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SYNOPSIS

In recent years research on benzothiadiazole (BTD) based molecular
system with enhanced n-electron delocalization has gained significant attention of
the scientific community due to their diverse photonic, and electronic
applications. BTD is strong acceptor and its donor—acceptor (D-A) derivatives
exhibit strong absorption, high fluorescence quantum yield, and excellent thermal
and photochemical stability. The electronic and photonic properties of BTD based
D-A system is a function of their HOMO-LUMO gap. The HOMO-LUMO gap
of D—n—A systems can be tuned either by altering the strength of D/A units or by
varying the m-bridge. The D-A molecules with strong intramolecular
charge-transfer and low HOMO-LUMO gap are potential candidates for organic
photovoltaics.

A wide variety of donors (triphenylamine, carbazole, ferrocene, etc.) and
acceptors (TCNE, TCNQ, BODIPY, etc.) have been explored in the design and
synthesis of donor—acceptor systems.

Figure 1. 2,1,3-Benzothiadiazole (BTD).

Substitution of the donors and acceptors at 4- and 7-position of the BTD
perturbs the photonic properties of these molecular systems significantly. In order
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to tune the HOMO-LUMO gap, the BTD unit was functionalized with various
donors, acceptors and linkers in symmetrical and unsymmetrical fashion. The
effect of substitution of various D/A units on the photonic, thermal and
electrochemical properties were studied.

The main objectives of present study are:

» To synthesize donor-substituted symmetrical BTDs of the type D—n—A-n-D
and to study the effect of extension of w-conjugation length on the photophysical

properties.

» To design and synthesize ferrocenyl-substituted symmetrical and
unsymmetrical benzothiadiazoles by modulation of the n-spacer and acceptor
units, and to compare their properties.

» To study the effect of systematic variation of D/A units on photophysical,
thermal and electrochemical properties.

» To develop a smart strategy for tuning the HOMO-LUMO gap of
donor-substituted symmetrical and unsymmetrical BTDs.

» To study the effect of the planar and non-planar orientation of the pyridyl and
dipyridyl units on the mechanochromic behavior of unsymmetrical BTDs.

Chapter 1:  Introduction.

This chapter describes the synthesis and functionalization strategies of
BTD derivatives, and their applications in diverse fields.

Chapter 2:  Materials and experimental techniques.

Chapter 2 summarizes the general experimental methods, characterization

techniques and details of instruments used for characterization.
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Chapter 3:  Donor—r—acceptor—r—donor benzothiadiazoles.

Chapter 3 describes a series of ferrocenyl-substituted symmetrical
benzothiadiazole of the type D-n—A-n—-D which were synthesized by the
Pd-catalyzed Sonogashira cross-coupling reaction. Photonic, electrochemical, and
thermal properties of these BTD systems have been explored. The UV-visible

absorption results indicate strong intramolecular charge-transfer from ferrocene to
BTD.
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Chapter 4:  Donor-acceptor ferrocenyl-substituted benzothiadiazoles.

This chapter describes work on the design and synthesis of D—n1—A-n>-D
unsymmetrical, and D—n1-A-n—A-m1-D symmetrical type of
ferrocenyl-substituted BTDs. Photophysical and electrochemical behavior of the
ferrocenyl-substituted benzothiadiazoles show strong donor—acceptor interaction.
Modulation of the n-Spacer group between the donor and the acceptor units, and
increasing the number of acceptor units results in significant perturbation in the
photonic properties. An increase in the number of acceptor BTD unit results in the
lowering of energy gap, which leads to the bathochromic shift of the absorption
spectrum.  Single crystal X-ray structures of ferrocenyl-substituted

benzothiadiazoles show interesting supramolecular interactions.
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Chapter 5: Aryl-substituted unsymmetrical benzothiadiazoles.

Chapter 5 describes, a family of unsymmetrical donor—acceptor ferrocenyl
substituted benzothiadiazoles of type Di—n—A-n—-D;, Di—n-Ai—-n—A,
D1-A-n—-D; and Di—-A;—A>—D: bearing a variety of electron donating and

electron withdrawing groups, were designed and synthesized. Their
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photophysical, electrochemical and computational properties were explored,
which show strong donor—acceptor interaction. The presence of electron rich unit
anthracene and triphenylamine, and electron deficient unit 1,1,4,4-tetracyanobuta-
1,3-diene (TCBD) result in lowering of HOMO-LUMO gap, which leads to red
shift of the absorption spectrum in these BTD based systems. The modulation of
the donor and acceptor strength results in significant lowering of the HOMO-
LUMO gap.
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Chapter 6: Tuning of the HOMO-LUMO gap of symmetrical and

unsymmetrical benzothiadiazoles.

Chapter 6 reports the design and synthesis of donor-substituted
symmetrical and unsymmetrical benzothiadiazoles (BTDs) of type D-n—-A-D,
D1—n—-A-D;, D1-A1-A>-D,, D-A1-A>-D and D-A;—A>-A:-D by the Ullmann,
Suzuki and [2 + 2] cycloaddition—retroelectrocyclization reactions. Photophysical,
electrochemical and computational properties were studied which show
substantial donor—acceptor interaction. Their single-photon absorption show
strong charge-transfer bands in the near-infrared (NIR) region and the
electrochemical  reduction show  multiple  reduction waves. The
dicyanoquinodimethane (DCNQ) and tetracyanobutadiene (TCBD) linkage of
donor-substituted benzothiadiazole facilitates the reduction of the acceptor BTD
unit and results in non-emissive nature of these molecular systems, which
confirms the strong donor-acceptor interaction. Optical HOMO-LUMO gap of
BTDs was found to be a function of the number and nature of the acceptors. The
computational studies reveal that strong cyano-based acceptors, DCNQ and
TCBD lower the LUMO level in these BTDs, which results in low HOMO-
LUMO gap compared to acetylene linked BTDs. The BTDs having carbazole, and
single DCNQ and TCBD acceptor show better thermal stability. These results
clearly indicate that the number and nature of acceptor units perturbs the photonic
properties, HOMO-LUMO gap and thermal stability of the BTDs.
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Chapter 7:  Reversible mechanochromism in unsymmetrical

benzothiadiazole.

In this chapter we report the design and synthesis of unsymmetrical push-
pull benzothiadiazoles (BTDs) of type Di—-n—A-n-D. and Di—n—-A-D: by the
Pd-catalyzed Sonogashira, and Cu-catalyzed Ullmann coupling reactions. These
BTDs show strong charge-transfer interaction. The photophysical, computational
and single crystal X-ray studies reveal that the planar and non-planar orientation
of pyridyl and dipyridyl units with respect to the benzothiadiazole core effectively
alters the mechanochromic behavior. The planar orientation of pyridyl and BTD
unit results no change in solid state emission whereas non-planar orientation of

dipyridylamine and BTD wunit results in efficient mechanochromism. The
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dipyridylamine-substituted BTD show reversible mechanochromism with color
contrast between yellow (crystalline state) and orange (amorphous state).

Ay
a

Grinding
_———
(21 -
i "HD Heating or Fuming

[P ¥

Chapter 8:  Conclusions and future scope.

Chapter 8 summarizes the salient features of the work and its future prospects.
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Chapter 1

Introduction

1.1. Background

The systematic tuning of electronic and photonic properties of m-conjugated
donor—acceptor (D-A) molecular systems has attracted the attention of scientific
community due to their applications in organic electronics and organic
photonics./*! The electronic and photonic properties of the D—A system is a
function of their HOMO-LUMO gap.>®l The HOMO-LUMO gap in D-n—A
systems can be tuned either by altering the strength of D/A units or by varying the
n-bridge.”*] A variety of donors (triphenylamine, carbazole, etc.) have been
attached to the electron acceptors (benzothiadiazole, diketopyrrolopyrrole, etc.) to
design low HOMO-LUMO gap molecular systems. !

N

N
N N N N
\ \ /
Ph Ph
OO~ O~ )OO
PH Ph
n
(CHg),CH3
Conjugated Polymer Small Molecule

Figure 1.1. Structure of conjugated polymer (CP) and small molecule (SM).

The design and synthesis of low HOMO-LUMO gap conjugated polymers
and small molecules are of significant interest because of their potential
applications in organic light emitting diodes (OLEDs) and organic photovoltaics
(OPVs) (Figure 1.1.).1 The small molecules have several advantages such as,
high purity, definite molecular weight, well-defined molecular structure, and ease
of purification that eliminate the disadvantages associated with their polymeric
analogs.["#l

The linkage of an electron rich donor (D) and an electron deficient
acceptor (A) either directly or through a z-linker is the most common approach to
tune the HOMO-LUMO gap of small molecules. (Figure 1.2).F!




Figure 1.2. Structure of donors (red) and acceptors (blue).

The effect of orbital couplings of donor and acceptor on HOMO-LUMO
gap is well-described by the molecular orbital (MO) theory (Figure 1.3). The
hybridization of the energy levels of the donor and acceptor raises the energy
level of the HOMO, and lowers the energy level of the LUMO in the D-A
system. This leads to low HOMO-LUMO gap and new molecular system with a
broad absorption across the solar spectrum. This interesting feature has attracted
many groups to develop new absorbing materials using D—A approach.[*%!

LUMO
L3 LUMO
" NewlLUMO -~
35 ~—— HOMO-LUMO
Ll — " newhomo ™
HOMO
(I HOMO
Donor Donor-Acceptor Acceptor

Figure 1.3. Effect of orbital couplings of donor and acceptor on HOMO-LUMO
gap.



1.2.  Benzothiadiazole (BTD)

2,1,3-Benzothiadiazole (BTD) is widely studied heterocyclic core in the
field of organic electronics and photonics. As the name suggests
“Benzo+thia+diazole”, the BTD core comprises of a benzene ring fused with
diazole ring (azole ring containing two nitrogen atoms), where one of the C atom

in the diazole ring is replaced by an S atom (Figure. 1.4.).

1,2,5-thiadiazole ring{ N;S\/N

} Benzene ring

Figure 1.4. Molecular structure of 2,1,3-Benzothiadiazole (BTD).

Two different numberings of the thiadiazoles ring systems, 1,2,5- and
2,1,3- (for benzofused), have been used in the literature. The numbering system
for 2,1,3-benzothiadiazole is shown below (Figure 1.5). [11.12]

1 N\’ \/N 3
7 4
6 5
Figure 1.5. Numbering system for 2,1,3-benzothiadiazole.
BTD is efficient electron acceptor and show high electron affinity due to

the imine functionalities. The molecule can be better considered as a
quasi-quinoidal structure as compared to a 10z electron heteroaromatic system.
The quasi-quinoidal structure with localized and relatively short w-bonds in the
benzo ring tend to increase electronic coupling between substituents at the 4- and
7-positions.”?l Therefore the BTD unit is mostly substituted at the 4- and 7-
positions. BTD and its derivatives possess several spectacular features like:[?]
(1) The heterocyclic five-membered ring (C=N—S—N=C) is a strong acceptor and

show high electron affinity.



(2) BTD derivatives exhibit strong absorption throughout the visible region with
high molar extinction coefficient.

(3) D—A BTDs are efficient fluorophores.

(4) BTD derivatives show well-ordered crystal structures with intermolecular
interactions such as heteroatom contacts and n—m interactions.

(5) D-A BTDs exhibit excellent photochemical and thermal stability.

(6) BTD derivatives exhibit tunable photonic properties and ease of synthetic
functionalization.

1.2.1. Classification of symmetrical and unsymmetrical benzothiadiazoles:
The classification of symmetrical and unsymmetrical benzothiadiazoles in this
work is based on the substituents at the 4- and 7- positions. The substitution of
same donor or linker units at both the positions on the BTD core result in
symmetrical BTDs, whereas the substitution of different donor units (D and D3)
or linkers (r and m1) at the 4- and 7-positions results in unsymmetrical BTDs
(Figure 1.6).

N

N N

\
@ - O - @
S,

N N

\
Symmetrical BTDs @ T <\ /> T @

Unsymmetrical BTDs

Figure 1.6. Classification of symmetrical and unsymmetrical benzothiadiazoles in
this work.



1.2.2. Synthesis of 2,1,3-benzothiadiazole: The formation of a 1,2,5-thiadiazole
ring from compounds containing two amino groups in ortho-positions is the most
popular pathway. ortho-Phenylenediamine was treated with freshly distilled
thionyl chloride in the presence of a base in the appropriate solvent which resulted

2,1,3-benzothiadiazoles after steam distillation (Scheme 1.1).[t%

N

N N

@ SOC|2 (CzHs)sN )
CHZCIZ

ortho-Phenylenediamine BTD

Scheme 1.1. Synthesis of 2,1,3-benzothiadiazole (BTD).
4,7-Dibromo-2,1,3-benzothiadiazole  (dibromo-BTD) is the most
commonly used intermediate for the synthesis of m-extended benzothiadiazole
derivatives. The dibromo-BTD intermediate can be easily prepared by

bromination of 2,1,3-benzothiadiazole in high yields (Scheme 1.2).124]

N N
HBr; Br2 \S/
reflux Br Br
dibromo-BTD

Scheme 1.2. Synthesis of dibromo-BTD.
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N
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'/_\ \ /) \ / N\ /N
Br o —> Br —_—
,)H/Nf ________ 5 Br Br
b Br

Scheme 1.3. Mechanism of bromination of BTD.



The dropwise slow addition of molecular bromine in hydrobromic acid, to
a mixture of BTD in hydrobromic acid results 4,7-disubstituted dibromo-BTD
regioisomer in high yields. The proposed mechanism is shown in Scheme 1.3.1%1
1.3.  Synthesis of other 2,1,3-thiadiazole derivatives

The common synthetic methodology for the synthesis of 2,1,3-thiadiazole
based derivatives are summarized in the following sections.
1.3.1. From 1,2-diamines and related compounds: The most widely used
protocol for the preparation of 2,1,3-thiadiazole derivatives involves the
introduction of a sulphur atom between the two ortho-amine groups. The reaction
of vicinal diamine derivatives with thionyl chloride (SOCI,) in presence of an
organic base is most general method for the synthesis of 2,1,3-thiadiazole
derivatives. Usually the base employed is trimethylamine or pyridine (Scheme
1.4).081

TMS TMS S

N/
Ny N \

(CoHg),0
+ SCI, >
e e ®

socl,
- .
/ \ (C2Hs)3N, CH,Cl,

SOCl,, (C,Hs)3N

CH,Cly; 40 °C; 5h

Scheme 1.4. Synthesis of BTD derivatives via 1,2-diamines and related

compounds.

