectrocyclization (CA-RE)
reaction of symmetrical phenothiazine 1 with 1.1 equivalents of TCNE
in dichloromethane (DCM) for 4 h at room temperature resulted in an
unsymmetrical phenothiazine 2 in 55% vyield, whereas the reaction of 1
with 2.5 equivalents of TCNE in DCM for 24 h at 40 °C resulted in a
symmetrical phenothiazine 3 in 65% yield. The DCNQ functionalized
symmetrical and unsymmetrical phenothiazines 4 and 5 were
synthesized by [2 + 2] cycloaddition-retroelectrocyclization reaction.
The reaction of symmetrical phenothiazine 1 with 1.1 equivalents of
TCNQ in dichloroethane (DCE) for 10 h at 80 °C resulted in an
unsymmetrical phenothiazine 4 in 50% yield, whereas the reaction of 1
with 2.5 equivalents of TCNQ in dichloroethane for 24 h at 100 °C
resulted in the DCNQ substituted symmetrical phenothiazine 5 in 60%
yield (Scheme 5.2).

The unsymmetrical and symmetrical phenothiazine derivatives
1-5 were purified by column chromatography using hexane:DCM as the
solvent and characterized by 'H NMR spectroscopy, *C{H} NMR
spectroscopy, and HRMS techniques.

{ § 2\ TsNHCH 3, Cul
; ‘ CBry/ PPh; O Q DMEDA, Cs,CO;3_ . q
@_‘ E DCM 1,4-dioxane
oHd HO 0°C, 4h 60°C 60 h
6
85/

(PTZ-NTs),, 1
60%

Scheme 5.1. Synthetic route for symmetrical phenothiazine (PTZ-
NTSs)2, 1
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o ) ﬂ W),
TCNQ (1.1 eq.), DCE —Q
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}‘J-Ts
/

Ts
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Lo
TCNQ (2.5 eq.), DCE Q Q .
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’ Ts-](\

(PTZ-NTS; 20-0(/0DCNQ)2, 5
Scheme 5.2. Synthetic route for unsymmetrical and symmetrical
phenothiazine derivatives (PTZ-NTs)2-TCBD, 2; (PTZ-NTs)2-
(TCBD)2, 3; (PTZ-NTs)2-DCNQ, 4; and (PTZ-NTs)2-(DCNQ)z, 5.
5.3. Photophysical Properties

The optical characteristics of the unsymmetrical and symmetrical donor-
acceptor-based phenothiazine derivatives 1-5 were recorded at room
temperature in dilute DCM solutions (1 x 10~° M) as shown in Figure
5.2. The relevant information such as the optical bandgap, extinction
coefficient, and absorption maxima (Amax) are listed in Table 5.1.
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The absorption maxima of the ynamide functionalized
symmetrical phenothiazine derivative 1 exhibit an absorption band at
377 nm corresponding to the n—n* transition. The absorption spectra of
the mono- and di-TCBD/DCNQ substituted unsymmetrical and
symmetrical phenothiazine derivatives 2-5 exhibit three absorption
bands at higher energy region in the range of 280-500 nm,
corresponding to m—n* transition and broad absorption band at lower
energy region in the range of 500-1000 nm attributed to intramolecular
charge transfer (ICT) transition. The absorption maxima of the mono-
and di-TCBD incorporated unsymmetrical and symmetrical
phenothiazine derivatives 2 and 3 reveal an absorption band in the lower
energy region at 629 nm and 625 nm, respectively which corresponds to
intramolecular charge transfer (ICT) transitions from the donor PTZ to
acceptor TCBD moiety.*’* At the same time, the phenothiazine
derivatives 4 and 5 functionalized with mono- and di-DCNQ show
absorption maxima in the lower energy region at 734 nm and 728 nm,
respectively attributed to the ICT transitions because of the strong
donor-acceptor interactions between donor phenothiazine to strong
acceptor DCNQ moiety. The ICT bands of phenothiazine derivatives 4
and 5 are bathochromically shifted by ~105 nm corresponding to the
incorporation of DCNQ acceptor moieties as compared to TCBD

functionalized derivatives 2 and 3.
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Figure 5.2. Normalized electronic absorption spectra of symmetrical
and unsymmetrical phenothiazine derivatives 1-5 in dichloromethane (1
x 10~° M) were recorded at 25 °C.

The optical band gap values of the TCBD and DCNQ
incorporated phenothiazine derivatives 2, 3, 4, and 5 are 1.45, 1.49, 1.15,
and 1.17, respectively, and follow the order 3 >2 >5 > 4. The trend
clearly shows that the strong electron acceptor DCNQ unit
functionalized donor—acceptor phenothiazines 4 and 5 resulted inan ICT
band at a longer wavelength region with a low optical bandgap in
comparison with TCBD substituted phenothiazines 2 and 3 which
corresponds to a strong donor—acceptor interaction. The transitions can
be explained through theoretical studies using TD-DFT calculations.
Table 5.1. Photophysical and Computational data of symmetrical and

unsymmetrical phenothiazine 1-5.

Compounds |  Amax £ EqoP HOMO LUMO | band-gap
(nm)2 | (Mtcm?)? | (eV)? (eVv)® (eV)P (eV)P
1 377 15900 2.74 —4.89 -1.17 3.72
2 629 7100 1.45 -5.11 -3.24 1.87
3 625 8700 1.49 -5.61 -3.36 2.25
4 734 9200 1.15 -5.09 -3.74 1.35
5 728 14800 1.17 -5.53 -3.83 1.70

aAbsorbance measured in dichloromethane at (1 x 10 M); Amax =
absorption wavelength; € = extinction coefficient; Eq®" = optical
bandgap; °Theoretical data obtained from density functional theory
(DFT) calculations performed at the B3LYP/6-31G (d,p) level.

5.4. Electrochemical Properties

The electrochemical potentials of unsymmetrical and symmetrical
phenothiazine derivatives 1-5 were determined using differential pulse
voltammetry (DPV) and cyclic voltammetry (CV) with 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPFs) working as a
supporting electrolyte. The electrochemical data are demonstrated in
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Table 5.2, and the representative cyclic voltammograms and differential
pulse voltammograms for phenothiazine derivatives 1-5 are shown in
Figures 5.3 and 5.4.

The unsymmetrical and symmetrical phenothiazine derivatives
1-5 exhibit two oxidation waves corresponding to the phenothiazine
unit and one oxidation wave corresponding to the NTs moiety. The first
and second oxidation waves for 1-5 at 0.70 V, 0.86 V; 0.75 V, 1.04 V;
0.93V,1.08V;0.71V, 0.93V;and 0.84 V, 0.97 V, respectively, which
are attributed to the PTZ unit, whereas the third oxidation wave at 1.58
V,157V,1.64V,1.63V,and 1.65V, respectively corresponding to the
terminal NTs moiety. The phenothiazine derivatives 2-5 functionalized
with TCBD and DCNQ show two reduction waves at -0.27 V, -0.74 V;
-0.28V,-0.77V;-0.15V, -0.29 V; and -0.15 V, -0.28 V, respectively,
corresponding to the acceptors TCBD/DCNQ moiety. The HOMO and
LUMO values were determined using the formula HOMO/LUMO = —
(Eonset + 4.4) eV from the onset value of the oxidation or reduction wave
(Eonset).[51, 52] The values for HOMO energy levels of unsymmetrical
and symmetrical phenothiazine derivatives 1-5 are -5.98 eV, -5.97 eV,
—6.04 eV, —6.03 eV and —6.05 eV, respectively, and the LUMO energy
levels are —4.13 eV, -4.12 eV, -4.25 eV and —4.25 eV, respectively. The
electrochemical HOMO-LUMO gaps for unsymmetrical and
symmetrical phenothiazine derivatives 2-5 are 1.84 eV, 1.93 eV, 1.78
eV and 1.80 eV, respectively. The energy gap of phenothiazine
derivatives 2-5 follows the order 3 > 2 > 5 > 4 which is consistent with
the optical and theoretical HOMO-LUMO gap. The electrochemical
studies indicate that the mono and di-DCNQ functionalized
phenothiazine chromophores 4 and 5 have a low HOMO-LUMO gap
and a substantial role in stabilizing the LUMO energy levels as

compared to the TCBD substituted chromophores 2 and 3.
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Figure 5.3. Cyclic voltammograms of phenothiazine derivatives 1-5 in

0.1 M solution of BusNPFs in dichloromethane at 100 mV s™* scan rate

versus saturated Ag/AgCl electrode at 25 °C.
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Figure 5.4. Differential pulse voltammograms of phenothiazine
derivatives 1-5 in 0.1 M solutions of BusNPFs in dichloromethane at
100 mV s ! scan rate versus saturated Ag/AgCl electrode at 25 °C.
Table 5.2. Electrochemical data and Thermal Stability of symmetrical
and unsymmetrical phenothiazine 1-5.
Compounds Ered Eox Eromo | ErLumo Eq Thermal
(V) (V)2 (eV): | (eV)® | (ev)* | Stability
Ta (°C)
1 - 0.70 -5.98 - - 224
0.86
1.58
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2 -0.27 0.75 -5.97 -4.13 1.84 209
-0.74 1.04
1.57

3 -0.28 0.93 -6.04 -4.12 1.93 214
-0.77 1.08
1.64

4 -0.15 0.71 -6.03 -4.25 1.78 251
-0.29 0.93
1.63

5 -0.15 0.84 -6.05 -4.25 1.80 249
-0.28 0.97
1.65

Electrochemical analysis was estimated by differential pulse
voltammetry, in 0.1 M solution of TBAPFs in DCM at 100 mV s scan
rate versus saturated Ag/AgCl electrode at 25 °C. °Decomposition
temperatures for 5% weight loss at a heating rate of 10 °C min, under
a nitrogen atmosphere.

5.5. Thermogravimetric Analysis

The thermal characteristics of the symmetrical and unsymmetrical
phenothiazines 1-5 were examined using a thermogravimetric analysis
(TGA\) in a nitrogen atmosphere at a heating rate of 10 °C min™t. The
relevant thermograms are represented in Figure 5.5 and the data are
listed in Table 5.2. The decomposition temperatures (Tq) for ynamide
functionalized symmetrical phenothiazine derivative 1 at 5% weight loss
was found to be at 224 °C, whereas for mono- and di-TCBD/DCNQ
functionalized unsymmetrical and symmetrical phenothiazine
derivatives 2-5 show decomposition temperatures (Tq) were found to be
at 209 °C, 214 °C, 251 °C, 249 °C, respectively. The thermal stability of
the phenothiazine derivatives 1-5 follows the order 4 >5>1 >3 > 2.
The thermogram of phenothiazine derivatives 1-5 exhibited three
weight loss stages between 180-800 °C, with a residual mass of 40% at
600 °C. These decomposition temperatures reveal that the phenothiazine
derivatives 4 and 5 functionalized with DCNQ are thermally more stable
than the phenothiazine derivatives 2 and 3 substituted with TCBD.
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Figure 5.5. Thermogravimetric analysis of symmetrical and
unsymmetrical phenothiazine derivatives 1-5 measured at a heating rate
of 10 °C min~* under a nitrogen atmosphere.

5.6. Computational Calculations

The density functional theory calculation was carried out on
unsymmetrical and symmetrical donor-acceptor-based phenothiazine
derivatives 1-5 to investigate ground-state geometries and molecular
conformations at B3LYP/6-31G(d,p) basis set level for C, H, N, O, and
S in the Gaussian 09W program.>® Figure 5.6b shows the frontier
molecular orbitals and the energy level diagram for the optimized
symmetrical and unsymmetrical phenothiazine 1-5 geometries with the
HOMOs (highest occupied molecular orbitals), LUMOs (lowest
unoccupied molecular orbitals), energy gap and the relevant data are
demonstrated in Table 5.1. The optimized geometry showed that the
entire molecule framework had a twisted backbone, enabling effective
n-delocalization (Figure 5.6a). The ynamides functionalized
symmetrical phenothiazine 1 exhibit a non-planar structure due to the
presence of phenothiazine (butterfly shape) and ynamide moiety.
However, the symmetrical and unsymmetrical phenothiazine 2-5
exhibit a twisted geometry due to the presence of multiple nonplanar
acceptor units TCBD and DCNQ moieties. The HOMOs of the
symmetrical and unsymmetrical phenothiazines 1-5 are mainly

concentrated on both phenothiazine units and the LUMO of symmetrical
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phenothiazine 1 is mainly localized on the ynamide moiety with some
contributions of centered phenothiazine units. On the other hand, in the
case of symmetrical and unsymmetrical phenothiazines 2-5 the lowest

unoccupied molecular orbitals are centered on the TCBD and DCNQ

moieties.
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Figure 5.6. (a) The geometry-optimized structures (front view and side
view) and (b) Energy level diagram and HOMO-LUMO frontier
molecular orbitals pictures of phenothiazine derivatives 1-5 calculated
by DFT calculations at the B3LYP/6-31G (d,p) level.

The theoretically calculated HOMO energy levels of the
symmetrical and unsymmetrical phenothiazine derivatives 1-5 are —
489 eV, -5.11 eV, -5.61 eV, -5.09 eV and -5.53 eV and the
corresponding LUMO energy levels are —1.17 eV, —-3.24 eV, -3.36 eV,
-3.74 eV and -3.83 eV, respectively. The theoretically calculated
HOMO-LUMO energy gaps for 1-5 are 3.72, 1.87, 2.25, 1.35 and 1.70
eV, respectively, and the order of the gaps follows the pattern 1 > 3 > 2
> 5 > 4. The symmetrical phenothiazine 1 with the highest HOMO-
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LUMO energy gap exhibits a lower wavelength region in the absorption
spectra, while the TCBD/DCNQ substituted phenothiazine 2-5
exhibited bathochromically shifted absorption in the NIR region because
of the tunable HOMO-LUMO gap. The DCNQ functionalized
phenothiazine 4 and 5 reveal a lower HOMO-LUMO energy gap as
compared to TCBD functionalized phenothiazine 2 and 3 due to the
strong accepting character of the DCNQ moiety.

The TD-DFT (Time-dependent density functional theory)
calculation was performed at the B3LYP/6-31G(d,p) level on the
optimized unsymmetrical and symmetrical phenothiazine derivatives 1
5 in DCM to calculate the transitions involved in the electronic
absorption spectra. All the transitions with compositions, assignments,
and oscillator strengths are tabulated in Table 5.3.

The TD-DFT results show that the absorption band originating
from HOMO—LUMO at 382 nm for ynamides functionalized
phenothiazine derivative 1 corresponds to n-n* transition (Figure 5.7).
A comparison of experimental and theoretically calculated absorption
spectra of the mono- and di-TCBD incorporated unsymmetrical and
symmetrical phenothiazine derivatives 2 and 3 are shown in Figure 5.8.
The simulated absorption spectra of derivatives 2 and 3 of phenothiazine
showed absorption maxima at 654 nm and 737 nm, respectively. These
absorption maxima arises due to the transition from HOMO-1—-LUMO
to HOMO—LUMO, respectively. The symmetrical and unsymmetrical
phenothiazine derivatives 4 and 5 that are incorporated with mono- and
di-DCNQ exhibit absorption maxima at 857 nm and 794 nm,
respectively, originating from HOMO-1—-LUMO. These absorption
maxima correspond to ICT transition because of the strong donor—
acceptor interaction (Figure 5.9). The theoretically calculated electronic
transitions and simulated spectra of symmetrical and unsymmetrical
phenothiazine 2-5 demonstrate the role of the intramolecular charge
transfer (ICT) effect.[54, 55] The experimentally predicted electronic
absorption wavelength was found to be lower than the theoretically
calculated values, which may be due to various factors such as

temperature, solvent effect, and dipole moment.
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Figure 5.7. Theoretical (top) and experimental (bottom) absorption

spectra of phenothiazine derivative 1.
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spectra of phenothiazine derivatives 2 and 3.
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Figure 5.9. Theoretical (top) and experimental (bottom) absorption

spectra of phenothiazine derivatives 4 and 5.