1.3.2. Transformation of other heterocycles: The synthesis of BTD derivatives
have also been achieved by transformation of other heterocycles by extrusion of



sulfur atom. The thermolysis of 1,31%62,2,4-benzodithiadiazine and its perfluoro-
derivative resulted in complex mixtures of heterocycles along with compounds

containing one or two 2,1,3-thiadiazole rings (Scheme 1.5).16]

s, N 150-160°C NN

—_—
@ Squalene O

/ o NN
s, N 160-170°C NN \
_— > +
F g Decane E E E =N
N -8
F F F F FoNT

Scheme 1.5. Synthesis of BTD derivatives via transformation of other
heterocycles.

1.3.3. Cross-coupling of 2,1,3-thiadiazoles: The most common pathway for the
design and synthesis of benzothiadiazole derivatives involves the Pd-catalyzed
cross-coupling reaction of the BTD unit with the other aryl units.

Suzuki Coupling: The design and synthesis of donor—acceptor BTD derivatives
via the Pd-catalyzed Suzuki cross-coupling reaction is one of the most commonly
used protocol. This methodology usually involves the reaction of
4,7-dibromo-BTDs and arylboronic acids or esters in the presence of palladium
catalysts such as tetrakis(triphenylphosphine)palladium(0) [Pd(PPhs)s] in the
presence of a sodium and potassium carbonates as base. The reaction yields are
generally high. Mataka et al. synthesized donor-substituted BTD derivatives by
the reaction of 4,7-dibromo-BTD with arylboronic acids (Scheme 1.6). 1]
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Scheme 1.6. Synthesis of BTD derivatives via Suzuki cross-coupling reaction of
dibromo-BTD.
Alternatively the Suzuki cross-coupling reaction have also been carried

out with the pinacol esters of BTD in moderate yields (Scheme 1.7).[:8 19

AN
MY
>\:< 0
/
B\i
o ON_  NO
ON_ NO, S~N - 2 N-S,
I
M\ > N /N N
Br™ ~g” "Br  Pd(PPhy),, K,CO; O S O

Scheme 1.7. Synthesis of BTD derivatives via Suzuki cross-coupling reaction of

pinacol esters of BTD.

Stille Coupling: The synthesis of BTD derivatives via the Pd-catalyzed Stille
coupling reaction is another common protocol for the synthesis of donor—acceptor
benzothiadiazoles. A variety of BTD derivatives have been prepared using the
palladium catalysts such as bis(triphenylphosphine)palladium(ll) dichloride
[PA(PPh3).Clo], tetrakis(triphenylphosphine)palladium(0)  [Pd(PPhs)s], and



tris(dibenzylideneacetone)dipalladium(0) [Pd2(dba)s] with tris(o-tolylphosphine)
ligand. The commonly wused alkylstannanes are either tributyl- or
trimethylstannanes. These reactions exhibit moderate to high yield. Some of the

examples are shown below in Scheme 1.8.[2%
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MesSn SnMe;
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Scheme 1.8. Synthesis of BTD derivatives via Stille coupling of dibromo-BTD.

Sonogashira Coupling: The Pd-catalyzed Sonogashira cross-coupling is also an
important protocol for the design and synthesis of donor—acceptor z-conjugated
benzothiadiazoles. The standard conditions for Sonogashira reaction involves the
treatment of the 4,7-dibromo-2,1,3-benzothiadiazole and the alkyne derivative

with catalytic amounts of bis(triphenylphosphine)palladium(ll) dichloride



[Pd(PPh3)2Clz], and copper(l) iodide in the presence of an organic base
(triethylamine or diisopropylamine). Some common example are shown in
Scheme 1.9.24

\/ \/

PACI,(PPhs),, Cul,
THF,(C,Hs)sN

Scheme 1.9. Synthesis of BTD derivatives via Sonogashira cross-coupling
reaction of dibromo-BTD.

The Sonogashira cross-coupling has also been utilized for the synthesis of
tetra-substituted BTD derivative by the reaction of tetrabromobenzothiadiazole.
(Scheme 1.10).122

.

PACL,(PPh;),, S,,
cul, TEA

Scheme 1.10. Synthesis of tetra-substituted BTD derivative via Sonogashira

cross-coupling reaction.

10



Heck Coupling: The Heck cross-coupling of 4,7-dibromo-BTD is a less
frequently used protocol for the design of donor—acceptor BTDs as compared to
the Suzuki, Stille or Sonogashira cross-coupling reactions. However it is an
important methodology for incorporation of C=C bond for various optoelectronic
applications. This methodology usually involves the reaction of 4,7-dibromo-BTD
with alkenes catalyzed by palladium(ll) acetate/tris(aryl)phosphine in the
presence of a tertiary amine such as triethylamine or dicyclohexylmethylamine
(Cy2NMe) as shown in Scheme 1.11. [2%]

QN
g

S\
v 0
\ O \
Br Br Pd(OAc)z P(o-tolyl)s, @ O
(C,He)sN, DMF

j /C6H13

Pd(OAc),, NaOAc,
n-BuysNBr, DMF,
Ny, reflux, 24 h

Scheme 1.11. Synthesis of linear and star shaped BTD derivatives via Heck

coupling.
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Alan Sellinger group designed and synthesized 4,7-bis(4-(N-hexyl-
phthalimide)vinyl)benzo[c]1,2,5-thiadiazole ~ (PI-BTD) and  4,7-bis(4-(N-
hexylnaphthalimide)vinyl)benzo[c]1,2,5-thiadiazole (NI-BTD) through Heck
coupling reactions (Scheme 1.12). The initial step involved the synthesis of
silicon-based intermediate (BTD-Si) via the Heck reaction. The reaction of 4,7-
dibromo-BTD with vinyltriethoxysilane in the presence of (Pd[P(tBu)s]2) as a
catalyst resulted silicon-based intermediate (BTD-Si). The final step involved the
deprotection of  the triethoxysilyl group to generate 4,7-
divinylbenzo[c][1,2,5]thiadiazole in situ which reacted with N-hexyl-4-
bromophthalimide and N-hexyl-4-bromo-naphthalimide in the prescence of bis-
(dibenzylideneacetone)palladium(0) (Pd(dba)2)/(P(o-tol)s) to give PI-BTD and
NI-BTD (Scheme 1.12). 24

N
N N

\
Br{}Br

Cy,NMe, Pd(P[tBu]s),,
(OEt);3 SiJ/ z Toluene v

N
N N

\
(OE); si—/ 5 \\*Si (EtO),

Pd(dba),/P(0-tol)s,
TBAF; Toluene

CoHiz CeHis
O?NE;O oi Ni io
Br Br
.S.
N N N
% N\ /N Q —
CGHIS\N N/CGHIS o) J O \ 0
Y\ @, W,
= =Y =
(] ]
PI-BTD NI-BTD

Scheme 1.12. Synthesis of BTD derivatives via Heck coupling of dibromo-BTD.
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1.4.  Applications of benzothiadiazoles

The donor—acceptor benzothiadiazole based molecular systems have been
explored for a wide variety of application. Some of the common applications are
discussed below:
1.4.1. Nonlinear optics (NLO): There has been considerable interest in the
development of organic nonlinear optical materials. The benzothiadiazole (BTD)
moiety is an important building block for NLO materials due to its large reduction
potential and electron affinity. Yuliang Li group has designed a variety of
donor-substituted BTDs as efficient NLO materials (Scheme 1.13).125.26]

(2 .
Pd(PPhs),; K,CO;4 N‘Qsi
Toluene:Ethanol (3 : 1) O ]
N
N N
\ /)
PdCI,(PPhs),; Cul; O
THF:(i-Pr),NH (3: 1) N—< >—:
N
Qg
\ /
;

Scheme 1.13. Synthesis of carbazole-substituted BTD derivative.
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1.4.2. Two-photon absorption cross-section: Donor-acceptor n-conjugated
organic molecules with large two-photon absorption (TPA) cross-sections are
potential candidate for various applications such as optical limiting,
microfabrication, three-dimensional optical data storage, photodynamic therapy,
and two-photon laser scanning fluorescence imaging. Fluorophores with large
TPA cross-sections and high fluorescence quantum yields in the NIR region are
required, in order to image at an increased penetration depth in tissues with less
photodamage. Benzothiadiazole based D—A molecular systems exhibit enhanced
intramolecular charge-transfer (ICT) and large stokes shift and hence beneficial
for two-photon laser scanning fluorescence imaging (Figure 1.7). Mataka et al.
designed and synthesized a variety of triphenylamine substituted BTDs and
explored their two photon absorption properties. The TPA cross-sections was
significantly high in three branched star-burst-type BTD as compared to the

corresponding one-dimensional sub-units.[?728

Figure 1.7. Structure of two-photon absorbing BTD derivatives.
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1.4.3. Dye sensitized solar cells (DSSCs): Increasing energy demands have
prompted research on dye-sensitized solar cells (DSSCs) for efficient utilization
of solar energy. DSSCs provides a promising potential because of their low
production cost, tunable features, easy fabrication, and relatively high solar
energy conversion efficiency. The strong acceptor BTD unit have been effectively
utilized by Gratzel group to synthesize BTD-substitued porphyrins with over 13%
efficiency (Scheme 1.14).129.301

CeH130

(1) 20% NaOH, THF,
MeOH, reflux
(2) IM HCI

CeHy30

Scheme 1.14. Synthesis of BTD-substituted porphyrins for DSSCs.

1.4.4. Bulk heterojunction (BHJ) solar cells: Organic solar cell (OSC) based
on bulk heterojunction active layer is efficient approach to convert solar energy
into electrical energy because of their advantages such of low cost, light weight
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and flexibility. Solution-processed bulk-heterojunction (BHJ) solar cell was first
reported by Friend et al. and followed by Heeger et al. in 1995.31:321 | ow band
gap polymers are usually used as the donor materials with fullerene derivatives as
acceptors for BHJ solar cells. Recently small molecules with low HOMO-LUMO
gap have also been used as donor materials in BHJ solar cells. A variety of low
HOMO-LUMO gap D-A molecular systems based on BTD acceptor unit have
been designed and synthesized owing to its strong electron affinity. Wong et al.
reported a novel D-A-A-type donor  molecule, 2-{[7-(5-N,N-
ditolylaminothiophen-2-yl)-2,1,3-benzothiadiazol-4-ylmethylene}malononitrile

(DTDCTB) based on the electron-accepting BTD unit (Scheme 1.15). The organic
solar cells employing DTDCTB as donor and Cyo as acceptor achieved a high

power conversion efficiency (PCE) of 5.81%.1%1

3 o

N
S
N
o Q Q Al
CN Q N

SnBu;

NG PdCI,(PPhz),, toluene

Scheme 1.15. Synthesis of BTD-based small molecule for (BHJ) solar cell.

Bazan and Heeger et al. utilized [1,2,5]thiadiazolo[3,4-c]pyridine (PT)
unit, a more efficient acceptor based on the BTD unit to synthesize low HOMO-
LUMO gap small molecule. The BHJ solar cells based on the PT-derivative
showed a record PCE of 6.7% (Scheme 1.16).34
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Scheme 1.16. Synthesis of [1,2,5]thiadiazolo[3,4-c]pyridine (PT) based molecule
for (BHJ) solar cell.

1.4.5. Organic light emitting diiodes (OLEDs)

Organic Light Emitting Diiodes (OLEDs) have become another major
interest in the field of organic electronics. Organic light emitting diodes (OLEDS)
was initially introduced by Tang et al. who used a vacuum deposited layer of
molecular organic material.*°! Later in 1990 Friend and co-workers reported an
OLED in which the active light-emitting material consisted of a m-conjugated
polymer.B¢1 2 1 3-Benzothiadiazole (BTD) is a strong electron acceptor and
widely used for the synthesis of low band gap m-conjugated systems. The BTD
based fluorophores exhibit high electron affinity, reversible electrochemical
reduction, high emission quantum yields and tunable photoluminescence (PL)
emission spectra in solution which make them potential candidates for OLEDs.

A variety of triphenylamine-substituted BTDs were synthesized and their
OLED property was explored (Figure 1.8). The highest device efficiency was
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observed for mono-BTD derivative, whereas the di- and tri-BTD derivatives

exhibited substantially lower efficiencies.*"]

/S\N N
0 @ N\ ]
Ar N7 ) Ar
\
N s-N
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/
\ Ar

-
S

@

Figure 1.8. Synthesis of BTD based donor—acceptor molecules for OLEDs.

\
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1.4.6. Reversible Mechanochromism. Mechanochromic luminescent materials
change their emission color in response to mechanical stimuli such as pressing,
grinding, or rubbing. The development of mechanochromic luminescent materials
has gained attention due to their applications in mechano-sensors, security papers,
and data storage. High contrast and solid state emission is essential for
mechanochromic luminescent materials. The donor—acceptor benzothiadiazole
based molecules show strong solid state emission, which can be utilized to design
mechanofluorochromic materials. 8]

Recently reversible mechanochromism has been reported in
trifluoromethyl-substituted benzothiadiazole-cored phenylene  vinylene
fluorophore, which upon grinding shows orange emission in the amorphous state
and switches back to its green emission in the crystalline state upon heating
(Scheme 1.17).5%
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TBAOH/H20,
tert-butyl alcohol, 3,5-Bis(trifluoromethyl)-phenylacetonitrile
THF.

Scheme 1.17. Synthesis of trifluoromethyl-substituted BTD-cored phenylene
vinylene fluorophore.

In another report the mechanofluorochromic  properties of
benzothiadiazole-cored cyano-substituted diphenylethene derivatives were fine-
tuned through D-A approach (Scheme 1.18).1 The end groups in these
molecules resulted in different donor—acceptor (D-A) effects, and resulted in
completely opposite mechanofluorochromic property. The D—-A molecules with
-OMe and -H end groups exhibit red-shifted mechanofluorochromic property

whereas -CFs end groups showed blue-shifted mechanofluorochromic property.

N
NN
OO
%
s
CN
C,HsOH, TBAOH ROJ

N’S‘N
» NC
O~
O~
CN

R = OMe, H, CF,

Scheme 1.18. Synthesis of benzothiadiazole-cored cyano-substituted

diphenylethene derivatives.
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Our group has synthesized two unsymmetrical tetraphenylethene (TPE)
substituted Donor—Acceptor (D-A) benzothiadiazoles (BTDs). The derivative
with cyano-group exhibits strong reversible mechanochromic behavior (Scheme
1.19).[41

Phenylboronic acid,
K,COs3, Pd(PPhy),,
toluene:ethanol:water

4-Cyanophenylboronic acid
pinacol ester, K,CO3,
Pd(PPhg)y,
toluene:ethanol:water.

Scheme 1.19. Synthesis of tetraphenylethene-substituted benzothiadiazoles.

1.4.7. Sensing: In the recent years the design and synthesis of benzothiadiazole-
based molecules for development metal ion sensors has gained attention. Bunz et
al. has synthesized water soluble bis-triazolyl benzothiadiazole and investigated

their metal-binding capabilities (Scheme 1.20).[42]

s, OR RO s OR
NN N, NN
\ / RO \ OR
H OR
_ _ NN /N
=\ g e A
Cu(PPha)sBr =N N*
THF

R= \/O\/\O/\/O\

Scheme 1.20. Synthesis of water soluble bis-triazolyl BTD.

20



In another report aryl or heteroaryl 5-substituted imidazo-benzothiadiazole
derivatives have been synthesized (Scheme 1.21). These multifunctional
molecules selectively sense mercury(ll) cations and acetate anions, and to
discriminate between nitroaromatic derivatives such as p-nitrophenol and picric
acid. 1431

N O .S
NN
|/ \
PhNO, NH
— AR
N
.S.
NN W

\
NH, —— N
\
NH,
NH
—_—

Scheme 1.21. Synthesis of aryl or heteroaryl 5-substituted imidazo-

benzothiadiazole derivatives

1.5.  Organization of thesis

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

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

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

Chapter 4: In this chapter, a series of symmetrical and unsymmetrical ferrocenyl-
substituted BTD derivatives were designed and synthesized via Pd-catalyzed

Sonogashira and Stille coupling reaction and the effect of altering the =-linker and
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number of acceptor unit on the photonic properties and thermal stability was
explored.

Chapter 5: In this chapter, a series of aryl-substituted unsymmetrical
benzothiadiazole based small molecules of the type Di—n—A-n—-D>, D1—A-n-D>,
and D1—A1—-A>-D> were designed and synthesized, and the effect of substitution of
different aryl-donor and acceptor units on photonic, electrochemical and thermal
properties was investigated.

Chapter 6: In this chapter we have utilized a smart strategy to tune the photonic
properties and improve the thermal stability of benzothiadiazole based molecular
systems. We have synthesized a series of tetracyanoethylene (TCNE) and 7,7,8,8-
tetracyanoquinodimethane (TCNQ) substituted symmetrical and unsymmetrical
BTDs.

Chapter 7: Mechanochromic materials exhibit reversible solid-state emission in
response to external stimuli such as grinding, pressing, fuming and annealing. In
this chapter we have designed and synthesized dipyridylamine substituted
unsymmetrical BTD and explored its reversible mechanochromic properties.
Chapter 8: This Chapter summarizes the salient features of the work and
addressed the future prospects.
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Chapter 2

Materials and experimental techniques

2.1. Introduction

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

The common solvents used for syntheses were purified according to
established procedures.[!l 2,1,3-Benzothiadiazole, Cul, Pd(PPhs)s, PdCl2(PPhs)2,
ferrocene, tetrabutylammonium hexafluorophosphate (TBAFs), 4-ethynylaniline,
3-ethynyleniline, ethynyl ferrocene, triphenylamine, and carbazole, were procured
from Aldrich chemicals USA. Silica gel (100-200 mesh and 230-400 mesh) were
purchased from Rankem chemicals, India. TLC pre-coated silica gel plates
(Kieselgel 60F254, Merck) were obtained from Merck, India. Dry solvents
dichloromethane, 1,2-dichloroethane, chloroform, tetrahydrofuran (THF), 1,2-
dichlorobenzene, dioxane, triethylamine and methanol were obtained from
spectrochem and S. D. Fine chem. Ltd. All the oxygen or moisture sensitive
reactions were performed under nitrogen/argon atmosphere using standard schlenk
method. The solvents and reagents were used as received unless otherwise
indicated. Photophysical and electrochemical studies were performed with
spectroscopic grade solvents.
2.3.  Spectroscopic measurements
2.3.1. Mass spectrometry

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

'H NMR (400 MHz), and *C NMR (100 MHz) spectra were recorded on
the Bruker Avance (II1) 400 MHz, using CDCl; and acetone-ds as solvent.
Chemical shifts in H, and 3C NMR spectra were reported in parts per million
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(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), dd (doublet of doublets), m (multiplet), and the coupling constants J, are
given in Hz. *C NMR chemical shifts are reported relative to the solvent residual
peak (CDCls, 77.36 ppm).

2.3.3. UV-Vis spectroscopy

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

2.3.4. Fluorescence spectroscopy

Fluorescence emission spectra were recorded upon specific excitation
wavelength on a Horiba Scientific Fluoromax-4 spectrophotometer. The slit width
for the excitation and emission was set at 2 nm.

The fluorescence quantum yields (¢r)

The fluorescence quantum yields (¢r) of compounds 1-4 were calculated by
the steady-state comparative method using following equation,
dF = dst ¥ Su/Sst x At/ Au X n2Du/n2
Deteevvvveennennnnnnn (EQ. 1)

Where ¢r is the emission quantum yield of the sample, ¢s: is the emission
quantum yield of the standard, Ast and Au represent the absorbance of the standard
and sample at the excitation wavelength, respectively, while S¢: and Sy are the
integrated emission band areas of the standard and sample, respectively, and nDst
and nDy the solvent refractive index of the standard and sample, u and st refer to
the unknown and standard, respectively.

2.4.  Electrochemical studies

Cyclic voltamograms (CVs) and Differential Pulse VVoltamograms (DPVs)
were recorded on CHI620D electrochemical analyzer using Glassy carbon as
working electrode, Pt wire as the counter electrode, and Saturated Calomel
Electrode (SCE) as the reference electrode. The scan rate was 100 mVs-. A solution
of tetrabutylammonium hexafluorophosphate (TBAPFs) in CH2Cl> (0.1 M) was

employed as the supporting electrolyte.
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2.5.  Single crystal X-ray diffraction studies.

Single crystal X-ray diffraction studies were performed on SUPER NOVA
diffractometer. The strategy for the Data collection was evaluated by using the
CrysAlisPro CCD software. The data were collected by the standard ‘phi-omega
scan techniques, and were scaled and reduced using CrysAlisPro RED software.
The structures were solved by direct methods using SHELXS-97, and refined by
full matrix least-squares with SHELXL-97, refining on F21. The positions of all the
atoms were obtained by direct methods. All non-hydrogen atoms were refined
anisotropically. The remaining hydrogen atoms were placed in geometrically
constrained positions, and refined with isotropic temperature factors, generally
1.2Ueq of their parent atoms. The CCDC numbers contain the respective
supplementary crystallographic data. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or  from the  Cambridge
Crystallographic 42 Data Centre, 12 union Road, Cambridge CB21 EZ, UK; Fax:
(+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).

2.6. Powder X-ray diffraction (PXRD) studies.
The XRD measurements were performed using Rigaku SmartLab, Automated
Multipurpose X-ray diffractometer. The X-rays were produced using a sealed tube and the

wavelength of the X-ray was 0.154 nm (Cu K-alpha).

2.7.  Computational calculations
The density functional theory (DFT) calculation were carried out at the
B3LYP/6-31G** level for C, N, S, H, and Lanl2DZ level for Fe in the Gaussian 09

program. 2!
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Chapter 3

Donor-r—acceptor—n—donor benzothiadiazoles

3.1.  Introduction

Donor-acceptor (D—A) organic compounds are of great interest, because
of their application in various electronic, and photonic devices such as organic
light emitting diodes (OLEDs), organic photovoltaic devices (OPVs), organic thin
film transistors (OTFTs), and nonlinear optical (NLO) materials.[*! The electronic
properties of the D—A molecular systems can be tuned by varying the strength of
the donor and acceptor group or by varying the r-linker between the donor and
the acceptor units. Benzothiadiazole has attracted considerable attention because
of its distinguished acceptor property owing to its electron deficient groups C=N,
and S=N.[1 It has been established that the structural motifs of type D-A-D show
promising nonlinear optical (NLO) behavior.Bl Therefore we were interested to
incorporate the donor groups into the benzothiadiazole, and to explore its
photophysical, and electrochemical properties. There are many reports, where the
donor groups are attached to the benzothiadiazole.™ Ferrocene is a strong donor,
and highly stable.[! In this chapter, we have incorporated the ferrocene group on
both the ends of benzothiadiazole, and designed a D—n—A-n—-D type of molecular
system. Here our aim was to explore the effect of ferrocene unit on the
photophysical, and electrochemical behavior of the benzothiadiazole by
enhancing the rt-conjugation.
3.2. Results and discussion

The synthetic route for the ferrocenyl substituted benzothiadiazole 3a—3d
is shown in Scheme 3.1. The dibromobenzothiadiazole 2, was synthesized by the
bromination reaction of the benzothiadiazole 1. The ferrocenyl substituted
benzothiadiazole 3a—3d were synthesised by the Pd-catalyzed Sonogashira cross-
coupling reactions of the dibromobenzothiadiazole 2, with the corresponding
ethynyl-ferrocene.  The  Sonogashira  coupling reaction  of  the
dibromobenzothiadiazole 2, with ethynyl-ferrocene, 4-ferrocenylphenylacetylene,
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3-ferrocenylphenylacetylene, and 4-ethynyl-phenylethynylferrocene resulted 3a,
3b, 3c, and 3d in 80%, 70%, 75%, and 80% yield respectively. The
benzothiadiazole 3a-3d were well characterized by H, ¥*C NMR, and HRMS
techniques. The *H NMR spectra of 3a—3d shows a characteristic singlet between
7.70 and 7.85 ppm corresponding to the two protons of the benzothiadiazole. The
benzothiadiazole 3a—3d, are readily soluble in common organic solvents such as

chloroform, dichloromethane, toluene, tetrahydrofuran, etc.

.S S BN
N N N N N N
\ \ \
Br,; HBr Ar— . _
— > Br Br — = A=\ /T A
140°C Pd(PPh,),Cl,; Cul;
1 2 TEA; THF 3a-3d

Fe Fe
= =
Ar—s =
a b

Scheme 3.1. Synthesis of ferrocenyl benzothiadiazoles 3a—3d.

3.3.  Thermal properties

Thermal stability is one of key requirements for practical applications of
organic chromophores. The thermal properties of 3a—3d were investigated by the
thermogravimetric analysis (TGA) at a heating rate of 10 °C min%, under nitrogen
atmosphere (Figure 3.1.). TGA results show that the benzothiadiazoles 3a—3d are
relatively robust. The decomposition temperatures for compounds 3a—3d in
nitrogen atmosphere are above 450 °C. The trend in thermal stability follows the
order 3a> 3b > 3c > 3d.

38



T—_
o \\

g\i 60
S
e
=)
§ 40
—3a
—3b
204 =—3cC
3d
0 T T T T T T
200 400 600 800

Temperature °C

Figure 3.1. TGA plots of compounds 3a—3d.

3.4. Photophysical properties

The electronic absorption spectra of the benzothiadiazole 3a—3d were
recorded in dichloromethane at room temperature (Figure 3.2.), and the data are
listed in Table 3.1. The benzothiadiazoles 3a—3d exhibit, strong absorption band
between 400-431 nm, corresponding to n—n" transition.I] The t—n" transition
exhibits red shifted absorption with high molar extinction coefficient (&) as the
conjugation length was enhanced. This reflects strong electronic communication
between the donor, and the acceptor moiety. The absorption spectra of compound
3a, and 3b exhibits band at 523 nm and 505 nm due to the charge transfer from
ferrocene to the benzothiadiazole unit.[’l The presence of distinct CT band was
not observed for benzothiadiazole 3c, and 3d. This may be due to the overlap of
the charge-transfer absorption with the n—r" absorption.®! This is also reflected
in the dichloromethane solution of compounds 3a-3d which shows intense red
color for benzothiadiazole 3a compared to red, yellow, and orange colored
solutions of compounds 3b, 3c, and 3d, respectively (Figure 3.3.). The
compounds 3a-3d are non-emissive in nature due to the fast non-radiative

deactivation of the excited state with intramolecular charge-transfer.[]
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Figure 3.2. Normalized absorption spectra of ferrocenyl benzothiadiazole 3a—3d

in dichloromethane at 4x10°® M concentration.
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Figure 3.3. Ferrocenyl benzothiadiazoles 3a-3d in dichloromethane at 1074 M

concentration.

3.5. Electrochemical properties

The electrochemical behavior of the compounds 3a—-3d was explored by
cyclic  voltammetric  analysis in  dichloromethane  solution  using
tetrabutylammonium hexafluorophosphate (BusNPFg) as supporting electrolyte.
The cyclic voltammograms of compounds 3a-3d are presented in Figure 3.4, and
the data is listed in Table 3.1. The ferrocenyl substituted benzothiadiazole 3a—3d,
exhibit one reversible reduction wave in the region —1.29 V to —1.19 V. The
reduction potential of 3a—3d is shifted to lower values compared to unsubstituted
benzothiadiazole 1, indicating that the benzothiadiazole unit is easier to
reduce.['1? The oxidation peaks corresponding to the oxidation of ferrocene to
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ferrocenium ion were observed for the compounds 3a-3d in the region 0.55 V to
0.43 V. The trend in oxidation potential of the ferrocenyl moiety in the
benzothiadiazoles 3a—3d follows the order 3a > 3d > 3b > 3c. The ferrocene
oxidation potential shows high oxidation compared to free ferrocene, confirming
the strong electronic communication between the ferrocenyl unit, and the
benzothiadiazole core in compounds 3a-3d.[*3] The trend observed in the
oxidation potential depends upon the nature of the spacer group. The compound
3a linked by acetylenic spacer shows high oxidation potential compared to
compound 3b-3d due to maximum electronic communication. The meta
branching in compound 3c disrupts the extended n-conjugation compared to the
other phenylacetylene spacers and thus exhibits lower oxidation potential than 3a,
3b and 3d.1*4

Current (uA)

—3C
—3d

-2.0 ' -15 ' —lI.O ' —0|.5 ' OI.O ' 0.5 1.0
Potential vs SCE (V)

Figure 3.4. Cyclic voltammogram of ferrocenyl benzothiadiazole 3a—3d at 0.01
M concentration in 0.1 M BusNPFs in dichloromethane recorded at 100 mVs™?

scan speed.
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Table 3.1. Photophysical and electrochemical data of ferrocenyl benzothiadiazole
3a-3d.

Compound  Photophysical data® Electrochemical data®
Amax, abs [nm]/e (M cm'™) Eox(V) Ered(V)

Ferrocene - 0.38 -

3a 400 (31200), 523 (20630)  0.55 -1.29

3b 427 (43170), 505 (26778)  0.46 -1.22

3c 415 (50080) 0.43 -1.20

3d 431(55050) 0.52 -1.19

2 Measured in dichloromethane at 4x10® M concentration. ® Recorded by cyclic voltammetry, in
0.1 M solution of BusNPFg in DCM at 100 mV st scan rate, vs SCE Electrode.

3.6. Single crystal X-ray diffraction studies

(a) (b)

Figure 3.5. Single crystal X-ray structure of ferrocenyl benzothiadiazole 3a. (a)

Front view, and (b) Side view.