Table 5.3. Calculated electronic transitions for symmetrical and

unsymmetrical phenothiazine 1-5 in dichloromethane.

Compounds | Wavelength Composition and fa Assignment
(nm) Molecular Contribution
1 382 HOMO—LUMO (0.59) 0.85 n—m*
2 654 HOMO-1—LUMO (0.69) 0.16 ICT
3 737 HOMO—LUMO (0.68) 0.34 ICT
4 857 HOMO-1—-LUMO (0.69) 0.25 ICT
5 794 HOMO-1—LUMO (0.69) 0.17 ICT

40scillator strength.

5.7. Molecular Electrostatic Potentials

The molecular electrostatic potentials (MEPs) analysis of the

unsymmetrical and symmetrical phenothiazine derivatives 1-5 was used

to analyze the distribution of electrostatic charge on various components
of the compounds using the B3LYP/6-31G(d,p) basis set level by the

Gaussian 09W program. The molecular electrostatic potential (ESP)

plots were investigated for a qualitative assessment of the charge
transfer from the donor PTZ to the acceptor TCBD/DCNQ moieties. The
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examined molecular ESP surfaces of the unsymmetrical and
symmetrical phenothiazine derivatives 1-5 have been demonstrated in
Figure 5.10. The complete self-consistent field (SCF) density surface
from -5.684e-2 to +5.684e-2 has been used to analyze the ESP plots for
the various compounds. The area with low electron density is
represented by the blue colour (positive region), whereas the area with
high electron density is represented by the red colour (negative
region).[56] These compounds produced high electron density red
colors in the sulfonyl and cyano regions, as well as low electron density
blue colors in the phenothiazine and phenyl ring regions. The molecular
ESP surfaces of the symmetrical and unsymmetrical phenothiazine
derivatives 1-5 containing N,4-dimethylbenzenesulfonamide (NTSs),
TCBD, and DCNQ moieties have a larger region of negative potential
(red regions) because of the more electronegative sulfonyl and cyano
units than the corresponding phenothiazine and phenyl rings. Moreover,
it can be concluded that in the charge transfer phenomena, the electron
density of the donor phenothiazine is distributed over the acceptor
TCBD and DCNQ moieties, resulting in considerable delocalization of

the charge from the donor unit to the acceptor unit.

Figure 5.10. Molecular electrostatic potentials (MEPS) of phenothiazine
derivatives 1-5 calculated by B3LYP/6-31G (d,p) basis set level using
Gaussian 09W program.

5.8. Experimental Section

General methods
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The chemicals were used as received unless otherwise indicated. All
oxygen or moisture-sensitive reactions were performed under a
nitrogen/argon atmosphere. *H NMR (500 MHz) and 3 C{H} NMR (125
MHz) spectra were recorded on Bruker 500 MHz FT-NMR
spectrometers at room temperature. *H NMR chemical shifts are
reported in parts per million (ppm) relative to the solvent residual peak
(CDCls, 7.26 ppm). Multiplicities are given as s (singlet), d (doublet), t
(triplet) and m (multiplet) and the coupling constants, J, are given in
hertz. *C{H} NMR chemical shifts are reported relative to the solvent
residual peak (CDCls, 77.0 ppm). The UV-visible absorption spectra
were recorded on a PerkinElmer Lambda 35 UV-visible
spectrophotometer in DCM solvent at room temperature.
Thermogravimetric analysis was performed on a Mettler Toledo thermal
analysis system. High-resolution mass spectrometry (HRMS) was
recorded with an Agilent 6545A Q-TOF mass spectrometer and on a
Bruker-Daltonics micrOTOF-Q Il mass spectrometer used to measure
the mass of the compounds. The cyclic voltammograms (CVs) and
differential pulse voltammograms (DPVs) were recorded on a
PalmSence 4 electrochemical analyzer in dichloromethane (CH2Cl>)
solvent, and 0.1 M tetrabutylammonium hexafluorophosphate
(BusNPFg) was used as the supporting electrolyte. The electrodes used
were glassy carbon as a working electrode, Pt wire as a counter
electrode, and Ag/AgCl electrode as a reference electrode. The scan rate
was 100 mV s* for cyclic voltammetry at 25 °C. The CV and DPV
plotting convention is the IUPAC convention. The polishing material is
a commercially available polishing pad and alumina (Al2O3).
Synthesis of N,N*-((10,10"-dipropyl-10H,10'H-[3,3'-
biphenothiazine]-7,7'-diyl)-bis(ethyne-2,1-diyl))bis(N,4-
dimethylbenzenesulfonamide) [(PTZ-NTs)2, 1]

In a 100 mL round-bottomed flask, a solution of dibromoalkene 7 (500
mg, 0.5925 mmol), TsNHMe (274 mg, 1.48 mmol), Cul (45 mg, 0.2370
mmol), N,N'-dimethylethylenediamine (52 upL, 0.4740 mmol) and
Cs2COz3 (1.45 g, 4.44 mmol) in dry 1,4-dioxane (20 mL) was heated to

60 °C under a nitrogen atmosphere over 60 h. Then the solvent was
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evaporated under a vacuum. The residue was dissolved in
dichloromethane, and this solution was washed with water for several
times, dried with anhydrous Na>SOs, and filtered off. The crude was
purified by column chromatography (cyclohexane:dichloromethane 1:0
to 4:6) to give phenothiazine 1 as a yellow solid with a 60% yield: m.p.
106-107 °C; *H NMR (500 MHz, CHLOROFORM-d) § = 7.84 (d, J =
8.1Hz,4H),739(d,J=79Hz,4H),7.17 (d,J=8.4 Hz,3H), 7.14 -
7.11 (m, 3 H), 6.97-6.91 (m, 2 H), 6.86 (d, J =8.1 Hz, 2 H), 6.76 (d, J
=8.4Hz, 2 H),3.81(t,J=7.1Hz, 4 H), 3.15 (s, 6 H), 2.49 (s, 6 H), 1.89
- 1.75 (m, 4 H), 1.02 (t, J = 7.3 Hz, 6 H); ¥*C{H} NMR (125 MHz,
CHLOROFORM-d) 6 = 144.9, 144.7, 143.6, 134.5, 133.2, 131.0, 130.5,
130.3, 129.9, 129.8, 129.7, 128.0, 127.9, 127.5, 125.3, 125.1, 124.6,
124.2,116.3,115.6, 114.9, 83.6, 68.2, 67.1, 49.3, 39.4, 29.4, 21.7, 20.1,
14.1, 11.3; HRMS (ESI-TOF) m/z calculated for CsoH4sN4O4Ss + K
933.2033 [M + K], measured 933.2288 [M + K]".

Synthesis of N-((10,10'-dipropyl-7'-(1,1,4,4-tetracyano-3-((N,4-
dimethylphenyl) sulfonamido)buta-1,3-dien-2-yl)-10H,10'H-
[3,3'-biphenothiazin]-7-yl)ethynyl)-N,4-dimethylbenzenesulfona-
mide [(PTZ-NTs)2-TCBD, 2]

In a 100 mL round-bottomed flask, TCNE (18 mg, 0.134 mmol) was
added to a solution of phenothiazine 1 (150 mg, 0.1675 mmol) in
CH:Cl> (20 mL) under an argon atmosphere. The mixture was stirred for
4 h at RT. The solvent was removed in a vacuum, and the product was
purified by column chromatography with DCM/hexane (2:1, v/v) as
eluent to phenothiazine 2 as a dark blue color solid with 55% vyield:
m.p. 115-118 °C; *H NMR (500 MHz, CHLOROFORM-d) & = 7.75 (d,
J=28.4Hz, 2 H), 7.66 (dd, J = 2.3, 8.9 Hz, 1 H), 7.47 - 7.43 (m, 2 H),
7.38(d, J=2.4Hz,1H),7.36 (5,1 H), 7.35-7.32 (m, 2 H), 7.32 - 7.28
(m, 2 H), 7.27 (br. s., 4 H), 7.23 (d, J = 2.0 Hz, 1 H), 6.94 - 6.86 (m, 3
H), 6.82 (d, J=8.4 Hz, 1 H),3.90 (t, J=7.2Hz, 2 H), 383 (t,J=7.2
Hz, 2 H), 3.55 (s, 3 H), 2.49 (s, 3 H), 1.94 - 1.88 (m, 2 H), 1.88 - 1.82
(m, 2 H), 1.56 (s, 6 H), 1.08 (t, J = 7.3 Hz, 3 H), 1.03 (t, J =7.3 Hz, 3
H); ®C{H} NMR (125 MHz, CHLOROFORM-d) & = 164.5, 161.3,
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150.8, 147.4, 145.0, 143.9, 140.7, 136.3, 135.5, 133.8, 132.3, 131.8,
130.8, 129.5, 128.5, 128.3, 127.9, 127.0, 125.7, 125.4, 125.2, 125.2,
124.9, 124.7, 124.6, 124.0, 123.1, 116.4, 115.6, 114.9, 114.8, 113.0,
112.6, 110.7, 110.7, 87.9, 82.1, 79.0, 50.1, 49.3, 41.4, 21.9, 20.0, 11.3,
11.2; HRMS (ESI-TOF) m/z calculated for CsgHisNgOsSs + Na
1045.2417 [M + Na]*, measured 1045.1827 [M + Na]".

Synthesis of N,N'-((10,10'-dipropyl-10H,10'"H-[3,3"-biphenothiazine
1-7,7'-diyl)bis(1,1,4,4-tetractlobuta-1,3-diene-3,2-diyl))bis(N,4-
dimethylbenzenesulfonamide) [(PTZ-NTs)2-(TCBD)2, 3]

In a 100 mL round-bottomed flask, TCNE (72 mg, 0.5585 mmol) was
added to a solution of phenothiazine 1 (200 mg, 0.2234 mmol) in
CH2Cl> (20 mL) under an argon atmosphere. The mixture was stirred for
24 h at 40 °C. The solvent was removed in a vacuum, and the product
was purified by column chromatography with DCM/hexane (3:1, v/v) as
eluent to phenothiazine 3 as a dark blue color solid with 65% vyield:
m.p. 123-127 °C; *H NMR (500 MHz, CHLOROFORM-d) & = 8.30 -
8.28 (m, 1 H), 8.27-8.23 (m, 2 H), 7.88 (d, J =8.4 Hz, 1 H), 7.81 (d, J
=8.1Hz,2H),7.76 (d, J =8.4 Hz, 2 H), 7.69 (dd, J = 2.3, 8.9 Hz, 1 H),
7.56-7.48(m,4H),7.46(d,J=82Hz,3H),7.41(d,J=1.8Hz, 1H),
7.36-7.31(m, 1 H), 7.01-6.96 (m, 1 H), 6.94 (d, J = 9.0 Hz, 1 H), 4.29
-4.22 (m, 2 H), 3.96 - 3.87 (m, 2 H), 3.56 (s, 3 H), 3.53 (s, 3 H), 2.51 (s,
3 H), 2.50 (s, 3 H),2.12-2.00 (m, 2 H), 1.97 - 1.86 (m, 2 H), 1.15 (t, J
= 7.3 Hz, 3 H), 1.10 (t, J = 7.3 Hz, 3 H); *C{H} NMR (125 MHz,
CHLOROFORM-d) 6 = 164.5, 161.4, 150.7, 147.4, 143.5, 141.2, 135.8,
135.6, 132.3, 131.9, 130.8, 129.7, 128.6, 128.3, 127.3, 125.9, 125.3,
125.0, 124.7, 123.3, 116.5, 115.0, 112.9, 112.6, 110.8, 82.5, 79.0, 60.4,
50.1,41.4,21.9, 215, 20.1, 11.2; HRMS (ESI-TOF) m/z calculated for
Ce2Ha6N1204S4 + Na 1173.2540 [M + Na]*, measured 1173.2838 [M +
Na]*.

Synthesis of N-(3,3-dicyano-1-(4-(dicyanomethylene)cyclohexa-2,5-
dien-1-ylidene)-2-(7'-(((N,4-dimethylphenyl)sulfonamido)ethynyl)-
10,10'-dipropyl-10H,10'H-[3,3'-biphenothiazin]-7-yl)allyl)-N,4-
dimethylbenzenesulfonamide [(PTZ-NTs)2-DCNQ, 4]
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In a 100 mL round-bottomed flask, TCNQ (18 mg, 0.0893 mmol) was
added to a solution of phenothiazine 1 (100 mg, 0.1117 mmol) in DCE
(20 mL). The mixture was heated at 80 °C for 10 h. After cooling to
room temperature, the solvents were removed under vacuum, and the
product was purified by column chromatography with DCM/hexane
(3:1, v/v) as the eluent to phenothiazine 4 as a dark green color solid
with 50% yield: m.p. 162-165 °C; 'H NMR (500 MHz,
CHLOROFORM-d) § = 7.77 (d, J = 8.2 Hz, 2 H), 7.51 - 7.46 (m, 2 H),
7.39-7.34(m, 2 H), 7.33-7.27 (m, 7 H), 7.23 (d, J = 8.1 Hz, 2 H), 7.16
-7.11 (m, 3 H), 6.98 -6.92 (m, 2 H), 6.89 (t, J = 8.5 Hz, 2 H), 6.82 (d,
J=8.7Hz, 1H),6.06(s,1H),3.90(t,J=72Hz,2H),3.83(tJ=7.0
Hz, 2 H), 3.38 (s, 3 H), 3.03 (5, 3 H), 2.43 - 2.40 (m, 3 H), 2.37 (s, 2 H),
1.92 (s, 3H), 1.88 - 1.82 (m, 2 H), 1.09 (t, J = 7.5 Hz, 3 H), 1.04 (t, J =
7.4 Hz, 3 H); ¥*C{H} NMR (125 MHz, CHLOROFORM-d) § = 169.1,
167.2, 153.5, 148.6, 146.5, 146.2, 144.7, 144.0, 141.6, 138.5, 136.9,
136.1, 135.9, 135.4, 133.9, 133.7, 132.9, 132.8, 130.3, 130.1, 129.9,
129.8, 129.6, 128.9, 128.0, 127.8, 127.7, 127.3, 126.9, 126.6, 126.2,
125.7, 125.3, 125.3, 125.1, 124.8, 124.0, 123.5, 118.6, 116.3, 115.5,
115.3,113.7,112.0, 111.8, 80.3, 49.9, 49.3, 40.5, 36.3, 31.9, 31.4, 30.2,
294, 21.7, 21.6, 20.4, 20.1, 20.1, 14.1, 11.3, 11.3; HRMS (ESI-TOF)
m/z calculated for Ce2Hs0NgO4S4 + Na 1121.2730 [M + Na]*, measured
1121.2765 [M + Na]".

Synthesis of N,N*-((10,10"-dipropyl-10H,10'H-[3,3'-
biphenothiazine]-7,7'-diyl)bis(3,3-dicyano-1-(4-(dicyanomethylene)
cyclohexa-2,5-dien-1-ylidene)prop-2-ene-2,1-diyl))bis(N,4-dimethy-
benzenesulfonamide) [(PTZ-NTs)2-(DCNQ)2, 5]

In a 100 mL round-bottomed flask, TCNQ (114 mg, 0.5585 mmol) was
added to a solution of phenothiazine 1 (200 mg, 0.2234 mmol) in DCE
(20 mL). The mixture was heated at 100 °C for 24 h. After cooling to
room temperature, the solvents were removed under vacuum, and the
product was purified by column chromatography with DCM/hexane
(4:1, v/v) as the eluent to phenothiazine 5 as a dark green color solid
with 60% yield: m.p. 174-178 °C; 'H NMR (500 MHz,
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CHLOROFORM-d) 6 =7.51(d,J=8.4Hz,4H),7.37(d,J=2.0Hz, 1
H), 7.36 (d, J = 2.0 Hz, 1 H), 7.33 - 7.29 (m, 5 H), 7.28 (d, J = 2.0 Hz,
4 H),7.18(d, J =7.0Hz, 2 H),7.16 - 7.14 (m, 2 H), 7.13 - 7.10 (m, 3
H), 7.00 (d,J=1.8Hz, 2 H),6.95(d,J=85Hz, 2H),6.91(d, J=8.7
Hz, 2 H), 3.90 (t, J = 7.2 Hz, 4 H), 3.38 (s, 6 H), 2.40 (s, 6 H), 1.95 -
1.88 (m, 4 H), 1.09 (t, J = 7.4 Hz, 6 H); C{H} NMR (125 MHz,
CHLOROFORM-d) 6 = 167.2, 153.5, 148.4, 146.6, 146.2, 142.1, 136.9,
135.4, 135.2, 133.8, 132.9, 132.8, 130.4, 130.2, 129.0, 128.2, 128.0,
127.0,126.6, 125.8, 125.3, 125.0, 123.7, 116.3, 115.3, 113.6, 49.9, 40.5,
31.9, 29.4, 21.8, 215, 20.1, 14.1, 11.3; HRMS (ESI-TOF) m/z
calculated for C74Hs4N1204S4 + Na 1325.3166 [M + Na]*, measured
1325.3716 [M + Na]*.

5.9. Conclusion

In conclusion, we have designed and synthesized symmetrical and
unsymmetrical donor-acceptor based phenothiazine derivatives 1-5 by
Corey-Fuchs reaction via Evano’s conditions followed by [2 + 2]
cycloaddition—retroelectrocyclic ring-opening reaction with strong
electron acceptors TCNE and TCNQ in good yields. The intramolecular
charge transfer (ICT) band of DCNQ functionalized phenothiazine
derivatives 4 and 5 was bathochromically shifted by ~105 nm at a longer
wavelength region in comparison to phenothiazine derivatives 2 and 3
substituted with TCBD corresponding to strong donor-acceptor (D-A)
interaction. The unsymmetrical and symmetrical 1-5 exhibit three
oxidation waves on the anodic region, which corresponds to donor
phenothiazine and ynamide moiety. The thermogram of phenothiazine
derivatives 1-5 exhibited three weight loss stages between 100 and 700
°C, with a residual mass of 40% at 600 °C. The theoretical studies
indicate that the ynamides functionalized symmetrical phenothiazine 1
with the highest HOMO-LUMO energy gap exhibits a lower
wavelength region in the absorption spectra, while the TCBD/DCNQ
substituted phenothiazine 2—5 exhibited red-shifted absorption in the
NIR region because of the tunable HOMO-LUMO gap. The reported

unsymmetrical and symmetrical phenothiazines 1-5 provide a new
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opportunities for the development of donor—acceptor (D—-A) based

chromophores with low HOMO-LUMO gaps, which are useful in

various optoelectronic applications.
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Chapter 6
Synthesis and Characterization of NIR Absorbing
Triphenylamine Substituted Donor-Acceptor

Phenothiazine and Fulleropyrrolidine Derivatives

6.1. Introduction

In recent years, organic m-conjugated chromophores are an important
area of research due to their many applications in materials science,
biomedicine, organic photodetectors, organic field-effect transistors
(OFETs), organic photovoltaics, organic light-emitting diodes
(OLEDSs), nonlinear optics, bioimaging and organic solar cells
(OSCs).[1-9] A heteroatom-based organic n-conjugated molecule such
as phenothiazine, benzothiazole, thiazole, benzothiadiazole, etc. in
donor—acceptor (D-A) chromophores, play an important role in
determining the various applications, such as organic photovoltaics
(OPVs), organic light-emitting diodes (OLEDs) and nonlinear optics
(NLOs).[10-13] Organic solar cells (OSCs) have been studied as
renewable energy sources that are able to effectively transform sunlight
into electricity.[14-17] The efficiency of OSCs based on bulk
heterojunction (BHJ) with a fullerene derivative as an electron acceptor
and conjugated molecules as an electron donor has been reported to
greatly improve. [18, 19] However, our group is interested in designing
and synthesizing push-pull chromophores by modifying the donor and
acceptor moieties to be used in optoelectronics. [20-24]

Fullerene [Ceo] possesses a remarkable capacity for capturing
electrons with a 0.78 diameters, and its tendency to holding six electrons
in a solution. [25-27] Fulleropyrrolidines are a form of acceptor that is
frequently utilized in the formation of organic photovoltaics (OPVs) and
photosynthetic supramolecular model compounds. They are a family of
vicinally disubstituted-organo-fullerenes.[28-32] These are formed by
1,3-dipolar cycloaddition of azomethine ylides, and they have a number
of properties like small reorganization energy, high electron affinity, and

effective charge transfer abilities.[33] The design and development of
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novel organofullerenes containing electron donors are fascinating due to
their unique optical and electrical characteristics.[34] Triphenylamine
derivatives are continuously growing research interest because of their
low oxidation potential and hole transport properties.[35] The
triphenylamine derivatives have been extensively investigated in
organic light-emitting diodes (OLEDSs), nonlinear optics (NLO), organic
field-effect transistors (OFETS), dye-sensitized solar cells (DSSCs) and
bulk heterojunction organic solar cells (BHJ OSCs).[36—39]
Phenothiazine can be easily functionalized by the aromatic electrophilic
substitution reactions at the 3- & 7- positions and nucleophilic
substitution reaction at the N-position.[40, 41] The phenothiazine
derivatives possess low reversible oxidation potential making them
suitable core to be used as an electron donor in various optoelectronic
applications.[42, 43] The 1,1,2,2-tetracyanoethylene (TCNE) and
7,7,8,8-tetracyanoquinodimethane (TCNQ) are strong electron
acceptors because of they contain four cyano groups,[44, 45] and are
highly reactive towards electron-rich alkynes, undergo [2 + 2]
cycloaddition reaction to form cyclobutene rings accompanied by
retroelectrocyclization reaction to produce 1,1,4,4-tetracyanobutadiene
(TCBD) and cyclohexa-2,5-diene-1,4-diylidene-expanded TCBD or
DCNQ (DCNQ = dicyanodiquinodimethane) derivatives.[46, 47] The
donor-acceptor systems containing TCBD and DCNQ acceptors are
interesting possibilities for organic photovoltaic applications.[48]
Diederich et al. reacted TCNE and TCNQ with various acetylenic
donors to produce charge-transfer chromophores using a [2 + 2]
cycloaddition-retroelectrocyclization reaction.[49, 50]

In this manuscript, we report the design and synthesis of
triphenylamine functionalized phenothiazine derivatives TPA-PTZ 1-
3 by Pd-catalyzed Sonogashira cross-coupling reaction via [2 + 2]
cycloaddition-electrocyclic ring-opening reaction, and
fulleropyrrolidine derivatives TPA-PTZ-Ceo 1-3 by 1,3-dipolar
cycloaddition reaction (Prato reaction) in good yields (Chart 6.1). In the
triphenylamine functionalized phenothiazine derivatives TPA-PTZ 1-

3 and fulleropyrrolidine derivatives TPA-PTZ-Ceo 1-3, we were
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investigating the effect of the fullerene moiety and the strong electron
acceptors 1,1,4,4-tetracyanobuta-1,3-diene (TCBD) and
dicyanodiquinodimethane (DCNQ) moieties on the photophysical,
electrochemical, and computational studies.

p e p
@N smcﬂo @ésmcuo @é@/ )@ESJ@M

TPA-PTZ-1 TPA-PTZ-2 TPA-PTZ-3

TPA-PTZ-C -1 TPA-PTZ-C -2 TPA-PTZ-C -3

Chart 6.1. Chemical structures of donor—acceptor type triphenylamine-
functionalized phenothiazine derivatives TPA-PTZ 1-3 and
fulleropyrrolidine derivatives TPA-PTZ-Ceo 1-3.

6.2. Result and Discussion

Scheme 6.1 illustrates the synthesis of the triphenylamine-
functionalized phenothiazine derivatives TPA-PTZ 1-3 and
fulleropyrrolidine derivatives TPA-PTZ-Cso 1-3. The Pd-catalyzed
Sonogashira cross-coupling reaction of 4-ethynyl-N,N-diphenylaniline
TPA and 1.1 equivalent of 7-bromo-10-propyl-10H-phenothiazine-3-
carbaldehyde Br-PTZ-CHO using THF:TEA (1:1) under argon
conditions in the presence of Pd(PPhs).Cl2/Cul to produce the
triphenylamine-functionalized phenothiazine derivative TPA-PTZ-1 in
85% vyield. The TCBD and DCNQ incorporated triphenylamine-
functionalized phenothiazine derivatives TPA-PTZ-2 and TPA-PTZ-3
were designed and synthesized by the [2 + 2] cycloaddition—
retroelectrocyclization reaction. The TPA-PTZ-1 reacts with 1.1
equivalents of TCNE in dichloromethane at room temperature for 24 h
to produce TPA-PTZ-2 in 75% yield, although the TPA-PTZ-1 reacts
with 1.1 equivalents of TCNQ in dichloroethane (DCE) for 36 h at 60
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°C resulting in the formation of TPA-PTZ-3 in 70% vyield.
Subsequently, the reaction of the triphenylamine-functionalized
phenothiazine derivatives TPA-PTZ 1-3 with fullerene (Ceso) using
toluene in the presence of excess N-methylglycine (sarcosine) and
followed by a 1,3-dipolar cycloaddition reaction (Prato reaction)[51, 52]
resulted in the formation of fulleropyrrolidine derivatives TPA-PTZ-
Ceo 1-3 in 30%, 35%, and 33% yield, respectively. All the reported
compounds, the  triphenylamine-functionalized  phenothiazine
derivatives TPA-PTZ 1-3 and fulleropyrrolidine derivatives TPA-
PTZ-Ceo 1-3 were purified by column chromatography and well-
characterized by H-NMR, ¥C-NMR spectroscopy, HRMS and
MALDI-TOF techniques.

TPA-PTZ-C ¢-2
35 9%

P ¢ SR, Pe
@ — Pd(PPh;),Cl,, Cul )‘/‘S . HC - Tol @ ~
N — 322 N~ _Toluene
@ +B-’©(5)©\Cﬂo Et;N/THF @N O G ¥ )Tru 100 °C, 36 h N 0
12 h, 60 °C TPA-PTZ-1
85 %

TPA Br-PTZ-CHO
DCE TPA-PTZ-C g1

60°C,36 h 30 %

p p
e B e QT

H 100°C,60 h

TPA-P;[‘Z—J TPA-PTZ-C ¢-3
70 % 33%

Scheme 6.1. Synthetic route of triphenylamine-functionalized
phenothiazine derivatives TPA-PTZ 1-3 and fulleropyrrolidine
derivatives TPA-PTZ-Ceo 1-3.

6.3. Photophysical Properties

The optical properties of the triphenylamine-functionalized
phenothiazine derivatives TPA-PTZ 1-3 and fulleropyrrolidine
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derivatives TPA-PTZ-Ceso 1-3 were recorded in dilute dichloromethane
solutions (1 x 10~ M) at room temperature. The absorption spectra are
depicted in Figure 6.1, and the appropriate data including absorption
maxima (imax), extinction coefficient, and optical bandgap are
summarized in Table 6.1.

The triphenylamine-functionalized phenothiazine derivatives
TPA-PTZ 1-3 and fulleropyrrolidine derivatives TPA-PTZ-Cso 1-3
show absorption spectra in the range of ultraviolet to the visible region
(300-750 nm). The absorption maxima spectra of triphenylamine-
functionalized phenothiazine TPA-PTZ-1 exhibit absorption maxima at
393 nm due to n—m* transitions and the fulleropyrrolidine TPA-PTZ-
Ce0o-1 shows an absorption band at 374 nm, corresponding to
intramolecular charge transfer (ICT) transition from donor to acceptor
moiety. The fulleropyrrolidine derivative TPA-PTZ-Ceo-1 shows a
blue-shifted absorption as compared to TPA-PTZ-1 because of the
acceptor ability of fullerene moiety. The TCBD-incorporated derivative
TPA-PTZ-2 and fulleropyrrolidine TPA-PTZ-Ceo-2 exhibit absorption
maxima in the visible region at 497 nm and 502 nm, respectively, due to
intramolecular charge transfer (ICT) transition. Similarly, DCNQ
functionalized derivative TPA-PTZ-3 and fulleropyrrolidine TPA-
PTZ-Ceo0-3 reveal two prominent absorption maxima at (453 nm, 651
nm) and (459 nm, 656 nm), respectively. The fulleropyrrolidine
derivatives TPA-PTZ-Ces0-2 and TPA-PTZ-Cs0-3 exhibited red-shifted
absorption as compared to (TCBD and DCNQ incorporated) TPA-PTZ-
2 and TPA-PTZ-3 at lower energy regions due to the strong donor—
acceptor (D-A) interaction. The optical band gaps for triphenylamine-
functionalized phenothiazine derivatives TPA-PTZ 1-3 and
fulleropyrrolidine derivatives TPA-PTZ-Ceso 1-3 were evaluated from
the onset edge of the absorption band in dichloromethane using equation
(Eg = 1240/Aonset), Which was found to be 2.53, 1.78, 1.46, 2.83, 1.75,
and 1.44 eV, respectively. The transitions can be explained through
theoretical studies using TD-DFT calculations.
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Figure 6.1. Electronic absorption spectra of triphenylamine-
functionalized phenothiazine derivatives TPA-PTZ 1-3 and
fulleropyrrolidine derivatives TPA-PTZ-Ceo 1-3 in dichloromethane (1
x 10° M).

Table 6.1. Photophysical and theoretical data of triphenylamine-
functionalized phenothiazine derivatives TPA-PTZ 1-3 and
fulleropyrrolidine derivatives TPA-PTZ-Ceo 1-3.

Compounds Amax € Ec”t | HOMO | LUMO | band-gap

(nm)2 | (Mtcm™)?2 | (eV)? (ev)P (eV)P (ev)P

TPA-PTZ-1 393 81070 2.53 —4.85 -1.71 3.14

TPA-PTZ-2 497 36660 1.78 —6.00 -3.50 2.50

TPA-PTZ-3 453 13460 1.46 -5.96 —4.03 1.93
651 18645

TPA-PTZ-Ceo-1 374 52730 2.83 —4.73 -3.34 1.39

TPA-PTZ-Cg-2 502 22780 1.75 -5.29 -341 1.88

TPA-PTZ-Ceo-3 459 30900 144 -5.30 -3.63 1.67
656 41380
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aAbsorbance measured in dichloromethane at (1 x 10 M); Amax =
absorption wavelength; & = extinction coefficient; E¢°" = optical
bandgap; PTheoretical data obtained from density functional theory
(DFT) calculations performed at the B3LYP/6-31G (d,p) basis set level.

6.4. Electrochemical Properties

The redox potentials of triphenylamine-functionalized phenothiazine
derivatives TPA-PTZ 1-3 and fulleropyrrolidine derivatives TPA-
PTZ-Ceo 1-3 were evaluated by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) using 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFs) as a supporting electrolyte. The
electrochemical data are demonstrated in Table 6.2, and the
representative  cyclic voltammograms and differential pulse
voltammograms for TPA-PTZ 1-3 and TPA-PTZ-Ceo 1-3 are shown
in Figures 6.2 and 6.3.