The single crystal of the ferrocenyl benzothiadiazole 3a was obtained
via slow diffusion of acetonitrile into dichloromethane solution at room
temperature. The benzothiadiazole 3a crystallizes in the monoclinic space group
C2/c. Figure 3.5 shows the single crystal X-ray structure of 3a. The
benzothiadiazole core shows planar structure. The two cyclopentadienyl rings of
ferrocene moiety show eclipsed conformation in compound 3a. The tilt between
the benzothiadiazole core, and the cyclopentadienyl ring of one of the ferrocene

units is more prominent with the dihedral angle of 60.79° while the other
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ferrocene unit shows the dihedral angle of 5.75°. The ferrocene units in

compound 3a lie on the opposite sides of the benzothiadiazole mean plane. The

crystal data and refinement parameters, important bond lengths, and bond angles

are listed in the Table 3.2 and 3.3.

Table 3.2. Crystal data and refinement parameters for 3a.

Empirical formula
Formula weight (g mol™)

Temperature

Wavelength
Crystal system, space group
Unit cell dimensions

Volume/(A%)

Z, Calculated density/ (Mg m)
Absorption coefficient /(mm)
F(000)

Crystal size (mm)
6 range for data collection/(°)

Limiting indices
Reflections collected / unique

Completeness to Gmax
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F?
Final R indices [l > 2o(1)]

R indices (all data)
CCDC Number

C12.63 Hs.42 Feo.84 Noga So.42
232.52

150(2) K

0.71073 A

Monoclinic, C2/c

a=31.052(3)A a=90°
b=9.8453(2) A B =134.553(19) °
c=21.868(2) A y=90°

4764.1(7)
19, 1.540

1.328
2256

0.23x0.18 x0.14
2.92 t0 25.00

-36<=h<=36, -11<=k<=11,
-26<=1<=26
22011/ 4196 [R(int) = 0.0263]

6= 25.00; 99.9 %
Semi-empirical from equivalents

0.8359 and 0.7499
Full-matrix least-squares on F?

4196/0/316

1.047
R =0.0434, wR, = 0.1059

R; =0.0493, wR, = 0.1110
901492
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Table 3.3. Selected bond length and bond angle of 3a

Bond lengths [A] Bond angles [°]
S1-N1 1.612(3) N1-S1-N2 101.1(2)
S1-N2 1.612(5) S1-N1-C1 106.1(3)
N1-C1 1.342(7) S1-N2-C2 106.0(3)
N2-C2 1.335(6) N1-C1-C2 113.0(3)
C1-C2 1.427(4) N1-C1-C6 121.0(3)
C1-C6 1.421(6) N2-C2-C1 113.7(3)
C2-C3 1.427(7)

C3-C4 1.368(6)
C4-C5 1.415(5)
C5-C6 1.365(8)
Ce-C7 1.433(4)
C7-C8 1.179(5)
C8-C11 1.430(6)
C3-C9 1.430(4)
C9-C10 1.188(4)

C10-C21 1.427(4)

3.7. Experimental section

All NMR spectra (o values, ppm) were recorded with 400 MHz spectrometers.
Tetramethylsilane (TMS) was used as reference for recording *H (of residual
proton; ¢ = 7.26 ppm) and BC (6 = 77.0 ppm) spectra in CDCls. Cyclic
voltammetric (CV) studies were carried out with an electrochemical system
utilizing a three-electrode configuration consisting of a glassy carbon (working)
electrode, platinum wire (counter) electrode, and a saturated calomel (reference)
electrode. The experiments were performed in dry CH.Cl, with 0.1 M
tetrabutylammoniumhexafluorophosphate as the supporting electrolyte.

Synthetic procedure for ferrocenyl substituted benzothiadiazole 3a. To a
stirred solution of ethynylferrocene (107 mg, 0.51 mmol), and
4,7-dibromobenzothiadiazole (50 mg, 0.17 mmol) in THF, and TEA (1:1, v/v)
were added PdClz(PPhs)2 (5 mg, 0.007 mmol), and Cul (1 mg, 0.005 mmol) under
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an argon flow at room temperature. The reaction mixture was heated to reflux
with stirring for 6 h, and then cooled to room temperature. The solvent was then
evaporated under reduced pressure, and the mixture was purified by SiO:
chromatography with CH2Clz/hexane (2:3, v/v) to obtain deep-red solid (72 mg,
Yield: 80 %). *H NMR (400 MHz, CDCls, 6 in ppm): 7.70 (s, 2H), 4.63 (s, 4H),
4.32-4.30 (m, 14H); 3C NMR (100 MHz, CDCls, ¢ in ppm): 154.5, 131.9. 117.1,
97.3, 82.0, 71.9, 70.2, 69.4, 64.3; HRMS (CsoH20Fe2NS) calcd 552.0041 [M™],
found 552.0054 [M™].
3b: Red solid (84 mg, Yield: 70 %). 'H NMR (400 MHz, CDCls, 6 in

ppm): 7.80 (s, 2H), 7.59 (d, 4H, J = 8 Hz), 7.50 (d, 4H, J = 8 Hz), 4.70 (s, 4H),
4.38 (s, 4H), 4.05 (s, 10H); 3C NMR (100 MHz, CDCls, & in ppm): 154.4, 141.0,
132.3, 132.1, 125.8, 119.5, 117.2, 98.1, 85.6, 84.0, 69.8, 69.5, 66.6; HRMS
(Ca2H28Fe2N2S) caled 704.0668 [M*], found 704.0701 [M*].

3c: Yellow-orange solid (90 mg, Yield: 75 %). *H NMR (400 MHz, CDCls, ¢ in
ppm): 7.85 (s, 2H), 7.75 (s, 2H), 7.53-7.49 (m, 4H), 7.34-7.30 (m, 2H), 4.60 (s,
4H), 4.35 (s, 4H), 4.07 (s, 10H); 1*C NMR (100 MHz, CDCls, § in ppm): 154.4,
139.9, 132.6, 132.1, 129.1, 128.5, 126.5, 122.5, 117.2, 97.8, 85.1, 84.1, 69.7, 69.2,
66.5; HRMS (Ca2H2sFe2N2S) calcd 704.0668 [M*], found 704.0623 [M™].

3d: Orange solid (102 mg, Yield: 80 %). *H NMR (400 MHz, CDCls, § in
ppm): 7.79 (s, 2H), 7.62 (d, 4H, J = 8 Hz), 7.50 (d, 4H, J = 8 Hz), 4.51 (s, 4H),
4.26-4.25 (m, 14H); 3C NMR (100 MHz, CDCls, § in ppm): 154.3, 132.5, 131.9,
131.4, 124.8, 121.5, 117.2, 97.5, 91.3, 86.9, 85.5, 71.5, 70.0, 69.1, 64.8; HRMS
(CasH2sFe2N2S) caled 752.0668 [M*], found 752.0603 [M*].

3.8. Conclusions

In summary we have synthesized a series of ferrocenyl substituted
benzothiadiazoles by the Pd-catatalyzed Sonogashira cross-coupling reaction. The
UV-visible absorption, and electrochemical studies of these molecules show
strong donor—acceptor interaction. These compounds are non-emissive in nature.
The study towards NLO properties of these molecules is currently ongoing in our
group.
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Chapter 4

Donor-acceptor ferrocenyl-substituted benzothiadiazoles

4.1. Introduction

There has been a considerable interest in the design, and synthesis of
molecular system with enhanced =-electron delocalization for photonic, and
electronic applications.[*?1 The linkage of the donor (D) and the acceptor (A)
units on the conjugated species results in, D-n—A kind of molecular system.E!
The photonic properties of the D-n—A molecular system can be tuned by either:
(a) varying the strength of the donor, or the acceptor group or (b) by changing the
ni-linker between the donor and the acceptor units.i*®! A variety of acceptors have
been exploited for the design, and synthesis of D—n—A molecular materials.®! The
benzothiadiazole (BTD) with a five-membered heterocyclic ring (C=N-S-N=C) is
a strong acceptor, due to its high electron affinity."®1 Our group has explored
ferrocenyl moiety as a strong electron donor, for variety of photonic
applications.®*% Recently, we have synthesized symmetrically substituted
ferrocenyl BTDs.[**1 Our group is interested in modulating the n-bridges between
the donor, and the acceptor units, and varying the number of acceptor, in order to
explore its photonic, and electronic properties. In this chapter, we wish to report
the synthesis of the unsymmetrical D—-n1—A-n.—-D, and the symmetrical D—m1—A-
no—A-11-D type of BTD systems. A set of new bromo-BTDs were designed, and
synthesized, which serve as the precursors for the synthesis of the ferrocenyl
substituted BTDs. The structural, photophysical, and electrochemical properties
of these BTD systems were explored.
4.2.  Results and discussion

The ferrocenyl substituted BTDs 5a-5h were synthesized by the Pd-
catalyzed Sonogashira, and Stille coupling reactions. The dibromo-BTD 2 was
synthesized by the bromination reaction of the BTD 1.[*21 The precursors 3a-3c

were synthesized by the Pd-catalyzed Sonogashira coupling reactions of the
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dibromo-BTD 2, with the corresponding ferrocenyl acetylenes (Scheme 4.1.). The
reaction of the 1 equivalent of dibromo-BTD 2, with 1.1 equivalents of ethynyl-
ferrocene (a), 4-ferrocenylphenylacetylene (b), and 3-ferrocenylphenylacetylene
(c) under the Sonogashira coupling conditions resulted 3a, 3b, and 3c in 60%,
50%, and 55% yield respectively.[**] The use of more than 1.1 equivalents of the
ferrocenyl acetylenes resulted in the formation of the disubstituted BTDs 4a—4c in
major quantity (> 40%), whereas the use of less than 1.1 equivalents of alkynyl-
ferrocene left unreacted dibromo-BTD 2.

.S.
N N Br,, HBr N/S\N Ar—
I » \ I/ > 3a-3c
130°C,6h Br Br  Pd(PPhs),Cl,, Cul, +
THF:TEA(1:1), Y
1 2 60°C, 6 h )\ /(
Ar—— N\ / ——Ar

Ar—= = ?—: @O
= =

= \

a b c

Scheme 4.1. Synthetic route for BTD precursors 3a—3c.
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Scheme 4.2. Synthetic route for ferrocenyl BTDs 5a-5c¢, 5g and 5h.

The Sonogashira coupling reaction of the ferrocenyl substituted bromo-
BTDs 3a-3c, and the ferrocenyl acetylenes resulted in BTDs 5a-5f in 60-70%
yield (Scheme 4.2. and Scheme 4.3.). The Stille coupling reaction of the precursor
3a with bis(tributylstannyl)acetylene, and 2,5-bis(tributylstannyl)thiophene
resulted 5g, and 5h in 30%, and 25% yield respectively (Scheme 2).1*41 All the
compounds were well characterized by H NMR, ¥C NMR, and HRMS
techniques. The *H NMR spectra of the precursors 3a-3c show two characteristic
doublets between 7.86-7.19 ppm corresponding to the two protons of the BTD.
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The BTDs 5a-5d, 5g, and 5h show the characteristic doublet for the BTD protons
in the region 7.80-7.50 ppm. The BTD 5e exhibits a multiplet for the two protons
between 7.84-7.80 ppm, whereas the BTD 5f shows a singlet at 7.79 ppm for the
BTD protons. The BTD 3a, 5a, and 5g were also characterized by single crystal
X-ray diffraction.

O@ .

Fe N\ /N
/N = (=
Pd(PPhy),Cl,, Cul, _ \_/ \ 7
THF: TEA (L:1), Fe

60°C,6h
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>/ = N/ — N/
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= NN
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NN 7N — — = (D
- Pd(PPhy),Cl,, Cul —/ = 7 \ 7/ —

< . ‘ THF: TEA (1:1),

Fe = =

60 °C,6h

= 3b 5f

Scheme 4.3. Synthetic route for ferrocenyl BTDs 5d-5f.

4.3.  Thermogravimetric analysis

The thermal properties of the BTDs 5a—5h were investigated by the
thermogravimetric analysis (TGA) at a heating rate of 10 °C min%, under
nitrogen atmosphere (Figure 4.1.). The decomposition temperatures for 10%
weight loss in the BTDs 5a, 5¢, and 5f was above 400 °C. The BTDs 5b, 5d, and

5e show the decomposition temperature above 200 °C, whereas the BTDs 5g, and
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5h with two acceptor units show the decomposition temperature above 230 °C.
The thermal stability trend reveals that the ferrocenyl substituted BTDs with two

acceptor BTD units have lower thermal stability.

100_ \

N \
< —>5a
E 60 —5p
2 —5C
S | —5d
—5e
—b5f
20— _5g
—5h

0
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100 200 300 400 500 600 700

Temperature (°C)

Figure 4.1. TGA plots of ferrocenyl BTDs 5a-5h at a heating rate of 10 °C min’,

under nitrogen atmosphere.

4.4. X-ray analysis

The single crystal of the ferrocenyl BTDs 3a, 5a, and 5g were obtained via
slow diffusion of ethanol into the dichloromethane solution at room temperature.
The BTDs 3a and 5a crystallizes in the triclinic space group P 1, whereas the
BTD 5g with two acceptor unit crystallizes in the monoclinic space group P2./c.
Figure 4.2 shows the single crystal X-ray structure of 3a, 5a, and 5g.
The BTD core shows planar structure in 3a, 5a, and 5g. The two acceptor units in
BTD 5g are oriented anti to each other. The cyclopentadienyl rings of the
ferrocenyl moiety shows eclipsed conformation in BTDs 3a and 5a, and eclipsed
skew conformation in BTD 5g. The crystal structure of 3a consists of two
molecules in an asymmetric unit where the Br atom is labeled as Brl, and Br2.
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The dihedral angle between the planes containing the BTD core, and the

cyclopentadienyl ring of ferrocene units was found to be 60.06° (for Brl), and

58.41° (for Br2) in 3a, 12.90° (for Fel), and 87.68° (for Fe2) in 5a, and 56.66°

(Fel) in 5g.

Table 4.1. Crystal data and structure refinement for 3a, 5a and 5g.