The triphenylamine-functionalized phenothiazine derivatives
TPA-PTZ 1-3 and fulleropyrrolidine derivatives TPA-PTZ-Ceso 1-3
reveal varying redox waves because of the reduction of fullerene,
TCBD, and DCNQ acceptor units on the cathodic side and the oxidation
of phenothiazine and triphenylamine donor units on the anodic side. The
triphenylamine-functionalized phenothiazine derivatives TPA-PTZ 1-
3 and fulleropyrrolidine derivatives TPA-PTZ-Ceo 1-3 exhibit two
oxidation waves at (+0.88 V, +1.06 V), (+1.16 V, +1.28 V), (+1.01 V,
+1.10 V), (+0.76 V, +1.03 V), (+1.03 V, +1.26 V) and (+0.97 V, +1.21
V) respectively, which is corresponding to the phenothiazine and
triphenylamine unit. The fulleropyrrolidine derivative TPA-PTZ-Ceo-1
reveals two reduction waves at (-0.76 V, —1.11 V) which are attributed
to the fullerene moiety. The TCBD and DCNQ substituted derivatives
TPA-PTZ-2 and TPA-PTZ-3 show two reduction waves at (-0.50 V, —
0.82 V) and (-0.34 V, —-1.07 V), respectively due to the TCBD and
DCNQ wunit. Similarly, TCBD and DCNQ functionalized
fulleropyrrolidine derivatives TPA-PTZ-Ces0-2 and TPA-PTZ-Ceo0-3
exhibit four reduction waves at (-0.52 V, -0.63 V, -0.76 V, -1.12 V)
and (-0.31V, -0.42 V, -0.75 V, -1.14 V), respectively because of the
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TCBD, DCNQ and fullerene moiety. First, two reduction potentials in
the low potential region correspond to the mono and di-anions
generation of TCBD and DCNQ unit, while the last two reduction

potentials in the higher potential region correspond to fullerene moiety.
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Figure 6.2. Cyclic voltammograms of TPA-PTZ 1-3 and TPA-PTZ-
Ce0 1-3 in 0.1 M solution of BusNPFs in dichloromethane at 100 mV
s scan rate versus saturated Ag/AgCl at 25 °C.
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Figure 6.3. Differential pulse voltammograms of TPA-PTZ 1-3 and
TPA-PTZ-Cs0 1-3 in 0.1 M solutions of BusNPFs in dichloromethane
at 100 mV s* scan rate versus saturated Ag/AgCl electrode at 25 °C.

The HOMO and LUMO energy levels as well as the HOMO-
LUMO gap of all the triphenylamine-functionalized phenothiazine
derivatives TPA-PTZ 1-3 and fulleropyrrolidine derivatives TPA-
PTZ-Cso 1-3 were calculated using the obtained oxidation and reduction
onset values. Accordingly, the corresponding HOMO energy levels are
—5.68, —5.50, —5.43, —5.66, and —5.61 eV, respectively and the LUMO
energy levels are —3.90, —4.06, —3.64, —3.88, and —4.09 eV,
respectively. The calculated electrochemical bandgap (Egap) Of TPA-
PTZ-2, TPA-PTZ-3, TPA-PTZ-Ces0-1, TPA-PTZ-Ce0-2 and TPA-
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PTZ-Ce0-3 were 1.78 eV, 1.44 eV, 1.79 eV, 1.78 eV and 1.52 eV
respectively. The electrochemically calculated energy gap values are in

good agreement with the theoretically calculated energy gaps.

Table 6.2. Electrochemical data of triphenylamine-functionalized
phenothiazine derivatives TPA-PTZ 1-3 and fulleropyrrolidine
derivatives TPA-PTZ-Ceo 1-3.

Compounds Ered Eox Eromo ELumo Eq (eV)?
(V)? (V)? (eV)® (eV)®
TPA-PTZ-1 - 0.88 - - -
1.06
TPA-PTZ-2 -0.50 1.16 -5.68 -3.90 1.78
-0.82 1.28
TPA-PTZ-3 -0.34 1.01 -5.50 -4.06 1.44
-1.07 1.10
TPA-PTZ-Ceo-1 -0.76 0.76 -5.43 -3.64 1.79
-1.11 1.03
TPA-PTZ-Ceo-2 -0.52 1.03 -5.66 -3.88 1.78
-0.63 1.26
-0.76
-1.12
TPA-PTZ-Cgo-3 -0.31 0.97 -5.61 -4.09 1.52
-0.42 1.21
-0.75
-1.14

8Electrochemical analysis was estimated by differential pulse
voltammetry, in 0.1 M solution of TBAPFg in DCM at 100 mV s % scan
rate versus saturated Ag/AgCl electrode at 25 °C.
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6.5. Computational Calculations

The density functional theory calculation was carried out on
triphenylamine-functionalized phenothiazine derivatives TPA-PTZ 1-
3 and fulleropyrrolidine derivatives TPA-PTZ-Ceo 1-3 to investigate
molecular conformations and ground-state geometries at B3LYP/6-31G
(d,p) level in the Gaussian 09W program.[53] The energy level diagram
and frontier molecular orbitals of TPA-PTZ 1-3 and TPA-PTZ-Ceo 1—
3 are displayed in Figure 6.4. The optimized structures of
triphenylamine-functionalized phenothiazine derivatives TPA-PTZ 1-
3 and fulleropyrrolidine derivatives TPA-PTZ-Ceo 1-3 are nonplanar
with a twisted geometry due to the incorporation of the TCBD and
DCNQ units. Incorporating a strong DCNQ acceptor unit lowers the
LUMO energy level more than TCBD, resulting in a low HOMO-
LUMO gap and red-shifted electronic absorption. The HOMOs for all
the triphenylamine-functionalized phenothiazine derivatives TPA-PTZ
1-3i.e. TPA-PTZ-1, TPA-PTZ-2, TPA-PTZ-3 and fulleropyrrolidine
derivative TPA-PTZ-Ceo-1 are localized on the PTZ unit extending to
the TPA spacer attached to the C atom of the PTZ unit. Whereas,
HOMOs for TPA-PTZ-Ceo-2 and TPA-PTZ-Cso0-3 are localized on the
fullerene moiety. The LUMOs for TPA-PTZ 1-3 and TPA-PTZ-Ceo
1-3 are mainly distributed on the donor PTZ as well as acceptor TCBD,
DCNQ and fullerene moiety.

The theoretically calculated HOMO energies for TPA-PTZ-1,
TPA-PTZ-2, TPA-PTZ-3, TPA-PTZ-Ceo-1, TPA-PTZ-Ces0-2, and
TPA-PTZ-Ceo-3 are -4.85¢eV, —6.00 eV, -5.96 eV, -4.73 eV, -5.29 eV
and —5.30 eV respectively. The theoretically calculated LUMO energies
for TPA-PTZ-1, TPA-PTZ-2, TPA-PTZ-3, TPA-PTZ-Cso-1, TPA-
PTZ-Ceo-2 and TPA-PTZ-Ce0-3 are —-1.71 eV, -3.50 eV, —4.03 eV, —
3.34 eV, -3.41 eV and —3.63 eV respectively. The calculated HOMO-
LUMO gaps in TPA-PTZ-1, TPA-PTZ-2, TPA-PTZ-3, TPA-PTZ-
Ceo-1, TPA-PTZ-Cs0-2 and TPA-PTZ-Ceo-3 are 3.14 eV, 2.50 eV, 1.93
eV, 1.39 eV, 1.88 eV and 1.67 eV respectively and follow the order
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TPA-PTZ-1>TPA-PTZ-2 > TPA-PTZ-3 > TPA-PTZ-Ce0-2 > TPA-
PTZ-Ceo-3 > TPA-PTZ-Ceo-1 (Table 6.1).
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Figure 6.4. Energy level diagram of the HOMO-LUMO frontier
orbitals of triphenylamine-functionalized phenothiazine derivatives
TPA-PTZ 1-3 and fulleropyrrolidine derivatives TPA-PTZ-Cso 1-3
calculated by DFT calculations at the B3LYP/6-31G (d,p) level.

The time-dependent density functional theory (TD-DFT)
calculations were carried out at the B3LYP/6-31G (d,p) level in DCM
solvent to explore the electrical characteristics in the excited state. It was
determined that all these results were in good agreement with the
absorption investigations. The contribution to the molecular orbitals in
the UV/Vis absorption spectra was calculated based on their oscillator
strength (f). Table 6.3 displays the transitions with oscillator strengths,
composition, and molecular contribution. The TD-DFT calculations of
the triphenylamine-functionalized phenothiazine derivatives TPA-PTZ
1-3 and fulleropyrrolidine derivatives TPA-PTZ-Ceso 1-3 reveal only
one absorption maxima (Amax) for all the molecules. The TPA-PTZ-1
exhibits absorption maxima at 377 nm which could be attributed to the

n—* transition at the shorter wavelength and the transition occurs from
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HOMO—LUMO+1. Other derivatives, such as TPA-PTZ-2, TPA-
PTZ-3 and TPA-PTZ-Cso 1-3 show absorption maxima at 468, 776,
426, 635 and 804 nm respectively. These absorption maxima correspond
to intramolecular charge transfer (ICT) transitions at a longer
wavelength, which occurs from HOMO—LUMO+1, HOMO-
1-LUMO, HOMO—LUMO+6, HOMO-1-LUMO+1 and HOMO-
1—-LUMO. The experimental values of the electronic absorption
wavelengths were found to be lower than the theoretical values, which
may be caused by a number of things including the solvent effect, the

dipole moment, and temperature.

Table 6.3. Calculated electronic transitions for triphenylamine-
functionalized phenothiazine derivatives TPA-PTZ 1-3 and
fulleropyrrolidine derivatives TPA-PTZ-Ceo 1-3 in dichloromethane.

Compounds Wavelength Composition and f& | Assignment
(nm) Molecular Contribution
TPA-PTZ-1 377 HOMO—LUMO+1 0.74 ¥
(0.69)
TPA-PTZ-2 468 HOMO—LUMO+1 0.63 ICT
(0.70)
TPA-PTZ-3 776 HOMO-1—-LUMO (0.62) | 0.25 ICT
TPA-PTZ-Ceo-1 426 HOMO—LUMO+6 0.93 ICT
(0.60)
TPA-PTZ-Cgo-2 635 HOMO-1—-LUMO+1 0.26 ICT
(0.67)
TPA-PTZ-Ceo-3 804 HOMO-1—LUMO (0.63) | 0.30 ICT

0scillator strength.

6.6. Experimental section
General methods
The chemicals were used as received unless otherwise indicated. All

oxygen or moisture-sensitive reactions were performed under a
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nitrogen/argon atmosphere. *H NMR (400 and 500 MHz) and *C NMR
(100 and 125 MHz) spectra were recorded on Bruker 400 and 500 MHz
FT-NMR spectrometers at room temperature. *tH NMR chemical shifts
are reported in parts per million (ppm) relative to the solvent residual
peak (CDCls, 7.26 ppm). Multiplicities are given as s (singlet), d
(doublet), t (triplet) and m (multiplet) and the coupling constants, J, are
given in hertz. 3C NMR chemical shifts are reported relative to the
solvent residual peak (CDCl3, 77.0 ppm). UV-visible absorption spectra
were recorded on a PerkinElmer Lambda 35 instrument. HRMS was
recorded with an Agilent 6545A Q-TOF mass spectrometer and on a
Bruker-Daltonics micrOTOF-Q Il mass spectrometer and MALDI-TOF
mass used to measure the mass of the compounds. The voltammograms
were recorded on a PalmSens 4 electrochemical analyzer in
dichloromethane solvent and 0.1 M TBAPFs as the supporting
electrolyte. The electrodes used were glassy carbon as a working
electrode, Pt wire as a counter electrode and Ag/AgCl as a reference
electrode, the scan rate was 100 mV s for cyclic voltammetry.
Synthesis of TPA-PTZ-1

In a 100 mL round-bottomed flask, 4-ethynyl-N,N-diphenylaniline A
(500 mg, 1.857 mmol) and 7-bromo-10-propyl-10H-phenothiazine-3-
carbaldehyde B (683 mg, 2.043 mmol) were purged under nitrogen and
bis(triphenylphosphine)palladium(I1)dichloride (100 mg) and copper(l)
iodide (4 - 5 mg) were added in anhydrous triethylamine (20 mL) and
tetrahydrofuran (20 mL), the reaction mixture was stirred and refluxed
for 12 h. Then the solvent was evaporated under a vacuum. The residue
was dissolved in dichloromethane, and this solution was washed with
water for several times, dried with anhydrous Na>SOs, and filtered it.
The crude was purified by column chromatography using
dichloromethane-hexane (1/2 v/v) as eluent to get the desired compound
TPA-PTZ-1 as a yellow color solid with 85 % yield. *H NMR (500
MHz, CHLOROFORM-d) d = 9.80 (s, 1 H), 7.67 - 7.62 (m, 1 H), 7.58
- 7.56 (m, 1 H), 7.36 - 7.31 (M, J = 8.5 Hz, 2 H), 7.31 - 7.26 (m, 4 H),
724 (d,J=17Hz,2H),7.11(d,J=7.8Hz, 4 H), 7.06 (t, J = 7.3 Hz,
2H),7.01-6.98(m,J=8.5Hz,2H),6.89 (d, J=8.5Hz 1H), 6.80 (d,
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J=85Hz 1H),3.88-3.83(m,2H),1.87-181(m,2H),1.03(tJ=
7.5 Hz, 3 H). *C NMR (100 MHz, CHLOROFORM-d) d = 189.9,
150.1, 147.9, 147.2, 143.0, 132.4, 131.3, 130.8, 130.2, 130.2, 130.1,
129.8, 129.4, 128.4, 125.0, 124.5, 123.8, 123.6, 122.3, 118.9, 117.1,
116.0, 115.8,115.7,115.1, 115.0, 90.2, 87.6, 49.8, 26.9, 20.0, 20.0, 11.2.
HRMS (ESI-TOF) m/z calculated for CssH2sN2OS 536.1922 [M]",
measured 536.1917 [M]".

Synthesis of TPA-PTZ-2

In a 100 mL round-bottomed flask, TCNE (40 mg, 0.3074 mmol) was
added to a solution of TPA-PTZ-1 (compound 16) (150 mg, 0.2794
mmol) in dichloromethane (20 mL) under an argon atmosphere. The
reaction mixture was stirred at RT for 24 h. The solvent was evaporated
under vacuum, and the product was purified by column chromatography
with DCM/hexane (2:1, v/v) as the eluent to get the desired compound
TPA-PTZ-2 as a dark color solid with 75 % yield. *H NMR (400 MHz,
CHLOROFORM-d) d = 9.83 (s, 1 H), 7.74 (d, J = 7.0 Hz, 1 H), 7.70 -
7.61 (m, 3 H),7.56 (s, 1 H), 744 -7.36 (m, 4 H), 7.33 - 7.28 (m, 2 H),
7.22 (d,J=7.8Hz,5H), 6.99 - 6.89 (m, 4 H), 3.89 (t, J = 7.0 Hz, 2 H),
1.92 - 1.81 (m, 2 H), 1.06 (t, J = 7.2 Hz, 3 H). 3C NMR (100 MHz,
CHLOROFORM-d) d = 189.7, 165.4, 163.7, 153.8, 149.3, 147.7, 144 .4,
132.5, 131.9, 130.4, 130.1, 128.5, 127.9, 127.0, 126.8, 126.3, 125.1,
123.7,121.4,118.0, 115.9, 113.6, 112.8, 112.6, 111.8, 82.8, 50.3, 20.0,
11.1. HRMS (ESI-TOF) m/z calculated for C42H2sNsOS + Na 687.1943
[M + Na]", measured 687.1938 [M + Na]".

Synthesis of TPA-PTZ-3

In a 100 mL round-bottomed flask, TCNQ (55 mg, 0.2664 mmol) was
added to a solution of TPA-PTZ-1 (compound 16) (130 mg, 0.2422
mmol) in dichloroethane (20 mL) under an argon atmosphere. The
reaction mixture was stirred at 60 °C for 36 h. The solvent was
evaporated under vacuum, and the product was purified by column
chromatography with DCM/hexane (3:1, v/v) as the eluent to get the
desired compound TPA-PTZ-3 as a dark color solid with 70 % yield.
!H NMR (400 MHz, CHLOROFORM-d) d =9.82 (s, 1 H), 7.69 — 7.59
(m, 2H), 7.56 - 7.50 (m, 2 H), 7.40 - 7.33 (m, 4 H), 7.30 (d, J = 7.3 Hz,
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2 H),724-7.14 (m,9H),7.00-691(m, 4H),6.88(d,J=80Hz 1
H), 3.92 -3.82 (m, 2 H), 1.85(d,J=6.3 Hz,2 H), 1.05 (t, J=7.5Hz, 3
H). *C NMR (100 MHz, CHLOROFORM-d) d = 189.6, 169.0, 154.0,
151.6, 150.5, 148.6, 147.8, 145.3, 135.2, 134.1, 133.3, 132.5, 132.4,
130.4, 130.3, 129.9, 128.9, 128.4, 126.9, 126.6, 125.9, 125.9, 125.6,
125.0, 123.7, 119.3, 115.8, 114.1, 113.4, 112.7, 83.6, 74.3, 60.4, 50.3,
29.7, 21.0, 20.0, 14.2, 11.1. HRMS (ESI-TOF) m/z calculated for
CagH32N6OS + K 779.1995 [M + K], measured 779.1990 [M + K]".
Synthesis of TPA-PTZ-Ceo-1

In a 100 mL round-bottomed flask, compound TPA-PTZ-1 (77 mg,
0.1435 mmol), Ceo-fullerene (206 mg, 0.2869 mmol) and N-
methylglycine (51 mg, 0.5738 mmol) were dissolved in toluene (20 mL)
and refluxed for 36 h. After that, the reaction mixture was extracted with
DCM, washed with brine solution and dried over anhydrous sodium
sulfate. The solvent was evaporated under vacuum, and the product was
purified by column chromatography with DCM/hexane (1:1, v/v) as the
eluent to get the desired compound TPA-PTZ-Ceo-1 as a dark color
solid with 30 % yield. *H NMR (500 MHz, CHLOROFORM-d) d = 7.53
(d,J=7.9Hz,1H),7.34-7.30 (m, J=8.7 Hz, 2 H), 7.29 — 7.26 (m, 4
H), 7.25 (br.s., 2 H), 7.24 - 7.21 (m, 1 H), 7.10 (d, J = 7.6 Hz, 4 H), 7.07
-7.03(m, 2 H), 7.00-6.96 (m, J =8.7 Hz, 2 H), 6.87 (br. s., 1 H), 6.75
(d,J=8.5Hz,1H),4.96 (d,J=9.5Hz, 1 H),4.80(s,1H),4.22(d,J=
9.5 Hz, 1 H), 3.78 (t, J = 7.2 Hz, 2 H), 2.77 (s, 3 H), 1.85 - 1.78 (m, 2
H), 1.00 (t, J = 7.4 Hz, 3 H). *C NMR (100 MHz, CHLOROFORM-d)
d =156.3, 153.5, 147.7, 147.3, 147.2, 146.7, 146.5, 146.3, 146.2, 145.9,
145.6, 145.3, 145.2, 144.7, 144.4, 143.1, 143.0, 142.6, 142.3, 142.1,
142.1, 141.6, 140.2, 135.7, 132.4, 131.3, 130.6, 130.1, 129.4, 124.9,
123.5,122.4,117.5,116.3, 115.0, 89.6, 88.0, 82.9, 70.0, 69.0, 66.7, 49.5,
40.0, 33.4, 31.9, 29.7, 29.4, 22.7, 20.0, 14.1, 11.3. HRMS (ESI-TOF)
m/z calculated for CogH33N3S 1283.2395 [M]", measured 1283.2390
[M]".

Synthesis of TPA-PTZ-Ceo-2

In a 100 mL round-bottomed flask, compound TPA-PTZ-2 (85 mg,
0.1279 mmol), Ceo-fullerene (184 mg, 0.2559 mmol) and N-
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methylglycine (91 mg, 1.023 mmol) were dissolved in toluene (20 mL)
and refluxed for 48 h. After that, the reaction mixture was extracted with
DCM, washed with brine solution and dried over anhydrous sodium
sulfate. The solvent was evaporated under vacuum, and the product was
purified by column chromatography with DCM/hexane (1:1, v/v) as the
eluent to get the desired compound TPA-PTZ-Ceo-2 as a dark color solid
with 35 % yield. *H NMR (500 MHz, CHLOROFORM-d) d = 7.69 (br.
s.,1H),7.63(d,J=9.0Hz, 2 H), 7.43-7.35 (m, 5 H), 7.31 (br. s., 1 H),
7.24 (br.s., 2 H),7.21 (d, J = 7.6 Hz, 5 H), 6.90 (d, J = 9.2 Hz, 3 H),
6.81 (d, J=9.0 Hz, 1 H), 4.97 (d, J = 9.3 Hz, 1 H), 4.81 (s, 1 H), 4.23
(d,J=9.3Hz, 1 H),3.83-3.78 (m, 2 H), 2.77 (5,3 H), 1.84 (d, J = 7.5
Hz, 2 H), 1.03 (t J = 7.4 Hz, 3 H). C NMR (100 MHz,
CHLOROFORM-d) d = 164.9, 164.2, 156.1, 153.7, 153.2, 150.3, 147.4,
146.3, 146.2, 146.2, 146.0, 145.6, 145.4, 145.3, 144.8, 144.5, 144.4,
143.1, 142.7, 142.6, 142.3, 142.1, 142.0, 140.2, 139.7, 137.0, 136.4,
135.7, 133.4, 131.9, 130.6, 130.1, 127.6, 127.0, 126.7, 125.0, 124.7,
121.6,118.1, 114.8, 113.6, 112.8, 112.2, 111.0, 110.4, 82.6, 80.8, 69.9,
69.0, 50.2, 40.0, 34.3, 30.3, 29.7, 19.9, 14.1, 11.1. MALDI-TOF
calculated for C104H33N7S 1411.2518 [M]*; measured 1410.301.
Synthesis of TPA-PTZ-Ce0-3

In a 100 mL round-bottomed flask, compound TPA-PTZ-3 (100 mg,
0.135 mmol), Ceo-fullerene (195 mg, 0.2701 mmol) and N-
methylglycine (96 mg, 1.08 mmol) were dissolved in toluene (20 mL)
and refluxed for 60 h. After that, the reaction mixture was extracted with
DCM, washed with brine solution, and dried over anhydrous sodium
sulfate. The solvent was evaporated under vacuum, and the product was
purified by column chromatography with DCM/hexane (1:1, v/v) as the
eluent to get the desired compound TPA-PTZ-Ceo-3 as a dark color
solid with 33 % yield. *H NMR (400MHz, CHLOROFORM-d) d = 7.61
-7.48 (m,3H),7.41-7.30 (m, 6 H), 7.18 (d, J = 7.5 Hz, 10 H), 6.95 (d,
J=6.5Hz, 3 H),6.88 (br.s., 1 H), 6.75 (d, J =8.0 Hz, 1 H), 4.96 (d, J
=8.5Hz, 1 H), 4.80 (s, 1 H), 4.22 (d, J = 8.8 Hz, 1 H), 3.78 (br. s., 2 H),
2.76 (s, 3 H), 1.86 - 1.79 (m, 2 H), 1.01 (t, J = 7.5 Hz, 3 H). 3C NMR
(100 MHz, CHLOROFORM-d) d = 168.6, 156.1, 154.1, 153.9, 153.2,

241



152.9, 151.6, 151.0, 149.7, 147.4, 147.3, 146.5, 146.4, 146.2, 146.2,
146.0, 145.7, 1455, 145.4, 145.3, 144.8, 1445, 1445, 144.4, 143.2,
143.1, 142.7, 142.6, 142.3, 142.2, 142.2, 142.1, 142.0, 141.8, 141.6,
140.2, 140.0, 139.6, 137.0, 136.4, 135.9, 135.6, 135.2, 134.3, 133.3,
132.3, 130.6, 129.9, 129.0, 128.2, 128.0, 127.5, 126.9, 126.6, 125.9,
125.7,125.5,124.5,119.3,114.7,114.2, 114.2, 113.7, 113.0, 82.5, 81.8,
74.0, 69.9, 69.0, 53.4, 50.2, 42.0, 40.0, 29.7, 27.0, 19.9, 14.2, 11.1.
MALDI-TOF calculated for Ci10H37N7S 1487.2831 [M]*; measured
1488.415.

6.7. Conclusion

In conclusion, we have designed and synthesized the triphenylamine-
functionalized phenothiazine derivatives TPA-PTZ 1-3 via Pd-
catalyzed Sonogashira cross-coupling reaction followed by [2 + 2]
cycloaddition-electrocyclic ring-opening reaction and fulleropyrrolidine
derivatives TPA-PTZ-Ceo 1-3 also with the help of 1,3-dipole
cycloaddition reaction and under the condition described by Preto
reaction. The photophysical spectra of fulleropyrrolidine derivatives
TPA-PTZ-Cs0-2 and TPA-PTZ-Ceo-3 exhibit bathochromic shift
because of intramolecular charge transfer (ICT) transition in the near-
infrared region as compared to TPA-PTZ-2 and TPA-PTZ-3. The
electrochemical characteristics showed that the TPA-PTZ 1-3 and
TPA-PTZ-Cso 1-3 produce several redox waves in cyclic voltammetry
because of the availability of various acceptor units (Fullerene, TCBD,
and DCNQ), and donor units (Phenothiazine and Triphenylamine).
According to the computational study, the addition of the fullerene
moiety stabilizes the lowest unoccupied molecular orbital (LUMO)
energy level more than the TCBD and DCNQ moieties. The reported
donor—acceptor based triphenylamine-functionalized phenothiazine
derivatives TPA-PTZ 1-3 and fulleropyrrolidine derivatives TPA-
PTZ-Cso 1-3 give up a novel route for the development of NIR-
absorbing  donor-acceptor  chromophores  for  optoelectronic

applications.
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Chapter 7

Design and Synthesis of TCBD and DCNQ Functionalized
Phenothiazine and Fulleropyrrolidine Chromophores:
Photophysical, Electrochemical and Computational
Studies

7.1. Introduction

In recent years, the m-conjugated organic molecules have played great
importance in the fields of organic chemistry, materials science, and
electronic devices because of their unique electronic and optical
properties.[1-5] n-Conjugated organic molecules form the basis of
organic electronic devices, such as organic field-effect transistors
(OFETs), organic light-emitting diodes (OLEDSs), nonlinear optics
(NLOs), and organic photovoltaic cells (OPVs). Due to their tunable
electronic and optical properties, they are promising candidates for
flexible and affordable electronic applications in optoelectronic
devices.[6-13] Additionally, these molecules are employed in the
development of organic semiconductors for light-emitting materials and
sensors.[14-16] The energy levels of HOMO/LUMO can be fine-tuned
using D—-A based chromophores by adjusting the strength of the donor
or acceptor and incorporating various zn-linkers.[17-23] However, our
group aims to design and synthesize push-pull chromophores for use in
optoelectronics by modifying donor and acceptor moieties.[19-22]

The 10H-phenothiazine is a heterocyclic compound that acts as
an electron donor. It has a non-planar geometry and a bowl-shaped
structure, with electron-rich nitrogen (N) and sulphur (S)
heteroatoms.[24, 25] Phenothiazine and its derivatives are extensively
utilized in various fields, such as chemical sensors, photovoltaic devices,
and organic light-emitting diodes (OLEDSs), owing to their notable
characteristics, including high electron density and effective electron-
donating capabilities.[26, 27] Fullerene is a unique carbon allotrope with
a hollow spherical shape composed completely of carbon atoms

arranged in a hexagonal and pentagonal pattern.[28] Fulleropyrrolidines
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is a family of wicinally disubstituted-organo-fullerenes.
Fulleropyrrolidines are a common form of acceptor used in the
development of photosynthetic supramolecular model molecules and
organic photovoltaic clouds (OPVs).[29-34] The fulleropyrrolidines are
synthesized via the 1,3-dipolar cycloaddition of azomethine ylides.[35]
These synthesized compounds exhibit noteworthy characteristics, such
as high electron affinity, minimal reorganization energy, and excellent
charge transport ability.[36] Therefore, fullerene-based D—A systems
have potential applications in molecular wires[37], molecular
switches[38], nonlinear optical materials[39], and other molecular
devices.[40] Ito et al. have reported that the fullerene derivatives
connected with electron donors play an important role in enhancing the
electron-transfer ability.[41, 42] The 1,1,2,2-tetracyanoethylene
(TCNE) and 7,7,8,8-tetracyanoquinodimethane (TCNQ) are strong
electron acceptors because of they contain four cyano groups,[43, 44]
and are highly reactive towards electron-rich alkynes, undergo [2 + 2]
cycloaddition reaction to form cyclobutene rings accompanied by
retroelectrocyclization reaction to produce 1,1,4,4-tetracyanobutadiene
(TCBD) and cyclohexa-2,5-diene-1,4-diylidene-expanded TCBD or
DCNQ (DCNQ = dicyanodiquinodimethane) derivatives.[45] The
donor-acceptor systems containing TCBD and DCNQ acceptors are
interesting possibilities for organic photovoltaics applications.[46]
Diederich et al. reacted TCNE and TCNQ with various acetylenic
donors to produce charge-transfer chromophores using a [2 + 2]
cycloaddition-retroelectrocyclization reaction.[47, 48]

In this contribution, we report the phenothiazine chromophores
(PTZ)2 1-3 which were synthesized by the Pd-catalyzed Sonogashira
cross-coupling reaction followed by the [2 + 2] cycloaddition
retroelectrocyclization reaction, and fulleropyrrolidine derivatives
(PTZ)2-Cs01-3 by 1,3-dipolar cycloaddition reaction (Prato reaction) in
good yields. The phenothiazine chromophore (PTZ)2-1 was modified
by fullerene moiety and cyano-based strong electron acceptors
TCNE/TCNQ unit (Chart 7.1). Herein, we investigated the impact of

incorporating the fullerene moiety and strong electron acceptors 1,1,4,4-
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tetracyanobuta-1,3-diene (TCBD) and dicyanoquinodimethane (DCNQ)
moieties on the photophysical, electrochemical, and computational
characteristics of donor-acceptor phenothiazine chromophores (PTZ)2
1-3 and fulleropyrrolidine chromophores (PTZ)2-Ce0 1-3. The TCBD
and DCNQ functionalized chromophores (PTZ)2-2, (PTZ)2-3, (PTZ)2-
Ce0-2, and (PTZ)2-Ceo-3 show intramolecular charge transfer transition
bands at lower energy regions correspond to strong D—A interactions.
Moreover, the computational studies are performed to investigate the
donor-acceptor contributions and molecular geometry of various entities

in the derivatives of phenothiazines (PTZ)2 1-3 and fulleropyrrolidines

(PTZ)2-Ce01-3.
) )

SmCHO ~~ ’©/ /@Smcﬂo

V\é/ ¥ @ @s

(PTZ),-1 (PTZ),-2 (PTZ),-3

(PTZ),-Cgy-1 (PTZ),-Cy-2 (PTZ),-Cgy-3
Chart 7.1. Chemical structures of donor—acceptor based phenothiazine
chromophores (PTZ)2 1-3 and fulleropyrrolidine derivatives (PTZ)2-
Ce0 1-3.