Parameter 3a 5a 5g
Empirical formula Cs6 H22 Bra Fe2 Na Sz Css Haa Fe2 N2 S CioHuFeN2S
Formula weight 846.22 628.33 355.21
Temperature 150(2) K 150(2) K 150(2) K
Wavelength(A) 0.71073 0.71073 0.71073
Crystal system, space Triclinic, P1 Triclinic, P1 Monaclinic, P21/c
group
al (A) 5.8233(13) 7.8356(3) 5.8557(2)
b/ (A) 10.972(3) 13.5503(6) 11.1797(3)
c/ (A) 25.131(4) 14.1937(7) 23.0458(7)
all) 92.163(16) 101.051(4) 90
Bl ) 94.088(16) 104.151(4) 96.169(3)
7 (°) 90.087(18) 102.601(4) 90
Volume 1600.4(6) A3 1377.45(11) A3 1499.96(8) A3
Z, Calculated density 2, 1.756 2, 1515 4, 1.573
(mg m?)
Absorption coefficient 3.568 1.159 1.143
/(mm?)
F(000) 840 644 724
Crystal size 0.33 x 0.26 x 0.21 mm 0.33 x 0.26 x 0.19 mm 0.33 x 0.28 x 0.23 mm
6 range for data 3.12t0 25.00 3.06 to 25.00 3.2310 25.00
collection/(°)
Limiting indices -6<=h<=6, -13<=k<=13, -9<=h<=9, -16<=k<=15, -6<=h<=6, -13<=k<=13,
-29<=1<=29 -16<=I<=16 -27<=1<=27
Reflections collected / 11939/ 5600 [R(int) = 11523/ 4838 [R(int) = 11530/ 2620 [R(int) =
unique 0.0270] 0.0296] 0.0243]
Completeness to theta 0 =25.00; 99.8% 0 =25.00; 99.8% 0 =25.00; 99.9%
Absorption correction Semi-empirical from Semi-empirical from Semi-empirical from
equivalents equivalents equivalents
Max. and min. 0.5212 and 0.3856 0.8099 and 0.7010 0.7790 and 0.7041
transmission
Refinement method Full-matrix least-squares  Full-matrix least-squares  Full-matrix least-squares
on F? on F? on F?
Data / restraints / 5600/0/415 4838/0/370 2620/0/208
parameters
Goodness-of-fit on F2 1.059 1.014 1.129
Final R indices R1=0.0356, wR> = R1=0.0396, wR:> = R1=0.0741, wR2 =
[1>2sigma(l)] 0.0841 0.0920 0.2299
R indices (all data) R1=0.0456, wR2 = R1=0.0600, wR2 = R1=10.0795, wR2 =
0.0904 0.1045 0.2357

Largest diff. peak and
hole (eA3)
CCDC Number

0.541 and -0.520

928342

0.247 and -0.273

928343

0.393 and -1.504

928341
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() (i)

Figure 4.2. Single crystal X-ray structure of ferrocenyl BTDs 3a, 5a, and 5g. (i)

Top view, and (ii) side view.

The packing diagram of 3a exhibits short S1---N2 (3.131 A), S2---N4
(3.154 A), and N4---N4 (3.080 A) interhetroatom contacts between the BTD
rings, which leads to the formation of dimer in head-to-head fashion.[*®! These
dimers are interconnected through hydrogen bonding between N1---H10 (2.640
A), Brl---H18 (2.934 A), and Br2---H33 (2.954 A) to form stacked structures.
These stacks are interlinked through CH---m interaction C16H16---C27-C31
(3.056 A) to form 2D zig-zag chain (Figure 4.3.).
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Figure 4.3. Packing diagram of ferrocenyl BTD 3a forming 2D-network along
the a-axis.

Figure 4.4. Packing diagram of ferrocenyl BTD 5a along the b-axis.
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The packing diagram of 5a shows intermolecular C-H---N interaction
C33-H33--:N2 (2.665 A), which leads to the formation of a hydrogen bonded
dimers in head-to-head fashion. These dimers are interlinked through C-H:--x
interaction C4H4---C17-C21 (3.046 A) to form a 1D polymeric chain. The C-
H---7 interaction C31H31..- C22-C26 (2.803) leads to the cross-linking of the

chains, and formation of a 2D sheet like structure (Figure 4.4.).

Figure 4.5. Packing diagram of ferrocenyl BTD 5g along the c-axis.

The packing diagram of BTD 5g shows intermolecular C-H--- N interaction
between the H14 of one BTD molecule, and the N1 of the neighboring BTD
molecule at a distance of 2.672 A (Figure 4.5.), which leads to the formation of

1D polymeric chain.
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4.5.  Photophysical properties

1.2

Normalized Absorbance

400 450 500 550 600 650 700 750

Wavelength (nm)
Figure 4.6. Normalized electronic absorption spectra of ferrocenyl BTD 5a-5h in

dichloromethane at 1.0x10°® M concentration.

The UV-vis absorption spectra of the benzothiadiazoles 5a-5h were
recorded in dichloromethane at room temperature (Figure 4.6.), and the data are
listed in Table 4.2. The BTDs 5a-5h show strong absorption band between 409-
489 nm, corresponding to the n—n" transition.!* The n—=" transition exhibits
red shift in the absorption maxima with the enhancement of the conjugation
length. The ferrocenyl BTDs with two acceptor units show substantial
bathochromic shift, and higher molar extinction coefficient (&) as compared to the
BTDs with one acceptor unit. The red-shift in the absorption maxima follows the
order 5h > 5g > 5f > 5e > 5d > 5c > 5a > 5b. The linkage of the donor ferrocene
at the meta-position of the r-spacer in compound 5b, and 5e disrupts the extended
n-conjugation, and thus results in blue shift in the absorption maxima compared
to their isomers 5a, and 5f respectively.[®] The absorption spectra of BTDs 5a,
5b, 5¢, 5g, and 5h exhibits band at 507 nm, 504 nm, 515 nm (shoulder), 540 nm,
and 542 nm (shoulder), respectively due to the charge-transfer (CT) from

ferrocene to the BTD unit. The BTDs 5d-5f do not show distinct CT band, which
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may be due to the overlap of the charge-transfer absorption with the nm—n*
absorption.'*171 The interpretation of the absorption spectra reveals that the
charge-transfer is more pronounced, when the donor ferrocene unit is attached to
BTD unit by acetylenic linkage. This is also reflected from the intense red colored
dichloromethane solution of BTDs 5a-5h (Figure 4.7.).[*®] The emission studies
of BTDs 5a-5h shows complete quenching of the fluorescence.!*®l This further
confirms the strong donor—acceptor interaction in these BTD systems. 201

Figure 4.7. Ferrocenyl BTDs 5a-5h at 10 M concentration in DCM.

4.6.  Electrochemical properties

The electrochemical behavior of the BTDs 5a-5h were explored by the
cyclic voltammetric (CV), and differential pulse voltammetric analysis in dry
dichloromethane (DCM) solution at room temperature using tetrabutylammonium
hexafluorophosphate (TBAPFs) as a supporting electrolyte. The electrochemical
data of the BTDs 5a-5h are listed in Table 4.2, and the representative cyclic
voltammogram are shown in Figure 4.8 and 4.9. The BTDs 5a and 5b exhibit two
reversible oxidation waves in the region 0.02 V to 0.12 V, whereas the BTDs 5c—
5h exhibit one reversible oxidation wave in the region 0.07 V to 0.16 V,
corresponding to the oxidation of ferrocene to ferrocenium ion. The ferrocenyl
moiety in the BTDs 5a-5h exhibit high oxidation potential compared to free
ferrocene, confirming the strong electronic communication between the ferrocene
unit, and the BTD core.[?Y] The trend in the oxidation potential of the ferrocenyl
moiety in the BTDs 5a-5h follows the order 5g > 5h > 5¢ > 5a > 5f > 5b > 5e >
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5d, which reveals that the increase in the number of acceptor unit, improves the

donor—acceptor interaction.

Table 4.2. Photophysical and electrochemical data of the ferrocenyl BTDs 5a-5h.

Compound Photophysical data? Electrochemical data®
Aas(NM)  g(M1cm?t) Wave E°(V) ipcfipa

Ferrocene - - 1 0.00 0.94
5a 413 38,250 1¢ 0.12 -
507 22,677 2¢ 0.02 -

3 -1.66 0.97
5b 409 39,850 1¢ 0.11 -
504 12,870 2¢ 0.02 -

3 -1.67 0091

5c 417 52950 1 0.14 0.97°

515 sh 2 -1.64 0.98¢

5d 421 46,400 1 0.07  0.99

- - 2 -1.62 0.98¢

5e 423 54,630 1 0.09 0.96

- - 2 -1.60 0.95

5f 429 52,500 1 0.11  0.98

- - 2 -1.59 0.95¢

59 443 69,000 1 0.16  0.98

540 33,023 2 -1.55 0091

3 -1.72  0.89¢

5h 489 70,900 1 0.15 0.94¢

542 sh 2 -1.62 0.93¢

3 -1.77 0.84°

aAbsorbance measured in dichloromethane at 4 x 10°® M concentration; sh =
shoulder; Aas: absorption wavelength; e extinction coefficient. "Recorded by
cyclic voltammetry, in 0.1 M solution of TBAPFs in DCM at 100 mVs scan rate,
vs Fc/Fc at 25 °C; ipdipa= peak current ratio.C ina/ipe; “Recorded by differential

pulse voltammetry.

The BTDs 5a-5f, exhibit one electron reversible reduction wave in the
region -1.59 V to —1.67 V corresponding to the BTD acceptor moiety, whereas
the BTDs 5g-5h exhibit two distinct waves in the region —1.55 V to —1.77 V due
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to the presence of two acceptor units. This indicates strong intramolecular
electronic interaction between the two BTD units in BTDs 5g, and 5h, which
leads to a decrease of the first reduction potential.[?22%1 In general, the reduction
potential for the BTDs 5a-5h shows lower values compared to unsubstituted BTD
1 (-1.98 V vs. Fc/Fc™ in DCM) indicating that the BTD ring in ferrocenyl
substituted BTDs is easy to reduce compared to unsubstituted BTD.[*24] The
reversibility was observed with peak current ratios close to 1 for all processes, and
the deviation from 1 is the result of baseline uncertainty due to the onset of
solvent decomposition at these low potentials.?°!

1
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Figure 4.8. Cyclic voltammogram of ferrocenyl BTDs 5f, and 5h at 0.01 M
concentration in 0.1 M TBAPFs in dichloromethane recorded at a scan rate of 100

mVs 1,
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Figure 4.9. Cyclic voltammogram of ferrocenyl BTDs 5a-5e, and 5g at 0.01 M
concentration in 0.1 M TBAPFs in dichloromethane recorded at a scan rate of 100

mVs 1,

4.7  Theoretical Calculations

In order to explore the electronic structure of the unsymmetrical, and
symmetrical BTDs, DFT calculations was performed on the BTDs 5a, and 5g.
The contours of the HOMO, and LUMO of BTDs 5a, and 5g are shown in Figure
4.11, which reveals that the HOMO orbitals are localized over ferrocene, benzene,
and benzo of the BTD unit. The HOMOs of BTD 5a, and 5g was found to be at
almost same energy level. The LUMOSs orbitals of BTD 5a, and 5g are mainly
concentrated on the BTD unit.??21 The lowering of the LUMO energy level for
BTD 5g in comparison to BTD 5a can be attributed to the presence of two
acceptor units.?8 The lower energy gap in the BTD 5g as compared to BTD 5a

results in the bathochromic shift in the electronic absorption.
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Figure 4.10. Correlation diagram showing the HOMO, and LUMO wave
functions and energies of the BTDs 5a (left), and 5g (right), as determined at the
B3LYP/6-31G** level for C, N, S, and H, and the Lanl2DZ level for Fe (Isovalue
=0.02).

4.8.  Experimental section

'H NMR (400 MHz), and *C NMR (100 MHz) spectra were recorded on
400 MHz, using CDCI; as solvent. Tetramethylsilane (TMS) was used as
reference for recording *H (of residual proton; & = 7.26 ppm), and *3C (6 = 77.0
ppm) spectra in CDCls. The *H NMR splitting patterns have been described as “s,
singlet; bs, broad singlet; d, doublet; t, triplet; and m, multiplet”. UV-visible
absorption spectra of all compounds were recorded in DCM. Cyclic
voltamograms (CVs) and differential pulse voltamograms (DPVs) were recorded
on electrochemical analyzer using Glassy carbon as working electrode, Pt wire as

the counter electrode, and Saturated Calomel Electrode (SCE) as the reference
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electrode. The scan rate was 100 mVs?! for CV, and 50 mVs? for DPV. A
solution of tetrabutylammoniumhexafluorophosphate (TBAPFs) in CH2Cl> (0.1
M) was employed as the supporting electrolyte. DCM was freshly distilled from
CaH. prior to use. All potentials were experimentally referenced against the
saturated calomel electrode couple but were then manipulated to be referenced
against Fc/Fc+ as recommended by ITUPAC.™1 Under our conditions, the Fc/Fc+
couple exhibited ipc/ipa = 0.94, E° = 0.38 V versus SCE. HRMS was recorded on
TOF-Q mass spectrometer.

General procedure for the preparation of ferrocenyl bromo-BTDs 3a-3c by
Sonogashira coupling reaction.

To a stirred solution of respective alkynyl ferrocene (0.37 mmol), and 4, 7-
dibromo-BTD (0.34 mmol) in THF, and TEA (1:1, v/v) were added PdCl>(PPhs),
(20 mg, 0.014 mmol), and Cul (2 mg, 0.01 mmol) under an argon flow at room
temperature. The reaction mixture was stirred for 6 h at 60 °C, and then cooled to
room temperature. The solvent was evaporated under reduced pressure, and the
mixture was purified by SiO. chromatography with DCM/Hexane (1:3, v/v)
followed by recrystallization in DCM:methanol (1:1) to obtain colored solid.

BTD 3a: Red solid (86.4 mg, Yield: 60 %): mp 170.5-171.2 °C; *H NMR (400
MHz, CDCls, J in ppm): 7.65 (d, 1H, J = 8.3 Hz), 7.20 (d, 1H, J = 8.0 Hz), 4.49
(s, 2H), 4.24 (bs, 7H); *C NMR (100 MHz, CDCls, ¢ in ppm): 154.2, 153.1,
132.1, 132.0, 117.4, 1135, 97.0, 81.1, 71.9, 70.2, 69.4, 63.9; HRMS (ESI) m/z
calcd for C1gH11BrFeN2S421.9172 [M*], found 421.9168 [M*].

BTD 3b: Red solid (85 mg, Yield: 50 %): mp 182.2-183.4 °C; 'H NMR (400
MHz, CDCls, § in ppm): 7.83 (d, 1H, J = 7.5 Hz), 7.66 (d, 1H, J = 7.5 Hz), 7.56
(d, 2H, J = 8.5 Hz), 7.48 (d, 2H, J = 8.5 Hz), 4.68 (t, 2H, J = 1.8 Hz), 4.37 (t, 2H,
J = 1.8 Hz), 4.04(s, 5H); 3C NMR (100 MHz, CDCls, 6 in ppm): 154.2, 153.1,
141.1, 1325, 132.0, 125.8, 119.4, 117.0, 114.3, 97.5, 84.7, 83.9, 69.76, 69.75,
69.5, 66.6; HRMS (ESI) m/z calcd for Ci4HisBrFeN.S 499.9467 [M*], found
499.9464 [M™].
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BTD 3c: Orange solid (93.5 mg, Yield: 55 %): mp 148.2-148.8 °C; *H NMR (400
MHz, CDCls, J in ppm): 7.85 (d, 1H, J = 7.5 Hz), 7.73 (t, 1H, J = 1.3 Hz), 7.70 (
d, 1H, J = 7.8 Hz), 7.51-7.47 (m, 2H), 7.31 (t, 1H, J = 1.3 Hz), 4.68 (t, 2H, J = 1.8
Hz), 4.34 (t, 2H, J = 1.8 Hz), 4.06 (s, 5H); *C NMR (100 MHz, CDCls, 4 in
ppm): 154.2, 153.1, 139.9, 132.9, 132.0, 129.4, 129.0, 128.5, 126.9, 122.3, 116.7,
114.6, 97.1, 84.3, 84.0, 69.7, 69.2, 66.5, HRMS (ESI) m/z calcd for
C24H1sBrFeN2S 497.9485 [M*], found 497.9515 [M™].

General procedure for the preparation of ferrocenyl BTDs 5a-5f by
Sonogashira coupling reaction.

To a stirred solution of respective alkynyl ferrocene (0.37 mmol), and ferrocenyl
bromo-BTDs 3a/3b/3c (0.34 mmol) in THF, and TEA (1:1, v/v) were added
PdClx(PPh3)2 (10 mg, 0.014 mmol), and Cul (2 mg, 0.01 mmol) under an argon
flow at room temperature. The reaction mixture was stirred for 6 h at 60°C, and
then cooled to room temperature. The solvent was then evaporated under reduced
pressure, and the mixture was purified by SiO2 chromatography with
DCM/Hexane (2:3, v/v) followed by recrystallization in DCM:methanol (1:1) to
obtain colored solid.

BTD 5a: Red solid (149 mg, Yield: 70 %): mp > 300.0 °C; 'H NMR (400 MHz,
CDCls, 6 in ppm): 7.76 (d, 1H, J = 7.5 Hz), 7.73 (d, 1H, J = 7.3 Hz), 7.58 (d, 2H,
J=8.5Hz), 7.48 (d, 2H, J = 8.8 Hz), 4.69 (t, 2H, J = 2 Hz), 4.64 (t, 2H, J = 1.8
Hz), 4.37 (t, 2H, J = 2 Hz), 4.32-4.30 (m, 7H), 4.04 (s, 5H); *C NMR (100 MHz,
CDCls, ¢ in ppm): 154.5, 154.4, 140.9, 132.3, 132.0, 131.8, 125.8, 119.6, 117.8,
116.6, 97.72, 97.68, 84.0, 82.0, 71.9, 70.2, 69.8, 69.51, 69.45, 66.6, 64.2; HRMS
(ESI) m/z calcd for CsgH24Fe2N2S 628.0355 [M™], found 628.0387 [M*]; UV/vis
(DCM): Amax (e [Mtcm™]) 413 (38,250), 507 (22,677).

BTD 5b: Orange-red solid (138 mg, Yield: 65 %): mp 208.5-209.6 °C; 'H NMR
(400 MHz, CDCls, 6 in ppm): 7.80 (d, 1H, J = 7.5 Hz), 7.75-7.74 (m, 2H), 7.51-
7.48 (m, 2H), 7.31 (t, 1H, J = 7.8 Hz), 4.69 (t, 2H, J = 1.8 Hz), 4.65 (t, 2H, J = 2
Hz), 4.34-4.31 (m, 9H), 4.06 (s, 5H); 3C NMR (100 MHz, CDCls, ¢ in ppm):
154.5, 154.4, 139.9, 132.7, 131.8, 129.5, 129.1, 128.5, 126.8, 122.6, 118.0, 116.3,
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97.8, 97.3, 85.2, 84.1, 81.9, 72.0, 70.2, 69.7, 69.5, 69.2, 66.5, 64.1; HRMS (ESI)
m/z calcd for CssHosFeoNoS 628.0355 [M*], found 628.0370 [M*]; UV/vis
(DCM): Amax (¢ [M*cm™]) 409 (39,850), 504 (12,870).
BTD 5c: Red solid (137 mg, Yield: 62 %): mp > 300.0 °C; 'H NMR (400 MHz,
CDCls, 6 in ppm): 7.76 (d, 1H, J = 7.3 Hz), 7.73 (d, 1H, J = 7.3 Hz), 7.61 (d, 2H,
J=8Hz), 7.49 (d, 2H, J = 8 Hz), 4.64 (t, 2H, J = 2 Hz), 4.51 (t, 2H, J = 1.8 Hz),
4.33-4.30 (m, 7H), 4.26-4.25 (m, 7H); 3C NMR (100 MHz, CDCls, ¢ in ppm):
154.38, 154.37, 132.6, 131.8, 131.7, 131.3, 124.6, 121.6, 118.1, 116.1, 98.0, 97.0,
91.2, 87.1, 85.5, 81.9, 72.0, 71.5, 70.2, 70.0, 69.5, 69.0, 64.8, 64.1; HRMS (ESI)
m/z calcd for CsgHasFeoNoS 652.0355 [M*], found 652.0364 [M*]; UV/vis
(DCM): Amax (¢ [Mecm™]) 417(52950), 515 (sh).
BTD 5d: Orange solid (143 mg, Yield: 60 %): mp 210.5-211.4 °C; *H NMR (400
MHz, CDCls, § in ppm): 7.83 (d, 1H, J = 7.5 Hz), 7.80 (d, 1H, J = 7.5 Hz), 7.75
(t, 1H, J = 1.8 Hz), 7.59 (d, 2H, J = 8.5 Hz), 7.52-7.48 (m, 4H), 7.32 (t, 1H, J =
7.8 Hz), 4.69 (t, 4H, J = 2 Hz), 4.37 (t, 2H, J = 2 Hz), 4.35 (t, 2H, J = 2 Hz), 4.05-
4.06 (m, 10H); C NMR (100 MHz, CDCls, 6 in ppm): 154.44, 154.41, 141.0,
139.9, 132.6, 132.2, 132.1, 129.5, 129.1, 128.5, 126.8, 125.8, 122.5, 119.5, 117.5,
116.9, 114.1, 98.2, 97.6, 85.5, 85.1, 84.1, 83.9, 69.8, 69.7, 69.5, 69.2, 66.6, 66.5;
HRMS (ESI) m/z calcd for Cs2H2sFe2N2S 704.0688 [M*], found 704.0704 [M*];
UV/vis (DCM): Amax (& [Mcm™]) 421(46,400).
BTD 5e: Orange solid (148 mg, Yield: 60 %): mp 219.5-220.6 °C; *H NMR (400
MHz, CDCls, & in ppm): 7.84-7.80 (m, 2H), 7.75 (s, 1H), 7.62 (d, 2H, J = 7.8 Hz),
7.51-7.49 (m, 4H), 7.32 (t, 1H, J = 7.8 Hz), 4.69 (s, 2H), 4.52 (s, 2H), 4.35-4.20
(m, 9H), 4.06 (s, 5H); *C NMR (100 MHz, CDCls, § in ppm): 154.3, 144.8,
139.9, 132.52, 132.45, 131.9, 131.3, 129.5, 129.1, 128.5, 126.9, 124.8, 122.5,
1215, 117.3,117.1, 97.9, 97.4, 91.3, 86.9, 85.5, 84.1, 71.5, 70.0, 69.7, 69.2, 69.1,
66.5, 64.8, 60.6; HRMS (ESI) m/z calcd for CssH2sFe2N2S 728.0668 [M™], found
728.0665 [M*]; UV/vis (DCM): Amax (¢ [Mtcm™]) 423(54,630).
BTD 5f: Orange solid (151 mg, Yield: 61 %): mp > 300.0 °C; *H NMR (400
MHz, CDCls, & in ppm): 7.79 (s, 2H), 7.62 (d, 2H, J = 8.5 Hz), 7.58 (d, 2H, J =
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8.5 Hz), 7.51-7.47 (m, 4H), 4.69 (t, 2H, J = 1.8 Hz), 4.51 (t, 2H, J = 1.8 Hz), 4.37
(t, 2H, J = 2 Hz), 4.26-4.25 (m, 7H), 4.04 (s, 5H); *C NMR (100 MHz, CDCls, ¢
in ppm): 154.4, 148.4, 1325, 132.2, 132.1, 131.9, 131.4, 128.0, 125.9, 124.8,
123.7, 122.3, 121.5, 119.5, 116.8, 91.2, 85.5, 83.9, 81.5, 71.5, 70.0, 69.8, 69.6,
69.1, 66.6, 64.8; HRMS (ESI) m/z calcd for CasH2sFe2N.S 728.0668 [M*], found
728.0664 [M*]; UV/vis (DCM): Amax (¢ [Mtcm™]) 429 (52,500).

General procedure for the preparation of Ferrocenyl BTDs 5g, and 5h by
Stille coupling reaction.

To a stirred solution of BTD 3a (0.5 mmol) in toluene (20 ml) were added
Pd(PPhs)s (0.05 mmol), and the respective stannyl derivative (0.25 mmol) under
an argon flow at room temperature. The mixture was stirred for 15 h at 100 °C,
and then allowed to cool to room temperature. The solvent was evaporated under
reduced pressure, and the black residue was dissolved in dichloromethane (20
mL). This was washed with brine solution (2 x 20 mL). The aqueous layer was
washed with more dichloromethane (20 mL), and the combined organic layers
were dried with NaSOs, filtered, and the dichloromethane was allowed to
evaporate. The resulting residual solid was purified by column chromatography
through silica gel (100-200 mesh) with DCM as the eluent. The desired
compound eluted in DCM. The solvent was evaporated, and the solid was
recrystallized from DCM:methanol (1:1) to give colored solid.

BTD 5g: Reddish-brown solid (106 mg, Yield: 30 %): mp > 300.0 °C; *H NMR
(400 MHz, CDCls, & in ppm): 7.92 (d, 2H, J = 7.3 Hz), 7.77 (d, 2H, J = 7.3 Hz),
4.65 (t, 4H, J = 1.8 Hz), 4.34-4.31 (m, 14H); 3C NMR (100 MHz, CDCls, 4 in
ppm): 154.38, 154.36, 133.2, 131.7, 118.8, 115.5, 92.8, 82.0, 72.0, 70.3, 69.6,
68.0, 64.0; HRMS (ESI) m/z calcd for CsgH22Fe2N4S2 709.9981 [M*], found
710.0035 [M*]; UV/vis (DCM): Amax (¢ [M™cm™]) 443 (69,000), 540 (33,023).
BTD 5h: purple solid (96 mg, Yield: 25 %): mp > 300.0 °C; *H NMR (400 MHz,
CDCls, 6 in ppm): 8.25 (s, 2H), 7.94 (d, 2H, J = 7.5 Hz), 7.79 (d, 2H, J = 7.5 Hz),
4.66 (t, 4H, J = 1.5), 4.33-4.32 (m, 14H); 1*C NMR (100 MHz, CDCls, & in ppm):
155.2, 151.9, 140.8, 132.2, 128.9, 126.52, 125.3, 116.5, 96.8, 82.2, 72.0, 70.4,
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69.5, 65.8, 60.4; HRMS (ESI) m/z calcd for CsoH24Fe2N4Ss caled 767.9858 [M™],
found 767.9832 [M*]; UV/vis (DCM): Amax (¢ [M™cm™]) 489 (70,900), 542 (sh).

4.9.

Conclusion

In summary, donor—acceptor system was designed, where donor is

ferrocene, and acceptor is benzothiadiazole, and synthesized by the Pd-catalyzed

Sonogashira, and Stille coupling reaction. The modulation of the =-spacer group

between the donor, and the acceptor units, and increasing the number of acceptor

units results in significant perturbation in the photonic properties. The

photophysical, and electrochemical properties of the BTDs exhibit strong donor-

acceptor interaction. The detailed nonlinear optical characterization of these

ferrocenyl substituted BTDs are currently ongoing in our laboratory.
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Chapter 5

Aryl-substituted unsymmetrical benzothiadiazoles

5.1.  Introduction

The design, and synthesis of organic w-conjugated donor—acceptor system
continues to create great amount of interest because of their application in organic
photovoltaics (OPV), and nonlinear optics (NLO).[! The properties of the donor—
acceptor system can be modulated either by increasing the donor and acceptor
strength, or by varying the r-linker between the donor and the acceptor./?! A wide
variety of donor and acceptor has been used for the synthesis of D—rn—A type of
systems.¥] 2,1,3-Benzothiadiazole (BTD) is a strong acceptor due to its high
electron affinity.[* Ferrocene is a strong electron donor and highly stable. Our
group is interested in the design and synthesis of ferrocene based donor-acceptor
molecular system for a variety of photonic applications.>®! Recently we have
reported the synthesis of ferrocene substituted symmetrical and unsymmetrical
BTD systems of type D-t—A-n—-D, D-m1—A-m2-D and D-n1—A-m—A-m3—D.7 8
In continuation of this work, we were further interested in the design and
synthesis of unsymmetrical BTDs having different donor/acceptor of varying
strength and to see their effect on the donor—acceptor interaction. In this
contribution, we wish to report unsymmetrical donor—acceptor systems of the
type Di1—-n—A-n-D3, Di—n—-A1—n—A2, D1—A-n-D», and Di1—Ai1—A>-D,. Three
sets of mono-bromobenzothiadiazoles 3a, 4a, and 5a were designed, and
synthesized by the Sonogashira, Suzuki, and Ullmann coupling reactions
respectively. These mono-bromobenzothiadiazoles (3a, 4a, and 5a) were further
subjected to Sonogashira cross—coupling reaction which resulted in
unsymmetrical BTDs. The unsymmetrical benzothiadiazoles 7a, and 8a with
monoethyne spacer were subjected to [2 + 2] cycloaddition reaction with
tetracyanoethene (TCNE) followed by ring opening, which resulted 1,1,4,4-
tetracyanobuta-1,3-diene (TCBD) bridged unsymmetrical benzothiadiazoles 9a,
and 9b.
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5.2.  Results and Discussion
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Scheme 5.1. Synthetic route for mono-bromobenzothiadiazoles 3a, 4a, and 5a.