7.2. Result and Discussion

The donor-acceptor based phenothiazine chromophores (PTZ)2 1-3 and
fulleropyrrolidine derivatives (PTZ)2-Ceo 1-3 were designed and
synthesized by the Sonogashira cross-coupling, [2 + 2] cycloaddition—
retroelectrocyclization and 1,3-dipolar cycloaddition reaction using
donor phenothiazine (PTZ), and acceptors fullerene (Ceo),
tetracyanoethylene (TCNE) or 7,7,8,8-tetracyanoquino-dimethane
(TCNQ) units. The detailed synthetic procedure of the donor—acceptor
based phenothiazine chromophores (PTZ)2 1-3 and fulleropyrrolidine
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derivatives (PTZ)2-Cso 1-3 are shown in Scheme 7.1. The 3-ethynyl-
10-propyl-10H-phenothiazine PTZ react with 1.1 equivalent of 7-
bromo-10-propyl-10H-phenothiazine-3-carbaldehyde Br-PTZ-CHO
using THF:TEA (1:1) under N2 atmosphere in the presence of
Pd(PPhs).Clo/Cul via Sonogashira cross-coupling reaction, which
resulted in phenothiazine chromophore (PTZ)2-1 87% yield. The TCBD
and DCNQ incorporated phenothiazine chromophores (PTZ)2-2 and
(PTZ)2-3 were designed and synthesized by the [2 + 2] cycloaddition—
retroelectrocyclization reaction. The (PTZ)2-1 reacts with 1.1
equivalents of TCNE in dichloromethane at room temperature for 24 h
to produce (PTZ)2-2 in 80% vyield. Similarly, (PTZ)2-1 reacts with 1.1
equivalents of TCNQ in dichloroethane (DCE) for 36 h at 60 °C which
results in (PTZ)2-3 in 60% yield. Subsequently, the donor—acceptor
based phenothiazine chromophores (PTZ)2 1-3 reacts with fullerene
(Ceo) using toluene in the presence of an excess amount of N-
methylglycine (sarcosine) and followed by a 1,3-dipolar cycloaddition
reaction (Prato reaction)[41, 49] resulted in fulleropyrrolidine
derivatives (PTZ)2-Cso 1-3 in 40%, 30% and 35% yields, respectively.
The synthesis of the phenothiazine chromophores (PTZ). 1-3 and
fulleropyrrolidine derivatives (PTZ)2-Ceo 1-3 were purified by column
chromatography and well-characterized by H-NMR, **C-NMR
spectroscopy, HRMS and MALDI-TOF techniques.
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Scheme 7.1. Synthetic route of phenothiazine chromophores (PTZ)2 1-
3 and fulleropyrrolidine derivatives (PTZ)2-Ceso 1-3.

7.3. Photophysical Properties

The optical properties of the phenothiazine chromophores (PTZ)2 1-3
and fulleropyrrolidine derivatives (PTZ)2-Ceo 1-3 were recorded in
dilute dichloromethane solutions (1 x 10~> M) at room temperature. The
absorption spectra are depicted in Figure 7.1, and the appropriate data
including absorption maxima (imax), extinction coefficient, and optical
bandgap are summarized in Table 7.1. The absorption spectra of
phenothiazine chromophores (PTZ)2 1-3 exhibit an absorption band at
250-430 nm corresponding to z—z* transitions and 430-800 nm which
iS due to the intramolecular charge transfer (ICT) transition from donor
to acceptor moieties. The absorption band at the higher energy region
corresponds to phenothiazine units, and the lower energy region
absorption band is due to TCNE/TCNQ moieties. The chromophore
(PTZ)2-1 exhibits absorption maxima at 394 nm (e = 14400 M* cm™?),
corresponding to the m-n* transition. The TCBD and DCNQ
functionalized chromophores (PTZ)2-2 and (PTZ)2-3 have absorption
maxima at 533 nm (e = 20150 M cm™) and 647 nm (g = 13100 M cm’
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1y respectively, and these longer wavelength transitions are caused by
intramolecular charge transfer (ICT) which is attributed to strong donor-
acceptor interactions from donor phenothiazine to acceptor TCBD and
DCNQ moieties. The absorption spectra of the DCNQ substituted
chromophore (PTZ)2-3 exhibits a bathochromic shift of 114 nm
compared to the TCBD functionalized derivative (PTZ)2-2 due to the

stronger electron-accepting character of the DCNQ moiety.

2.0 — (PTZ)y-1
—— (PTZ),-2
e —— (PTZ),-3

(PTZ)>-Cgp-1
(PTZ)9-Cgo-2
1.0 —_— (PTZ)Z-C60-3

Absorbance

300 400 500 600 700 800
Wavelength (nm)

Figure 7.1. Absorption spectra of phenothiazine chromophores (PTZ):
1-3 and fulleropyrrolidine derivatives (PTZ)2-Ceo 1-3 in
dichloromethane (1 x 107> M).

On the other hand, the UV-visible absorption of
fulleropyrrolidine derivatives (PTZ)2-Ceo 1-3 possesses two shoulder
peaks in the range of 220—320 nm corresponding to fullerene moiety.
The fulleropyrrolidine derivative (PTZ)2-Ceso-1 exhibits an absorption
maxima at 382 nm (e = 30000 M cm), which was attributed to the
ICT transition. Whereas, the absorption maxima of fulleropyrrolidines
(PTZ)2-Cs0-2 and (PTZ)2-Cso-3 show at 547 nm (¢ = 16700 Mt cm™)
and 659 nm (s = 10500 M cm?) respectively, and these lower-energy
region transitions are corresponding to the intramolecular charge
transfer (ICT) transition which is attributed to the strong electronic

communication between donor (phenothiazine) and acceptor
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(TCBD/DCNQ and fullerene) moieties. The DCNQ-functionalized
fulleropyrrolidine derivative (PTZ)2-Ce0-3 reveals a red-shifted ICT
band of 112 nm at a lower energy region compared to TCBD-
functionalized fulleropyrrolidine (PTZ)2-Cso-2 corresponding to strong
electronic communication from donor to acceptor unit.

The optical band gaps for phenothiazine chromophores (PTZ):
1-3 and fulleropyrrolidine derivatives (PTZ)2-Ceso 1-3 were evaluated
from the onset edge of the absorption band in dichloromethane, which
was found to be 2.55, 1.67, 1.47, 2.74, 1.69, and 1.46 eV, respectively.
The optical band gap values follow the order (PTZ)2-Ce0-1 > (PTZ)2-1
> (PTZ)2-Ce0-2 > (PTZ)2-2 > (PTZ)2-3 > (PTZ)2-Ce0-3. The trends
clearly indicate that the strong electron acceptor DCNQ functionalized
donor—acceptor chromophores (PTZ)2-3 and (PTZ)2-Ceo-3 resulted in a
redshifted band with a low optical bandgap in comparison to TCBD
functionalized (PTZ)2-2 and (PTZ)2-Ceo-2 which are attributed to
intramolecular charge transfer (ICT) transition. All transitions are
explained by computational calculations, and their relevant data are
included in Table 7.3.
Table 7.1. Photophysical and theoretical data of phenothiazine
chromophores (PTZ)2 1-3 and fulleropyrrolidine derivatives (PTZ)2-
Ce0 1-3.

Compounds Amax £ EoPt HOMO | LUMO | band-gap

(nm)? | (Mtcm?™)? | (eV)? (eV)P (ev)P (eVv)P

(PTZ):-1 394 14400 2.55 -4.94 -1.72 3.22

(PTZ),:-2 533 20150 1.67 -5.93 -3.59 2.34

(PTZ):-3 453 22100 1.47 -5.97 -4.10 1.87
647 13100

(PTZ)-Ceo-1 | 382 30000 2.74 481 | -3.35 1.46

(PTZ)-Ce-2 | 547 16700 1.69 530 | -3.42 1.88

(PTZ)»-Ceo-3 | 463 16600 1.46 532 | -3.74 1.58
659 10500
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aAbsorbance measured in dichloromethane at (1 x 10 M); Amax =
absorption wavelength; & = extinction coefficient; E¢°" = optical
bandgap; PTheoretical data obtained from density functional theory
(DFT) calculations performed at the B3LYP/6-31G (d,p) level.

7.4. Electrochemical Properties

The redox potentials of phenothiazine chromophores (PTZ)2 1-3 and
fulleropyrrolidine derivatives (PTZ)2-Ceo 1-3 were evaluated by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) using 0.1
M tetrabutylammonium hexafluorophosphate (TBAPFs) as a supporting
electrolyte. The electrochemical data are demonstrated in Table 7.2, and
the representative cyclic voltammograms and differential pulse
voltammograms for phenothiazine (PTZ)2 1-3 and fulleropyrrolidine
chromophores (PTZ)2-Cso 1-3 are shown in Figures 7.2 and 7.3.

The currently examined phenothiazine chromophores (PTZ)2 1-
3 and fulleropyrrolidine derivatives (PTZ)2-Ceo 1-3 exhibit donor
phenothiazine moiety and acceptor fullerene (Ceo) and
tetracyanoethylene (TCNE) and 7,7,8,8-tetracyanoquinodimethane
(TCNQ) units. The ability of any moiety to participate in electron
transfer activities is mainly determined by the multiple oxidation and
reduction waves that it exhibits at different potentials. In general,
phenothiazine exhibits one reversible oxidation potential on the anodic
side which corresponds to the radical cation formation of PTZ*. The
TCBD/DCNQ moieties exhibit two reduction waves at low potential on
the cathodic side which is attributed to the formation of radical anions
and dianions. The phenothiazine chromophores (PTZ)2 1-3 exhibit two
oxidation potentials on the anodic side at +0.77 V, +0.99 V; +0.98 V,
+1.09 V; and +0.90 V, +1.09 V respectively, and fulleropyrrolidine
derivatives (PTZ)2-Ceo 1-3 also exhibit two oxidation potentials at
+0.72 V, +0.85 V; +0.96 V, +1.39 V; and +0.93 V, +1.34 V
respectively. In this case, the initial oxidation potential originates from
the terminal phenothiazine unit, while the subsequent oxidation
potential is attributed to the centered phenothiazine moiety. The
TCBD/DCNQ functionalized chromophores (PTZ)2-2 and (PTZ)2-3
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reveal two reduction potentials on the cathodic region at —0.46 V, -0.78
V; and -0.25 V, -0.36 V respectively, which are attributed to radical
anions and dianions formation of the TCBD/DCNQ moieties. The
fulleropyrrolidine derivative (PTZ)2-Ceo-1 also shows two reduction
potentials on the cathodic side at —0.77 V and —0.98 V, which is due to
fullerene moiety. On the other hand, the TCBD/DCNQ functionalized
fulleropyrrolidine derivatives (PTZ)2-Cso-2 and (PTZ)2-Ces0-3 show
three reduction potentials on the cathodic region at —0.47 V, -0.75 V, —
1.16 V; and -0.35 V, -0.74 V, -1.11 V, respectively which is
corresponding to the TCBD/DCNQ and fullerene moiety.

The electrochemically HOMO and LUMO energy levels as well
as the HOMO-LUMO gap of phenothiazine chromophores (PTZ)2 1-3
and fulleropyrrolidine derivatives (PTZ)2-Ceo 1-3 were calculated using
the obtained oxidation and reduction onset values. Accordingly, the
corresponding electrochemically HOMO energy levels of (PTZ)2 2-3
and (PTZ)2-Ceo 1-3 are —5.38, —5.30, —5.12, —5.36, and —5.33 eV,
respectively and the electrochemically LUMO energy levels are —3.94,
—4.15, —3.63, —3.93, and —4.02 eV, respectively. The calculated
electrochemical bandgap (Egap) Of (PTZ)2-2, (PTZ)2-3, (PTZ)2-Ceo-1,
(PTZ)2-Ce0-2 and (PTZ)2-Ce0-3 were 1.44 eV, 1.15 eV, 1.49 eV, 1.43
eV and 1.31 eV respectively. The Egqp Values follow the order (PTZ)2-
Ce0-1 > (PTZ)2-2 > (PTZ)2-Ce0-2 > (PTZ)2-Ce0-3 > (PTZ)2-3. The
electrochemical data demonstrates that integrating cyano-based electron
acceptor groups can alter the redox characteristics of phenothiazine and
fulleropyrrolidine chromophores. Additionally, the
dicyanoquinodimethane (DCNQ) unit stabilizes the LUMO energy level
to a greater extent compared to the tetracyanoethylene (TCBD) unit.
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Figure 7.2. Cyclic voltammograms of (PTZ)2 1-3 and (PTZ)2-Ceo 1-3
in 0.1 M solution of BusNPFs in dichloromethane at 100 mV s* scan

rate versus saturated Ag/AgCl at 25 °C.
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Figure 7.3. Differential pulse voltammograms of (PTZ). 1-3 and
(PTZ)2-Cs0 1-3 in 0.1 M solutions of BusNPFg in dichloromethane at
100 mV s ! scan rate versus saturated Ag/AgCl electrode at 25 °C.

Table 7.2. Electrochemical Data of phenothiazine chromophores
(PTZ)2 1-3 and fulleropyrrolidine derivatives (PTZ)2-Ceo 1-3.

Compounds Ered Eox Evomo | Ewumo | Eg(eV)?
(V)? (V)? ev)* | (ev)*
PT2)r1 - 0.7 - - -
0.99
(PT2)»2 | —046 | 098 | 538 | -394 | 144
-0.78 1.09
(PT2)>3 | 025 | 090 | 530 | 415 | 115
-0.36 1.09
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(PTZ)-Ceo-1 | —0.77 0.72 512 | 363 1.49
0.98 0.85

(PTZ)-Ce-2 | —0.47 0.96 536 | 3.93 1.43
0.75 1.39
1.16

(PTZ)-Ce-3 | —0.38 0.93 533 | 402 131
0.74 1.34
111

Electrochemical analysis was estimated by differential pulse
voltammetry, in 0.1 M solution of TBAPFs in DCM at 100 mV s* scan
rate versus saturated Ag/AgCl electrode at 25 °C.

7.5. Computational Calculations

In order to understand the molecular conformations and ground-state
geometries in the phenothiazine chromophores (PTZ). 1-3 and
fulleropyrrolidine derivatives (PTZ)2-Cso 1-3, the density functional
theory calculation (DFT) was performed at the B3LYP/6-31G (d,p)
basis set level for C, H, N, O, and S in the Gaussian 09W program.[50]
Figure 7.4 illustrates the energy level diagram and the frontier molecular
orbitals, including the Highest Occupied Molecular Orbital (HOMO)
and Lowest Unoccupied Molecular Orbital (LUMO) for phenothiazine
chromophores (PTZ)2 1-3, along with fulleropyrrolidine derivatives
(PTZ)2-Cso 1-3. The detailed corresponding data for these orbitals are
presented in Table 7.1. The studied compounds possessed a nonplanar
framework due to the presence of a central phenothiazine (PTZ) with a
butterfly shape and substituted TCBD or DCNQ units.[51] The HOMO
energy level of (PTZ)2-1 is mainly localized over the phenothiazine
moiety with an extended towards contribution from the alkyne linkage
phenothiazine unit, whereas the LUMO is mainly concentrated on the
phenothiazine moiety which is bearing with a formyl group. In the case
of (PTZ)2-2 and (PTZ)2-3 the electron density of HOMO energy levels
are mostly delocalized over the phenothiazine unit whereas, the electron
density in LUMO energy levels are concentrated over the acceptors

TCBD and DCNQ moieties. In case of fulleropyrrolidine derivative

262



(PTZ)2-Ceo-1 the electron density of HOMO is mainly delocalized over
the phenothiazine moiety with an extended towards contribution from
the alkyne linkage phenothiazine unit, whereas the LUMO is mainly
localized on the fullerene moiety. In case of TCBD and DCNQ
functionalized fulleropyrrolidine derivatives (PTZ)2-Ceso-2 and (PTZ)2-
Ce0-3 the electron density of the HOMO energy level are localized on
the fullerene moiety, whereas the LUMOs are concentrated over the
fullerene and DCNQ moiety, respectively.
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Figure 7.4. Energy level diagram of the HOMO-LUMO frontier
orbitals of phenothiazine derivatives (PTZ)2 1-3 and fulleropyrrolidine
derivatives (PTZ)2-Ceo 1-3 calculated by DFT calculations at the
B3LYP/6-31G (d,p) level.

The computationally calculated HOMO energy levels of the
phenothiazine chromophores (PTZ)2 1-3 and fulleropyrrolidine
derivatives (PTZ)2-Ceo 1-3 are —4.94, —5.93, —5.97, —4.81, —5.30, and
—5.32 ¢V, and the related LUMO energy levels are —1.72, —3.59, —4.10,
—3.35, —3.42, and —3.74 eV, respectively. The theoretical HOMO-
LUMO gap values for phenothiazine chromophores (PTZ)2 1-3 and
fulleropyrrolidine derivatives (PTZ)2-Ceso 1-3 are 3.22, 2.34, 1.87, 1.46,
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1.88 and 1.58 eV respectively, and follow the order (PTZ)2-1 > (PTZ)2-
2 > (PTZ)2-Ce0-2 > (PTZ)2-3 > (PTZ)2-Ce0-3 > (PTZ)2-Cs0-1. From
the DFT calculations, the HOMO-LUMO gap values were found to be
in good agreement with the values of the optical energy gap (Egap)
calculated from the UV/Vis absorption spectrum (Table 7.1). This
stabilization consequently induced a red shift in the ICT (Intramolecular
Charge Transfer) band observed in the electronic absorption spectra.
The time-dependent density functional theory (TD-DFT)
calculations were performed to study the nature of electronic transitions
taking place in optimized phenothiazine chromophores (PTZ)2 1-3 and
fulleropyrrolidine derivatives (PTZ)2-Ceo 1-3 using the basis set
B3LYP/6-31G (d,p) basis set level in dichloromethane. The transitions
with assignments, oscillatory strength, composition and molecular
contribution are listed in Table 7.3. The solvent effect in TD-DFT
calculation was analyzed using the polarized continuum model (PCM).
The phenothiazine chromophores (PTZ)2-1 and (PTZ)2-2 exhibit
simulated absorption maxima at 394 nm and 503 nm, respectively.
These absorption bands in the visible region originate from HOMO-
1-LUMO and HOMO—LUMO+1 respectively, which corresponds to
n—n* transition for (PTZ)2-1 and intramolecular charge transfer (ICT)
transition for (PTZ)2-2. The simulated absorption spectra of
phenothiazine chromophores (PTZ)2-3 and fulleropyrrolidine
derivatives (PTZ)2 1-3 exhibit absorption maxima at 555 nm, 422 nm,
673 nm, and 822 nm, respectively. These absorption bands in the visible
region originate from HOMO-2—LUMO, HOMO—LUMO+S5,
HOMO-1-LUMO+1, and HOMO-2—LUMO respectively, which are
attributed to intramolecular charge transfer (ICT) transition. The
theoretical data shows that the fulleropyrrolidine derivatives (PTZ)2-
Ce0-2 and (PTZ)2-Ceo-3 are red-shifted as compared to phenothiazine
chromophores (PTZ)2-2 and (PTZ)2-3, respectively. The electronic
absorption wavelength values calculated theoretically were in good
agreement with the experimental data. However, these values can be
affected by various factors such as temperature, solvent, and dipole

moment.
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Table 7.3. Calculated electronic transitions for phenothiazine
chromophores (PTZ)2 1-3 and fulleropyrrolidine derivatives (PTZ)2-

Cs0 1-3 in dichloromethane.

Compounds | Wavelength Composition and 2 Assignment
(nm) Molecular Contribution
(PTZ):-1 394 HOMO-1—-LUMO (0.65) 0.13 —m*
(PTZ),-2 503 HOMO—-LUMO+1 (0.68) | 0.13 ICT
(PTZ)2-3 555 HOMO-2—LUMO (0.62) 0.40 ICT
(PTZ)2-Ceo-1 422 HOMO—-LUMO+5 (0.34) | 0.18 ICT
(PTZ)2-Ceo-2 673 HOMO-1—-LUMO+1 0.15 ICT
(0.54)
(PTZ)2-Ce0-3 822 HOMO-2—LUMO (0.62) 0.09 ICT

40scillator strength.

7.6. Experimental section
General methods

The chemicals were used as received unless otherwise indicated. All
oxygen or moisture-sensitive reactions were performed under a
nitrogen/argon atmosphere. *H NMR (400 and 500 MHz) and *C NMR
(100 and 125 MHz) spectra were recorded on Bruker 400 and 500 MHz
FT-NMR spectrometers at room temperature. *H NMR chemical shifts
are reported in parts per million (ppm) relative to the solvent residual
peak (CDCls, 7.26 ppm). Multiplicities are given as s (singlet), d
(doublet), t (triplet) and m (multiplet) and the coupling constants, J, are
given in hertz. *C NMR chemical shifts are reported relative to the
solvent residual peak (CDCl3, 77.0 ppm). UV-visible absorption spectra
were recorded on a PerkinElmer Lambda 35 instrument. HRMS was
recorded with an Agilent 6545A Q-TOF mass spectrometer and on a
Bruker-Daltonics micrOTOF-Q Il mass spectrometer and MALDI-TOF
mass used to measure the mass of the compounds. The voltammograms
recorded on a PalmSens 4 electrochemical

were analyzer in
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dichloromethane solvent and 0.1 M TBAPFs as the supporting
electrolyte. The electrodes used were glassy carbon as a working
electrode, Pt wire as a counter electrode and Ag/AgCl as a reference
electrode, the scan rate was 100 mV s for cyclic voltammetry.
Synthesis of (PTZ)2-1

In a 100 mL round-bottomed flask, 3-ethynyl-10-propyl-10H-
phenothiazine PTZ (550 mg, 2.072 mmol) and 7-bromo-10-propyl-
10H-phenothiazine-3-carbaldehyde Br-PTZ-CHO (761 mg, 2.279
mmol) were purged under nitrogen and
bis(triphenylphosphine)palladium(Il)-dichloride (100 mg) and
copper(l) iodide (4 - 5 mg) were added in anhydrous triethylamine (20
mL) and tetrahydrofuran (20 mL), the reaction mixture was stirred and
refluxed for 12 h. Then the solvent was evaporated under a vacuum. The
residue was dissolved in dichloromethane, and this solution was washed
with water for several times, dried with anhydrous Na>SQOj, and filtered
it. The crude was purified by column chromatography using
dichloromethane-hexane (1/2 v/v) as eluent to get the desired compound
(PTZ)2-1 as a yellow color solid with 87 % yield. *H NMR (500 MHz,
CHLOROFORM-d) 6 =9.80 (s, 1 H), 7.64 (dd, J = 1.8, 8.5 Hz, 1 H),
7.57(d,J=1.7Hz, 1 H), 7.29 - 7.27 (m, 1 H), 7.26 - 7.21 (m, 3 H), 7.14
(s, 1H),7.11 (d, J=7.5Hz, 1 H), 6.94 - 6.91 (m, 1 H), 6.90 (d, J= 8.4
Hz, 1 H), 6.85(d, J =8.1 Hz, 1 H), 6.80 (d, J=8.5Hz, 1 H), 6.78 (d, J
=8.4 Hz, 1 H), 3.89 - 3.83 (m, 2 H), 3.83-3.79 (m, 2 H), 1.86 (d, J =
7.5Hz,2H),1.84-1.80 (m, 2 H), 1.06 - 1.02 (m, 3 H), 1.02 - 0.99 (m,
3 H); BC NMR (125 MHz, CHLOROFORM-d) § = 190.0, 150.1, 145.3,
144.6, 143.1, 131.3, 130.8, 130.6, 130.1, 130.0, 128.5, 127.5, 127.3,
124.8, 1245, 124.2, 123.8, 122.7, 118.7, 116.9, 115.6, 115.5, 115.1,
115.0, 89.4, 88.1, 49.8, 49.3, 20.1, 20.0, 11.3, 11.2, 11.1; HRMS (ESI-
TOF) m/z calculated for CasH2sN20S. 532.1638 [M]*, measured
532.1274 [M]".

Synthesis of (PTZ)2-2

In a 100 mL round-bottomed flask, TCNE (40 mg, 0.3097 mmol) was
added to a solution of (PTZ)-1 (150 mg, 0.2815 mmol) in
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dichloromethane (20 mL) under an argon atmosphere. The reaction
mixture was stirred at RT for 24 h. The solvent was evaporated under
vacuum, and the product was purified by column chromatography with
DCM/hexane (2:1, v/v) as the eluent to get the desired compound
(PTZ)2-2 as a dark color solid with 80 % yield. *H NMR (500MHz,
CHLOROFORM-d) 6 =9.83 (s, 1 H), 7.71 - 7.68 (m, 2 H), 7.68 - 7.65
(m,1H),755(d,J=15Hz,1H),7.34(d,J=2.4Hz, 1H),7.32(,J
=2.3Hz, 1 H),7.18 (s, 1 H), 7.08 - 7.05 (m, 1 H), 7.01 (d, J = 7.3 Hz, 1
H), 6.96 (d, J =8.5Hz, 1 H), 6.93 (d, J =9.0 Hz, 1 H), 6.88 (t, J = 8.7
Hz, 2 H),3.90 (d, J=7.3Hz, 2 H), 3.88 - 3.84 (m, 2 H),1.89 (d,J=7.3
Hz, 2 H), 1.87-1.82(m,2H), 1.07 (d,J=7.3Hz,3H),1.04 (d,J=75
Hz, 3 H); 3C NMR (100 MHz, CHLOROFORM-d) & = 189.7, 164.4,
163.6, 151.3, 149.5, 147.6, 141.9, 132.6, 130.5, 130.4, 130.3, 128.5,
128.0, 127.8, 127.7, 127.6, 125.9, 125.6, 125.3, 124.6, 124.4, 123.6,
122.6, 116.3, 115.9, 115.1, 112.9, 112.6, 112.2, 111.8, 82.7, 80.6, 53.4,
50.4, 50.0, 34.7, 31.6, 25.3, 22.7, 20.1, 20.0, 14.1, 11.1, 11.0; HRMS
(ESI-TOF) m/z calculated for C3gH2sNsOS> + Na 683.1658 [M+Na]",
measured 683.4354 [M+Na]".

Synthesis of (PTZ)2-3

In a 100 mL round-bottomed flask, TCNQ (43 mg, 0.2065 mmol) was
added to a solution of (PTZ)2-1 (100 mg, 0.1877 mmol) in
dichloroethane (20 mL) under an argon atmosphere. The reaction
mixture was stirred at 60 °C for 36 hours. The solvent was evaporated
under vacuum, and the product was purified by column chromatography
with DCM/hexane (3:1, v/v) as the eluent to get the desired compound
(PTZ)2-3 as a dark color solid with 60 % yield. *H NMR (500 MHz,
CHLOROFORM-d) 6 =9.80 (s, 1 H), 7.64 (d, J =8.1 Hz, 1 H), 7.57 (d,
J=8.7Hz, 1H),752(,1H),7.47 (d,J=9.6 Hz, 1 H), 7.32 - 7.28 (m,
2H),7.22(d,J=95Hz,1H),7.17-7.11 (m, 2H), 7.08 (d, J = 7.5 Hz,
1 H), 6.99 - 6.96 (m, 2 H), 6.95 - 6.90 (m, 2 H), 6.88 - 6.83 (m, 3 H),
3.89-3.80(m, 4 H),1.84 (dd, J=7.2, 14.4 Hz, 4 H), 1.06 - 1.01 (m, 6
H); 3C NMR (100 MHz, CHLOROFORM-d) & = 189.6, 168.3, 153.9,
148.9, 148.8, 148.7, 147.8, 142.8, 134.7, 133.9, 133.5, 132.4, 131.8,
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130.3, 129.2, 128.9, 128.4, 128.2, 127.8, 127.6, 126.4, 126.2, 125.7,
125.1, 123.9, 123.7, 123.0, 116.0, 115.8, 115.8, 115.4, 113.7, 113.2,
112.7, 83.6, 76.1, 50.3, 49.8, 29.7, 26.9, 20.1, 20.0, 14.1, 11.2, 11.1;
HRMS (ESI-TOF) m/z calculated for CssH32NeOS, + Na 759.1971
[M+Na]*, measured 759.2002 [M+Na]*.

Synthesis of (PTZ)2-Ceo-1

In a 100 mL round-bottomed flask, compound (PTZ)2-1 (90 mg, 0.1689
mmol), Ceo-fullerene (243 mg, 0.3378 mmol) and N-methylglycine (120
mg, 1.352 mmol) were dissolved in toluene (20 mL) and refluxed for 36
h. After that, the reaction mixture was extracted with DCM, washed with
brine solution and dried over anhydrous sodium sulfate. The solvent was
evaporated under vacuum, and the product was purified by column
chromatography with DCM/hexane (1:1, v/v) as the eluent to get the
desired compound (PTZ)2-Ceo-1 as a dark color solid with 40 % yield.
'H NMR (500 MHz, CHLOROFORM-d) & = 7.26 - 7.20 (m, 6 H), 7.16
-7.13(m, 1 H), 7.13 - 7.09 (m, 1 H), 6.91 (t, J = 7.6 Hz, 1 H), 6.84 (d,
J=8.1Hz, 2 H),6.78-6.73 (m, 2 H), 4.96 (d, J = 9.5 Hz, 1 H), 4.80 (s,
1H),4.22(d,J=9.5Hz, 1 H), 3.83-3.75 (m, 4 H), 2.76 (s, 3 H), 1.85
- 1.78 (m, 4 H), 1.00 (t, J = 7.3 Hz, 6 H); *C NMR (100 MHz,
CHLOROFORM-d) 6 = 156.3, 154.0, 153.5, 147.3, 146.3, 145.9, 145.5,
145.3, 144.8, 144.4, 144.3, 143.1, 142.6, 142.3, 142.1, 142.1, 141.7,
140.9, 140.1, 140.1, 136.6, 135.8, 134.7, 131.3, 130.5, 130.1, 129.1,
126.1, 124.2, 123.9, 122.8, 122.5, 120.5, 119.3, 117.9, 115.1, 108.9,
108.8, 82.9, 70.0, 69.0, 49.5, 44.8, 40.1, 34.7, 31.6, 25.3, 22.7, 22.3,
20.1,14.1,11.8, 11.3; HRMS (ESI-TOF) m/z calculated for CosH33N3sS>
+H 1280.2189 [M+H]", measured 1280.1149 [M+H]".

Synthesis of (PTZ)2-Ceo-2

In a 100 mL round-bottomed flask, compound (PTZ)2-2 (110 mg,
0.1665 mmol), Ceo-fullerene (239 mg, 0.3329 mmol) and N-
methylglycine (118 mg, 1.332 mmol) were dissolved in toluene (20 mL)
and refluxed for 48 h. After that, the reaction mixture was extracted with
DCM, washed with brine solution and dried over anhydrous sodium

sulfate. The solvent was evaporated under vacuum, and the product was
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purified by column chromatography with DCM/hexane (1:1, v/v) as the
eluent to get the desired compound (PTZ)2-Ceo-2 as a dark color solid
with 30 % yield. *H NMR (500 MHz, CHLOROFORM-d) § = 7.61 (dd,
J=2.4,88Hz 1H),7.55(d,J=6.6Hz, 1 H),7.32-7.19 (m, 4 H), 7.09
(t, J=7.7Hz, 1 H), 6.97 (d, J=7.6 Hz, 1 H), 6.91 (t, J = 7.2 Hz, 1 H),
6.80 (s, 1 H), 6.78 (d, J =4.0 Hz, 1 H), 6.77 - 6.70 (m, 2 H), 4.89 (d, J
=9.5Hz,1H),4.73 (s, 1 H),4.15(d, J=9.5Hz, 1 H), 3.75 (td, J = 7.5,
15.3 Hz, 4 H), 2.69 (s, 3 H), 1.81 - 1.74 (m, 4 H), 0.96 (t, J = 7.3 Hz, 6
H); 13C NMR (100 MHz, CHLOROFORM-d) & = 165.9, 164.0, 155.1,
152.9, 151.9, 149.4, 146.3, 145.5, 145.3, 145.2, 145.1, 145.0, 144.7,
1445, 144.3, 144.3, 143.7, 143.5, 143.4, 143.3, 143.0, 142.1, 142.0,
141.7, 141.6, 141.2, 141.1, 141.0, 141.0, 140.8, 140.7, 140.6, 140.4,
139.2, 139.0, 138.6, 136.0, 135.4, 134.9, 134.6, 132.5, 129.8, 126.7,
126.6, 126.5, 124.2, 123.8, 123.2, 122.3, 121.5, 120.9, 120.3, 120.2,
114.8, 113.8, 112.6, 112.1, 111.5, 111.2, 109.2, 108.9, 81.5, 80.0, 79.5,
68.9, 68.0, 49.2, 44.2, 39.0, 28.7, 21.3, 18.9, 13.1, 10.8, 10.1; MALDI
calculated for C101H33N7S2 1407.2239 [M]"; measured 1407.043.
Synthesis of (PTZ)2-Ceo-3