The synthesis of unsymmetrical benzothiadiazoles 6a—6h, 7a—7c, 8a—8c,
9a, and 9b are outlined in Scheme 5.2, Scheme 5.3, and Scheme 5.4. The
dibromo-BTD 2 was synthesized by the bromination reaction of the BTD 1.1 The
Pd catalyzed Sonogashira coupling reaction of ethynylferrocene, and
dibromo-BTD 2 resulted 4-Bromo-7-ferrocenylethynylbenzo[1,2,5]thiadiazole
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(3a) in 60% yield (Scheme 1).B The Ullmann coupling reaction of carbazole, and
dibromo-BTD 2 resulted 4-(9-Carbazolyl)-7-bromo-2,1,3-benzothiadiazole (4a)
in 40 % yield (Scheme 1).['%1 The Pd-catalyzed Suzuki coupling reaction of the
dibromo-BTD 2, and 4-(N,N-Diphenylamino)-1-phenylboronic acid resulted [4-
(7-Bromo-benzo[1,2,5]thiadiazol-4-yl)-phenyl]-diphenyl-amine (5a) in 50% yield
(Scheme 1).[4

The precursor 3a, 4a, and 5a were further subjected to Sonogashira
coupling reaction, which resulted unsymmetrical BTDs. In order to study the
effect of the aryl substituents with enhanced conjugation on the unsymmetrical
ferrocenyl-BTD a series of aromatic terminal alkynes were selected with one
(10a-10c), two (10d, and 10e), and three (10f-10h) aromatic rings. The
Sonogashira cross—coupling reaction of the bromo-BTD 3a with the respective
aryl-acetylenes (10a-10h) resulted in BTDs 6a—6h in 40-70% vyield (Scheme
5.2).

N s,
NN NN
\ / Ar—— \
= O Br D= N ) —=Ar
Fe PA(PPhs),Cl,, Cul, Fe
THF: TEA (1:1), \—
3a 60 °C, 15 to 24h 6a-6h
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_ 0 &

= N

O O
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Scheme 5.2. Synthesis of unsymmetrical benzothiadiazoles 6a—6h.
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To explore the effect of variation of r-bridge a set of ethynyl substituted
ferrocenes namely ethynylferrocene (11a), 4-ferrocenylphenylacetylene (11b),
and 4-ethynyl-phenylethynylferrocene (11c) were synthesized, and subjected to
Sonogashira cross—coupling reaction with 4-(9-Carbazolyl)-7-bromo-2,1,3-
benzothiadiazole (4a), and [4-(7-Bromo-benzo[1,2,5]thiadiazol-4-yl)-phenyl]-
diphenyl-amine (5a). The Sonogashira coupling of the BTDs 4a, and 5a with
respective ferrocenyl-acetylenes resulted in compound 7a-7c, and 8a—8c in 60—
70% vyield respectively (Scheme 5.3).

Pd(PPh,),Cl,, Cul, O 7870

THF: TEA (1:1),
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N

N N
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” Qe
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Scheme 5.3. Synthesis of benzothiadiazoles 7a-7c, and 8a—8c.

The 1,1,4,4-tetracyanobuta-1,3-diene (TCBD) bridged unsymmetrical
BTDs 9a and 9b were synthesized via [2 + 2] cycloaddition reaction of the
ferrocenyl substituted BTDs 7a, and 8a with tetracyanoethene (12) to form an
intermediate cyclobutene which subsequently undergoes ring opening (Scheme
5.4).12 The purification of the unsymmetrical BTDs 6a-6h, 7a—7c, 8a-8c, 9a,
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and 9b were achieved by column chromatography. All the unsymmetrical BTDs
were well characterized by *H and *C NMR and HRMS techniques. The BTD 6c,

69, 7a, and 7b were also characterized by single-crystal X-ray diffraction.
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Scheme 5.4. Synthesis of benzothiadiazoles 9a and 9b.

5.3. Thermogravimetric analysis

The thermal properties of the unsymmetrical benzothiadiazoles 6a—6h,
7a-7c, 8a-8c, and 9a-9b were investigated by the thermogravimetric analysis
(TGA) at a heating rate of 10 °C min%, under nitrogen atmosphere (Figure 5.1).
The decomposition temperatures for 10% weight loss in the BTDs 6b—6h was
above 450 °C, whereas the BTD 6a with the phenyl substituent shows the 10%
weight loss at 249 °C. This reflects that the hetro-aryl, biaryl and the polycyclic
aromatic substituted BTDs show higher thermal stability. The BTDs 7a-7c, and
8a—8c exhibit the 10% weight loss above 300 °C. The trend observed in the
decomposition temperature follows the order 8¢ > 7¢ > 8b > 7b > 8a > 7a. The
extension of the =w-bridge between the ferrocene and the BTD unit results in
increased thermal stability. The incorporation of 1,1,4,4-tetracyanobuta-1,3-diene
(TCBD) bridge results in greater thermal stability in BTDs 9a and 9b compared
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to the ethyne bridged BTDs 7a and 8a. The decomposition temperatures for 10%
weight loss is above 500 °C for TCBD bridged BTDs 9a and 9b.
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Figure 5.1. TGA plots of unsymmetrical BTDs 6a—6h, 7a—7c, 8a—8c, and 9a-9b

at a heating rate of 10 °C min', under nitrogen atmosphere.

5.4. Photophysical Properties

The UV-vis absorption spectra of the unsymmetrical benzothiadiazoles
were recorded in dichloromethane at room temperature (Figure 5.2), and the data
are compiled in Table 1. The unsymmetrical BTDs show the characteristic
absorption band between 300-340 nm due to the BTD unit.[**]

The BTDs 6a—6h shows the presence of lower energy absorption band
between 399-465 nm, corresponding to the n—m" transition, and between 509—
521 nm attributed to the charge-transfer (CT) transitions.l"#14 The red shift in the
absorption maxima for the lower energy m—n" absorption band follows the order
6f > 6h > 6g > 6e > 6d > 6a > 6¢ > 6b. The magnitude in red shift observed for
BTDs 6a—6h is a function of the aryl substituent attached to the BTD core. A
comparison of the absorption data reveals that the increase in the number of
aromatic rings from one (6a-6¢), two (6d-6e), and three (6f—6h) leads to a
regular increase in the red shift of the absorption maxima due to enhancement of
n-conjugation. The mode of conjugation in the aryl substituents also affects the

absorption bands. The BTDs with naphthalene 6e, and anthracene 6f substituents
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exhibit red shift compared to the biphenyl 6d, and phenanthrene 6g substituted
BTDs respectively. The BTDs 6a-6d exhibit distinct CT band between 509-515
nm, whereas 6e and 6g shows in form of shoulder between 512-521 nm. The
lower energy electronic absorption maxima are broad in BTDs 6f, and 6h due to
the overlap with the charge-transfer absorption.®'1 The BTDs 7a-7c, 8a—8c, and
9a-9b shows the lower energy absorption band between 443-554 nm. The BTD
7a exhibit CT band as a shoulder at 520 nm. The BTDs 7b, 7c, 8a—8c, and 9a-9b
exhibit broadening of the lower energy electronic absorption band which can be
attributed to the overlap of the lower energy n—n" transition with the CT band.
The lower energy electronic absorption band shows bathochromic shift with the
enhancement of conjugation length. The incorporation of a 1,1,4,4-
tetracyanobuta-1,3-diene (TCBD) n-bridge in BTDs 9a, and 9b results in
substantial bathochromic shift of the lower energy electronic absorption band
compared to BTDs 7a, and 8a. The trend in the bathochromic shift follows the
order 9b > 9a > 8a > 7a. This reveals strong donor-acceptor interaction in TCBD
n-bridge in BTDs 9a, and 9b. The effect of systematic variation of ©-conjugation
through aryl substitution, and r-bridge is also reflected from the colored solution
of these unsymmetrical BTDs 6a—6h, 7a—7c, 8a—8c, and 9a—9b (Figure 5.3.). The
emission studies of the unsymmetrical BTDs show complete quenching of the

fluorescence.
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Figure 5.2. Normalized electronic absorption spectra of (i) benzothiadiazoles
6a—6h, and (ii) benzothiadiazoles 7a—7c, 8a—8c, and 9a—9b dichloromethane at

1.0x10® M concentration.

6c 6d 6 6f 6g 6h 7a 7b 7c 8 8b 8 9a 9b

Figure 5.3. Unsymmetrical benzothiadiazoles 6a—-6h, 7a—7c, 8a—8c, and 9a-9b at

1x10™*M concentration in dichloromethane.
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Table 5.1. Photophysical, and thermal properties of the benzothiadiazoles 6a—6h,
7a-T7c, 8a-8c, 9a, and 9b.

BTD Photophysical data® Ta°C)> BTD  Photophysical data®  Tq4(°C)°
Aabs e(Mtcem™ s &(Mtem™)
(nm) (hm)
Ferrocene - -

6a 406 32791 249 Ta 443 35138 328
509 9324 520 sh

6b 399 85328 535 7b 453 47855 411
511 22404

6c 402 78216 506 7c 454 62777 604
515 20963

6d 413 55533 646 8a 458 37842 359
512 14750

6e 421 54400 471 8b 466 51474 449
521 sh

6f 465 67550 611 8c 467 84788 625

69 423 58074 563 %9a 502 46178 549
514 sh

6h 460 58729 462 9b 554 61482 543

aAbsorbance measured in dichloromethane at 1x10°® M concentration; sh =
shoulder; Aas: absorption wavelength; &: extinction coefficient. "decomposition
temperatures for 10% weight loss at a heating rate of 10 °C min™2, under nitrogen

atmosphere.
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5.5.  Theoretical Calculations.
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' ¥ 4
i )
Heldess solghols
6a 43 ) 2.72
-5.29 eV -2.57eV
% d ‘ 5
Holdetls wolPots
6b R 2 * ! 273
-5.38 eV -2.65eV
3 ‘o ¥ 2
3 ' 3‘ ‘.‘ N
6C ,Q‘ ‘ l?f‘ .l’ 2.72
-5.41eV -2.69 eV
ié
: ' ‘ 548 ‘24, 4 P
6d g '5 ’,’?. ’ # 2.67
-5.25eV -2.58 eV
] sad s
Wolldegy | wed@els
6e 408’ ‘P’ 2 i 2.63
-5.23 eV -2.60 eV
- N <
‘e 0l > >
6f ‘Ng '6‘ ' 5 ! :"%} 2.34
2,52 29> 5
-5.00 eV
-2.66 eV
v ?
: , ‘o 3.
Hedjend? ol erts
69 4;%. ',g', ’ﬁ: ,::f 2.62
-5.22eV -2.60 eV
20§iesdsy
> .‘ > & .
20800008 e BPetsv
6h A ’ l‘l?’ ’ 2.43
491 eV -2.48 eV
Figure 54. HOMO and LUMO frontier orbitals of unsymmetrical

benzothiadiazoles 6a-6h at the B3LYP/6-31G** level for C, N, S, H, and
Lanl2DZ level for Fe.
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DFT calculations were performed on the unsymmetrical benzothiadiazoles
6a-6h, 7a-7c, 8a-8c, and 9a-9b to explore the effect of the aryl substituents on the
electronic structure of the unsymmetrical ferrocenyl-BTDs. The contours of the
HOMO, and LUMO of BTDs 6a—6h, 7a-7c, 8a-8c, and 9a-9b are shown in
Figure 4, and 5.

The HOMO orbitals are localized over the ferrocene, the aryl substituent,
and the hydrocarbon portion of the BTD, whereas the LUMO orbitals are mainly
concentrated on the BTD unit.[®%6] The comparison of the HOMOs of BTD 6d,
and 6e reveals greater delocalization of the HOMO orbital on the naphthalene unit
compared to biphenyl unit. Similarly the anthracene unit in BTD 6f shows better
delocalization in HOMO orbital, compared to the phenanthrene substituted BTD
6g. The presence of electron rich substituents anthracene and triphenylamine on
the BTD 6f and 6g lowers the contribution of ferrocene in the HOMO. The band
gap in BTDs 6a-6h follows the order 6b > 6¢ =~ 6a > 6d > 6e > 6g > 6h > 6f,
which is reflected in their electronic absorption. The band gap in BTDs 7a-7c,
and 8a—8c were found to be inversely proportional to the conjugation length. In
the HOMO of BTD 8a—8c the contribution of ferrocene unit is reduced with the
extension of w-bridge. The band-gap in BTD 7a-7c, and 8a—8c follows the order
7a > 7b > 7c, and 8a > 8b > 8c. The observed trend supports the electronic
absorption behavior of BTDs 7a-7c, and BTDs 8a-8c.

The 1,1,4,4-tetracyanobuta-1,3-diene (TCBD) n-bridge in 9a and 9b lower the
band gap which results in bathochromic shift of the electronic absorption spectra.

The trend in the energy gap follows the order 7a > 8a > 9a > 9b.
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Figure 55. HOMO and LUMO frontier orbitals of unsymmetrical

benzothiadiazoles 7a-7c, 8a-8c, 9a, and 9b at the B3LYP/6-31G** level for C,

N, S, H, and Lanl2DZ level for Fe.
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5.6.  Electrochemical Properties
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Figure 5.6. Cyclic voltammogram of unsymmetrical benzothiadiazoles 6a—6h,
7a—7c, 8a—8c, 9a, and 9b representing the reduction wave (i, ii, and iii), and the

oxidation wave (iv, v, and vi) at 0.01 M concentration in 0.1 M TBAPFs in
dichloromethane recorded at a scan rate of 100 mVs ™.
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The electrochemical behavior of the BTDs 6a—6h, 7a-7c, 8a—-8c, and 9a-
9b were explored by the cyclic voltammetric (CV) analysis in dry
dichloromethane (DCM) solution at room temperature using tetrabutylammonium
hexafluorophosphate (TBAPFg) as a supporting electrolyte. The electrochemical
data are listed in Table 2, and the representative cyclic voltammograms are shown
in Figure 5.6, and Figure 5.7. In general the unsymmetrical ferrocenyl-substituted
BTDs show one reversible oxidation wave in the region 0.04-0.42 V,
corresponding to the oxidation of ferrocene to ferrocenium ion. The BTDs 6a—6h,
7a—7c, 8a—8c, and 9a—9b exhibit one reversible reduction wave in the region
—1.61 V to —2.15 V attributed to the acceptor benzothiadiazole unit.[#12l

—29% —9b

Current (pA)
Current (pA)

T T T T T T T T T
B B B - - E - - K K K T T T T T
24 -22 -20 -18 -16 -14 -12 -10 -08 -06 -04 25 20 15 1o 05

Potential (V) vs Fo/Fct Potential (V) vs Fo/Fct
Figure 5.7. Cyclic voltammogram of BTD 9a and 9b representing the complete
reduction waves at 0.01 M concentration in 0.1 M BusNPF;s in dichloromethane recorded

at 100 mVs ™ scan speed.
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The trend in the oxidation potential of the ferrocenyl moiety in the BTDs
6a—6h follows the order 6h > 6¢c > 6b > 6d > 6a > 6g > 6e > 6f, whereas the
BTDs 7a-7c, 8a—8c, and 9a-9b follows the order 9b >9a > 7a > 7c > 7b > 8a >
8c > 8b. The ferrocenyl moiety in the BTDs exhibit higher oxidation potentials
compared to free ferrocene (E° = 0.00 V, as recommended by IUPAC),
confirming the strong electronic communication between the ferrocene unit, and
the BTD core.[®11 1 1 4 4-tetracyanobuta-1,3-diene (TCBD) is a strong electron
withdrawing group which results in high oxidation of the ferrocene unit. 28]

In addition to the ferrocene oxidation wave a quasi-reversible oxidation
wave due to the triphenylamine unit in BTDs 6h, 8a—8c, and 9b is observed in the
region 0.51-0.58 V.[¥l The BTDs 7a—7c, and 9a exhibit two irreversible
oxidation waves in the region 0.58—1.82 V attributed to the carbazole unit.[?%!