In a 100 mL round-bottomed flask, compound (PTZ)2-3 (80 mg, 0.1085
mmol), Ceo-fullerene (156 mg, 0.2171 mmol) and N-methylglycine (77
mg, 0.8684 mmol) were dissolved in toluene (20 mL) and refluxed for
60 h. After that, the reaction mixture was extracted with DCM, washed
with brine solution and dried over anhydrous sodium sulfate. The
solvent was evaporated under vacuum, and the product was purified by
column chromatography with DCM/hexane (1:1, v/v) as the eluent to
get the desired compound (PTZ)2-Ceo-3 as a dark color solid with 35 %
yield. *"H NMR (500 MHz, CHLOROFORM-d) & = 7.53 (d, J = 8.5 Hz,
1 H), 7.48 -7.44 (m, 1 H), 7.35 (d, J = 2.4 Hz, 2 H), 7.31 (br. s., 1 H),
7.28(d, J=2.0Hz, 1 H), 7.21-7.16 (m, 1 H), 7.16 - 7.11 (m, 2 H), 7.10
-7.05(m, 2H),6.98-6.92 (m, 3H), 6.86-6.80 (m, 2 H),6.74 (d, ] =
9.0Hz, 1 H),4.95(d, J=9.5Hz, 1 H), 4.79 (s, 1 H), 4.21 (d, J = 9.5 Hz,
1 H), 3.83-3.74 (m, 4 H), 2.77 - 2.73 (m, 3 H), 1.87 - 1.78 (m, 4 H),
1.03 - 0.99 (m, 6 H); 1*C NMR (100 MHz, CHLOROFORM-d) & =
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167.9, 156.1, 154.1, 153.9, 153.2, 149.5, 149.2, 149.2, 148.7, 147.4,
147.3, 147.1, 146.5, 146.4, 146.3, 146.2, 146.1, 146.0, 145.7, 145.5,
1455, 145.4, 145.3, 145.3, 145.2, 144.8, 1445, 144.4, 144.3, 143.2,
143.0, 142.8, 142.7, 142.6, 142.2, 142.2, 142.2, 142.1, 142.0, 141.7,
141.6, 140.2, 140.0, 139.6, 139.0, 137.0, 135.9, 135.7, 134.7, 134.1,
133.2, 133.2, 131.9, 130.7, 129.2, 129.0, 127.9, 127.8, 127.6, 127.0,
126.2, 126.1, 125.6, 124.6, 124.5, 124.4, 124.0, 123.9, 123.5, 122.9,
119.0, 118.9, 116.0, 115.3, 114.8, 113.8, 113.6, 113.1, 82.5, 81.7, 75.7,
69.9, 69.0, 50.2, 49.8, 40.0, 35.0, 34.9, 34.5, 34.4, 33.5, 31.9, 31.5, 31.5,
30.2,30.2, 29.7, 29.6, 29.5, 29.4, 29.3, 29.1, 29.1, 24.8, 22.7, 20.1, 19.9,
14.1, 11.3, 11.1; MALDI calculated for C107H37N7S2 1483.2552 [M];
measured 1483.123.

7.7. Conclusion

In summary, a series of donor-acceptor-based phenothiazine
chromophores (PTZ): 1-3  were synthesized by Pd-catalyzed
Sonogashira cross-coupling and [2 + 2] cycloaddition—electrocyclic
ring-opening reaction, and fulleropyrrolidine derivatives (PTZ)2 1-3 by
1,3-dipolar cycloaddition reaction (Prato reaction) in good yields. The
photophysical properties suggest that the donor—acceptor chromophores
(PTZ)2-2, (PTZ)2-3, (PTZ)2-Ceo-2, and (PTZ)2-Ce0-3 exhibit a strong
intramolecular charge transfer (ICT) band at a longer wavelength region
due to the strong donor-acceptor (D-A) interactions. The
electrochemical properties of phenothiazine and fulleropyrrolidine
chromophores display multiple reduction potentials corresponding to
the presence of numerous redox-active entities. The electrochemical
data shows that incorporating cyano-based electron acceptor groups can
change the redox properties of phenothiazine and fulleropyrrolidine
chromophores. Furthermore, the dicyanoquinodimethane (DCNQ) unit
better stabilizes the LUMO energy level compared to the
tetracyanoethylene (TCBD) unit. The theoretical studies show that the
LUMO energy level was stabilized by the incorporation of TCBD and
DCNQ units. This stabilization resulted in a red shift in the ICT
(intramolecular charge transfer) band observed in electronic absorption
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spectra. The reported phenothiazine chromophores (PTZ). 1-3 and

fulleropyrrolidine derivatives (PTZ)2-Ceo 1-3 provide a new

opportunities for the development of donor—acceptor systems, which are

useful in various optoelectronic applications.
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Chapter 8

Conclusions and Future Scope

8.1. Conclusions

The 1,1,2,2-tetracyano  ethylene (TCNE) and  7,7,8,8-
tetracyanoquinodimethane (TCNQ) are strong electron acceptors
because they contain four cyano groups, and are highly reactive towards
electron-rich alkynes, undergo [2 + 2] cycloaddition reaction to form
cyclobutene rings followed by retroelectrocyclization reaction to
produce 1,1,4,4-tetracyanobutadiene (TCBD) and cyclohexa-2,5diene-
1,4-diylidene-expanded TCBD or DCNQ
(DCNQ=dicyanoquinodimethane) derivatives.[1-4] The D-A systems
containing TCBD and DCNQ acceptors are promising candidates for
organic photovoltaic applications.[5—7] Tuning the photonic properties
for donor—acceptor systems can be achieved by changing the strength of
donor or acceptor units and the connecting n-linker.[8-10] The cross-
conjugated systems with strong electron-acceptor TCBD and DCNQ
groups have recently been used in organic electronic devices due to their
strong and wide electronic absorption in the visible to near-IR regions
and their ability to tune the lowest unoccupied molecular orbital
(LUMO) energy levels.[11, 12] The TCBD and DCNQ functionalized
donor-acceptor chromophores exhibit good photochemical stability and
excellent solubility in wide range of solvents.[13-15] The TCBD and
DCNQ functionalized chromophores generally exhibit a strong
absorption band at around 400-950 nm range corresponding to
intramolecular charge transfer (So — Si) transition.[16-18] The
photonic properties of the TCBD and DCNQ functionalized
chromophores can be modified by varying the type of the donor,
acceptor, and spacer substituents. The tuning of optical and electronic
properties in TCBD and DCNQ functionalized donor-acceptor
chromophores have been investigated to improve the efficiency of a

wide range of applications including dye-sensitized solar cells, organic
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photovoltaics, nonlinear optics, organic field-effect transistors, organic
light-emitting diodes, photodynamic therapy, bioimaging, and single-
molecule switches.[19-22] In this context, we have systematically
designed and synthesized a series of TCBD and DCNQ functionalized
donor-acceptor chromophores and investigated their photophysical,

electrochemical, thermal, and computational studies.

In chapter 3, a series of donor-acceptor functionalized
symmetrical and unsymmetrical phenothiazine derivatives 1-18 were
synthesized by the Pd-catalyzed Sonogashira cross-coupling followed
by [2 + 2] cycloaddition electrocyclic ring-opening reaction with TCNE
and TCNQ acceptors. The di-DCNQ substituted phenothiazine
derivatives 6, 12, and 18 show a strong intramolecular charge transfer
(ICT) band at a low energy region as compared to mono-DCNQ
substituted phenothiazine derivatives 3, 9, and 15 due to strong donor-
acceptor interaction. The electrochemical analysis reveals reduction
waves at low potential due to the TCBD and DCNQ acceptors, whereas
oxidation waves at high potential are due to the donor (phenothiazine,
thiophene, and carbazole). In comparison to TCBD, the incorporation of
DCNQ stabilizes the LUMO energy level considerably. The
photophysical and electrochemical data show that the incorporation of
TCBD and the DCNQ acceptor into ethynyl phenothiazine derivatives
resulted in stronger D—A interactions that led to a lower HOMO-LUMO
energy gap. The thermogravimetric analysis (TGA) of phenothiazine
derivatives 1-18 shows that the TCBD substituted phenothiazine
derivative 2 exhibits the highest thermal stability as compared to other
phenothiazine derivatives. The computational studies show that the
electron density on HOMO energy level is mainly localized over the
donor phenothiazine, thiophene, and carbazole units, whereas the
electron density on LUMO energy level is concentrated over the
acceptor TCBD and DCNQ units. The proposed symmetrical and
unsymmetrical phenothiazine derivatives 1-18 provide a new approach
for the development of donor—acceptor chromophores, which are useful

for a variety of optoelectronic applications.[23]
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In chapter 4, we have designed and synthesized phenothiazine-
and ynamide-based chromophores 1-6 by the Corey-Fuchs reaction via
Evano's conditions followed by [2 + 2] cycloaddition retroelectrocyclic
ring-opening reaction with strong electron acceptors TCNE and TCNQ
in good yields. The electronic absorption maxima of the DCNQ
substituted 3 and 6 exhibit a significant bathochromic shift of around
100 nm, compared to those of TCBD substituted 2 and 5, due to the
strong electron-accepting nature of the DCNQ moiety. Based on the
electrochemical properties, it can be observed that the reduction
potential values of 3 and 6 are comparatively lower than those of 2 and
5. This indicates that the DCNQ unit has a greater impact on the
electronic properties and contributes more towards stabilizing the
LUMO energy levels in comparison to the TCBD unit. In DFT
calculation, the HOMO-LUMO energy gap in DCNQ functionalized 3
and 6 is lower than in TCBD functionalized derivatives 2 and 5, because
of their strong accepting character of the DCNQ unit. The TD-DFT
calculations reveal significant donor—acceptor interactions and

correspond well with the experimental data.[24]

In chapter 5, we have designed and synthesized symmetrical and
unsymmetrical donor-acceptor based phenothiazine derivatives 1-5 by
Corey-Fuchs reaction via Evano’s conditions followed by [2 + 2]
cycloaddition—retroelectrocyclic ring-opening reaction with strong
electron acceptors TCNE and TCNQ in good yields. The intramolecular
charge transfer (ICT) band of DCNQ functionalized phenothiazine
derivatives 4 and 5 was bathochromically shifted by ~105 nm at a longer
wavelength region in comparison to phenothiazine derivatives 2 and 3
substituted with TCBD corresponding to the strong donor—acceptor (D—
A) interaction. The unsymmetrical and symmetrical 1-5 exhibit three
oxidation waves on the anodic region, which corresponds to donor
phenothiazine and ynamide moiety. The thermogram of phenothiazine
derivatives 1-5 exhibited three weight loss stages between 100 and 700
°C, with a residual mass of 40% at 600 °C. The theoretical studies

indicate that the ynamides functionalized symmetrical phenothiazine 1
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with the highest HOMO-LUMO energy gap exhibits a lower
wavelength region in the absorption spectra, while the TCBD/DCNQ
substituted phenothiazine 2—5 exhibited red-shifted absorption in the
NIR region because of the tunable HOMO-LUMO gap. The reported
unsymmetrical and symmetrical phenothiazines 1-5 provide a new
opportunities for the development of donor—acceptor (D-A) based
chromophores with low HOMO-LUMO gaps, which are useful in
various optoelectronic applications.[25]

In chapter 6, we have designed and synthesized the
triphenylamine-functionalized phenothiazine derivatives TPA-PTZ 1-
3 via Pd-catalyzed Sonogashira cross-coupling reaction followed by [2
+ 2] cycloaddition-electrocyclic  ring-opening  reaction and
fulleropyrrolidine derivatives TPA-PTZ-Ceo 1-3 also with the help of
1,3-dipole cycloaddition reaction and under the condition described by
Preto reaction. The photophysical spectra of fulleropyrrolidine
derivatives  TPA-PTZ-Ceo-2 and TPA-PTZ-Ceo-3  exhibit
bathochromic shift because of intramolecular charge transfer (ICT)
transition in the near-infrared region as compared to TPA-PTZ-2 and
TPA-PTZ-3. The electrochemical characteristics showed that the TPA-
PTZ 1-3 and TPA-PTZ-Ceo 1-3 produce several redox waves in cyclic
voltammetry because of the availability of various acceptor units
(Fullerene, TCBD, and DCNQ), and donor units (Phenothiazine and
Triphenylamine). According to the computational study, the addition of
the fullerene moiety stabilizes the lowest unoccupied molecular orbital
(LUMO) energy level more than the TCBD and DCNQ moieties. The
reported  donor—acceptor  based  triphenylamine-functionalized
phenothiazine derivatives TPA-PTZ 1-3 and fulleropyrrolidine
derivatives TPA-PTZ-Ceo 1-3 give up a novel route for the
development of NIR-absorbing donor-acceptor chromophores for

optoelectronic applications.

In chapter 7, a series of donor-acceptor-based phenothiazine
chromophores (PTZ)2 1-3  were synthesized by Pd-catalyzed
Sonogashira cross-coupling and [2 + 2] cycloaddition—electrocyclic
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ring-opening reaction, and fulleropyrrolidine derivatives (PTZ)2 1-3 by
1,3-dipolar cycloaddition reaction (Prato reaction) in good yields. The
photophysical properties suggest that the donor—acceptor chromophores
(PTZ)2-2, (PTZ)2-3, (PTZ)2-Ce0-2, and (PTZ)2-Cs0-3 exhibit a strong
intramolecular charge transfer (ICT) band at a longer wavelength region
due to the strong donor-acceptor (D-A) interactions. The
electrochemical properties of phenothiazine and fulleropyrrolidine
chromophores display multiple reduction potentials corresponding to
the presence of numerous redox-active entities. The electrochemical
data shows that incorporating cyano-based electron acceptor groups can
change the redox properties of phenothiazine and fulleropyrrolidine
chromophores. Furthermore, the dicyanoquinodimethane (DCNQ) unit
better stabilizes the LUMO energy level compared to the
tetracyanoethylene (TCBD) unit. The theoretical studies show that the
LUMO energy level was stabilized by the incorporation of TCBD and
DCNQ units. This stabilization resulted in a red shift in the ICT
(intramolecular charge transfer) band observed in electronic absorption
spectra. The reported phenothiazine chromophores (PTZ)2 1-3 and
fulleropyrrolidine derivatives (PTZ)2-Ceo 1-3 provide a new
opportunities for the development of donor—acceptor systems, which are

useful in various optoelectronic applications.
8.2. Future Scope

The thesis highlights an important strategy for the design and synthesis
of TCBD and DCNQ functionalized donor—-acceptor chromophores with
tunable photonic properties and low HOMO-LUMO gap. The HOMO-
LUMO gap of the TCBD and DCNQ functionalized donor-acceptor
chromophores can be modified by (a) varying the number of
donor/acceptors attached, (b) enhancing the conjugation length, and (c)
changing the w-linker. The variation in the donor/acceptor strength
perturbs the HOMO-LUMO gap to a greater extent. The introduction of
strong acceptors such as 1,14, 4-tetracyanobutadiene (TCBD) and
cyclohexa-2,5-diene-1,4-diylidene-expanded TCBD or
dicyanoquinodimethane (DCNQ) moieties into the phenothiazine
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derivatives resulted in systematic variation in their photophysical,
electrochemical, and computational studies. The incorporation of strong
acceptors like 1,1,2,2-tetracyanoethylene (TCNE) and 7,7,8,8-
tetracyanoquinodimethane (TCNQ) can also enhance the donor—
acceptor interactions within TCBD and DCNQ functionalized
chromophores. This enhancement leads to strong intramolecular charge
transfer (ICT) transitions occurring at longer wavelengths which could
be extended to the near-infrared (NIR) region. The TCBD and DCNQ
functionalized donor—acceptor chromophores with strong absorption
and low band gap could be a promising candidate for optoelectronics
and are useful in various applications including dye-sensitized solar
cells, organic photovoltaics, nonlinear optics, organic field-effect

transistors and organic light-emitting diodes.
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