The reduction potential for the BTDs 6a—6h, 7a—7c, and 8a—8c shows less
negative values compared to 2,1,3-Benzothiadiazole 1 (-1.98 V vs Fc/Fc* in
DCM), indicating that the BTD rings in these ferrocenyl substituted compounds
are easier to reduce than unsubstituted BTD.!#2l The BTDs 9a, and 9b exhibit
two reversible reduction waves in the region —0.83 V to —1.29 V attributed to the
successive one-electron reductions of the dicyanovinyl (DCV) groups of the
TCBD =-linker.[?? The third reduction wave in BTDs 9a, and 9b is assigned to
the BTD unit and was observed at —2.08 V and —2.15 V respectively.
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Table 5.2. Electrochemical data of unsymmetrical BTDs 6a—6h, 7a—7c, 8a—8c,
9a, and 9b.

Compound Electrochemical data® Compound Electrochemical data?
Eox(V)®  Ereda(V)° Eox (V)P Ered (V)"

Ferrocene 0.00 - Ferrocene 0.00 -

6a 0.12 -1.69 7a 0.10, 0.60, 0.82 -1.73

6b 0.13 -1.61 7b 0.04, 0.58, 0.80 -1.69

6c 0.14 -1.62 7c 0.10, 0.59, 0.82 -1.68

6d 0.13 -1.67 8a 0.13, 0.54 -1.82

6e 0.11 —1.66 8b 0.02, 0.52 -1.78

6f 0.11 —-1.64 8c 0.11, 0.51 -1.76

69 0.12 —1.66 9a 0.42,0.62,0.82 —0.83,-1.19, —2.08

6h 0.52, 0.95 -1.69 9b 0.41, 0.58 —0.85, -1.29, —2.15

4Recorded by cyclic voltammetry, in 0.1M solution of TBAPFg in DCM at 100
mVs ! scan rate, vs Fc/Fc* at 25°C.°For the irreversible redox process, the peak

potential is quoted.

5.7. X-ray analysis

The single crystal of the unsymmetrical BTDs 6¢c, 6g, 7a, and 7b were
obtained via slow diffusion of ethanol into the chloroform solution at room
temperature. The BTDs 6¢, and 7a crystallizes in the monoclinic space group
P21/c, whereas the BTDs 69 crystallizes in the monoclinic space group P2i1/n. The
BTD 7b crystallizes in triclinic space group P 1 Figure 5.8 shows the single

crystal X-ray structure of 6c, 6g, 7a, and 7b.

94



6c

69

7a

7b

(i) (i)

Figure 5.8. Single-crystal X-ray structure of ferrocenyl BTDs 6c, 6g, 7a, and 7b;
(i) front view and (ii) side view. Solvent molecule (Chloroform) is omitted from
7a for clarity.

The BTD core shows planar structure in the unsymmetrical BTDs 6¢, 69,
7a, and 7b. The cyclopentadienyl rings of the ferrocenyl moiety shows eclipsed
skew conformation in BTD 6c, and eclipsed conformation in BTDs 6g, 7a, and
7b. The dihedral angle between the planes containing the BTD core, and the
cyclopentadienyl ring of ferrocene units was found to be 9.44° in 6c, 41.06° in 69,
70.66° in 7a, and 24.35°.
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Figure 5.9. Packing diagram of ferrocenyl BTD 6c¢ forming 2D zigzag chain
along a-axis.

The packing diagram of BTD 6¢ exhibits short S1---N2 (3.031(2) A), and
N2---N2 (2.969(5) A) interhetroatom contacts between the BTD rings, which
leads to the formation of dimer in head-to-head fashion.[*382% The dimer units are
interlinked through C—H---x interaction C4H4---C21-C25 (3.315(2) A) to form a
2D zigzag chain (Figure 5.9.).

Figure 5.10. Packing diagram of ferrocenyl BTD 69 forming 2D zigzag chain

along a-axis.
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The packing diagram of BTD 6g exhibits short SleeeN2 (3.124(5) A)
interhetroatom contacts between the BTD rings, resulting in the formation of
dimer in head-to-head fashion.4a,8,23 The dimer units are interlinked through C-
H---m interaction C21H21---C30-C34 (3.011(3) A) to form a 2D zigzag chain
(Figure 5.10.).

Figure 5.11. Packing diagram of ferrocenyl BTD 7a forming 2D sheet along a-
axis.

The packing diagram of 7a shows n---7 stacking interaction C7-C12:--C1-
C6 (3.817(2) A) between the carbazole, and the BTD units which lead to the
formation of a 1D polymeric chain. These chains are interlinked in anti fashion
via intermolecular C-H---w interaction C15H15---C7-C12 (3.410(3) A) to form a
2D sheet like structure (Figure 5.11).
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Figure 5.12. Packing diagram of ferrocenyl BTD 7b forming 2D sheet along b-

axis.

The packing diagram of BTD 7b exhibits short S2---N2 (3.263(5) A)
interhetroatom contacts between the BTD rings, which leads to the formation of
dimer in head-to-head fashion.®382% These dimers show m---m stacking interaction
C21-C26---C21-C26 (3.500(2) A) between two adjacent carbazole units of the
dimer. The dimer units are interlinked through C-H---m interaction
C32H32---C15-C20 (2.893(4) A) to form a 1D polymeric chain (Figure 5.12.).
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Table S1. Crystal data and structure refinement for 6¢, 6g, 7a and 7b.

Parameter
Empirical
formula
Formula weight
Temperature
Wavelength(A)
Crystal system,
space group

al (A)

b/ (A)

c/ (A)

al()

B ()

(%)

Volume

Z, Calculated
density (mg m)
Absorption
coefficient /(mm™?)
F(000)

Crystal size

6 range for data
collection/(°)
Limiting indices

Reflections
collected / unique
Completeness to
theta

Absorption
correction

Max. and min.
transmission
Refinement
method

Data / restraints /
parameters
Goodness-of-fit on
F2

Final R indices
[1>2sigma(1)]

R indices (all
data)

Largest diff. peak
and hole (eA)
CCDC number

6c

C12.50 H7.50 Feoso
N150 Sos0

222.65

150(2) K

1.5418 A
Monoclinic, P 2i/c

10.7116(2)
19.3310(3)
10.3975(2)
90
115.994(2)
90
1935.17(6)A3
8, 1.528

7.389

912

0.23 x0.18 x 0.13
mm

45710 72.08

-13<=h<=12,
-23<=k<=23,
-9<=I<=12
12330/ 3760
[R(int) = 0.0242]
72.08 98.7%

Semi-empirical
from equivalents

0.4468 and 0.2813

Full-matrix least-
squares on F2
3760/0/271

1.054

R1 =0.0308, wR2=
0.0824

R1 =0.0332, wR2
=0.0841

0.194 and -0.445

959150

69

C13.60 Hs Feo.40 No.go
So.40

217.77

150(2) K

1.5418

Monoclinic, P 2i/n

14.4585(3)
7.53930(10)
23.5366(4)

90

96.619(2)

90

2548.55(8) A3
10, 1.419

5.711

1120

0.23 x0.18 x 0.13
mm

3.421072.01

-17<=h<=17,
-9<=k<=6,
-28<=1<=28

16801 / 4953 [R(int)
=0.0234]

0 =25.00 100.0%

Semi-empirical
from equivalents

0.5239 and 0.3534

Full-matrix least-
squares on F2
4953/0/343

1.018

R1 =0.0323, wRz =
0.0849
R1 =10.0423, wR2 =
0.0910

0.285 and -0.344

959151

7a
C31 Hoo Cls Fe N3
S
628.76
150(2) K

0.71073 A
Monoclinic, P 2i/c

20.1248(3)
8.14360(10)
16.4453(3) A
90
93.0960(10)
90

2691.26(7) A3
4, 1.552

0.964

1280

0.26 x 0.21 x 0.16
mm

2.9510 25.00

-21<=h<=23,
-9<=k<=9,
-19<=I<=19
23046 / 4735
[R(int) = 0.0289]
25.00 99.9%

Semi-empirical
from equivalents

0.8611 and 0.7877

Full-matrix least-
squares on F2
4735/0/ 352

1.027

R1=0.0302, wR2 =
0.0718
R1=0.0356, wR2 =
0.0755

0.298 and -0.368

959148

7b
CssH2s Fe N3 S

585.48
150(2)
0.71073
Triclinic, P1

8.3665(5)
12.8349(7)
13.9064(8)
92.895(5)
90.071(5)
92.334(4)
1490.16(15) A3
2, 1.305

0.605

604

0.33 x 0.26 x
0.21 mm
2.96 to 25.00

-9<=h<=9,
-15<=k<=14,
-11<=I<=16

11604 / 5228

[R(int) = 0.0244]

25.00 99.8%

Semi-empirical
from equivalents

0.8834 and
0.8253
Full-matrix least-
squares on F2
5228/0/370

1.107

R1=0.0443,
wR2 =0.1367
R1 =0.0521,
WR2 = 0.1441
0.346 and
-0.233
959149
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5.8. Experimental details

'H NMR spectra were recorded using a 400 MHz spectrometer. Chemical
shifts are reported in delta (6) units, expressed in parts per million (ppm)
downfield from tetramethylsilane using residual protonated solvent as an internal
standard (CDCls, 7.26 ppm; (CD3).CO, 2.05). 3C NMR spectra were recorded
using a 100 MHz spectrometer. Chemical shifts are reported in delta (J) units,
expressed in parts per million (ppm) downfield from tetramethylsilane using the
solvent as an internal standard (CDCls, 77.0 ppm; (CD3).CO, 29.8; DMSO-ds,
39.5 ppm). The *H NMR splitting patterns have been described as “s, singlet; bs,
broad singlet; d, doublet; t, triplet; dd (doublet of doublets), dt (doublet of
triplets), and m, multiplet”. UV-visible absorption spectra of all compounds were
recorded in DCM. Cyclic voltamograms (CVs) were recorded on electrochemical
analyzer using Glassy carbon as working electrode, Pt wire as the counter
electrode, and Saturated Calomel Electrode (SCE) as the reference electrode. The
scan rate was 100 mvs! for CV. A  solution of
tetrabutylammoniumhexafluorophosphate (TBAPFs) in CH2Cl. (0.1 M) was
employed as the supporting electrolyte. DCM was freshly distilled from CaH:
prior to use. All potentials were experimentally referenced against the saturated
calomel electrode couple but were then manipulated to be referenced against
Fc/Fc* as recommended by IUPAC.?41 Under our conditions, the Fc/Fc* couple
exhibited E° = 0.38 V versus SCE. HRMS was recorded on TOF-Q mass
spectrometer. The density functional theory (DFT) calculation were carried out at
the B3LYP/6-31G** level for C, N, S, H, and Lanl2DZ level for Fe in the

Gaussian 09 program.?°]

General procedure for the preparation of BTDs 6a-6¢c by Sonogashira
coupling reaction.

To a stirred solution of respective aryl alkyne (10a—10h) (0.37 mmol), and
ferrocenyl bromo-BTDs 3a (0.34 mmol) in THF, and TEA (1:1, v/v) were added
PdClx(PPh3)2 (10 mg, 0.014 mmol), and Cul (2 mg, 0.01 mmol) under an argon
flow at room temperature. The reaction mixture was stirred for 15 h to 24 h at
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60°C, and then cooled to room temperature. The solvent was then evaporated
under reduced pressure, and the mixture was purified by SiO, chromatography
with DCM/Hexane (2:3, v/v) followed by recrystallization in chloroform:ethanol
(1:1) to obtain 6a-6h as colored solid.

Compound 6a: Deep-red solid (73 mg, Yield: 48 %): mp 200.0-201.5 °C; H
NMR (400 MHz, (CD3).CO, § in ppm): 7.89 (d, 1H, J = 7.3 Hz), 7.84 (d, 1H, J =
7.3 Hz), 7.69-7.66 (m, 2H), 7.50-7.47 (m, 3H), 4.65 (t, 2H, J = 1.8 Hz), 4.40 (t,
2H, J = 1.8 Hz), 4.32 (s, 5H); 3C NMR (100 MHz, DMSO-ds, J in ppm): 153.7,
134.3, 132.8, 131.8, 131.5, 131.4, 128.7, 128.5, 121.7, 117.1, 115.2, 96.3, 85.6,
81.8, 71.4, 69.9, 69.5, 63.6 ; HRMS (ESI) m/z calcd for CosHisFeN2S 444.0378
[M]*, found 444.0376 [M]*; UV/vis (DCM): Amax (& [M™cm™]) 406 (32791), 509
(9324).

Compound 6b: Deep-red solid (76 mg, Yield: 50 %): mp 225.5-226.5 °C; H
NMR (400 MHz, (CD3).CO, & in ppm): 7.97 (d, 1H, J = 7.5 Hz), 7.92-7.86 (m,
3H), 7.73(dt, 1H, J = 7.8 Hz, J = 1 Hz), 7.46-7.42 (m, 1H), 4.65 (t, 2H, J = 2.0
Hz), 4.41 (t, 2H, J = 2.0 Hz), 4.32 (s, 5H); 1*C NMR (100 MHz, DMSO-ds, ¢ in
ppm): 150.4, 145.9, 139.0, 136.9, 132.1, 131.9, 127.6, 124.2, 111.1, 108.4, 106.2,
101.9, 98.0, 92.7, 82.3, 71.5, 70.0, 69.7, 63.3; HRMS (ESI) m/z calcd for
CasH1sFeNsS 446.0409 [M+H]*, found 446.0407 [M + H]"; UV/vis (DCM): Amax
(¢ [Mtcm™]) 399 (85328), 511 (22404).

Compound 6¢: Deep-red solid (91 mg, Yield: 60 %): mp > 300 °C; *H NMR (400
MHz, CDCls, ¢ in ppm): 8.90 (bs, 1H),8.62-8.60 (m, 1H), 7.95 (dt, 1H, J = 8 Hz;
J=18Hz),7.80 (d, 1H, J =7.6 Hz), 7.75 (d, 1H, J =7.3), 4.66 (t, 2H, J = 1.8
Hz), 4.34 (t, 2H, J = 2.0 Hz), 4.31 (s, 5H); *C NMR (100 MHz, DMSO-ds, 4 in
ppm): 153.6, 138.6, 135.9, 133.4, 133.1, 132.0, 131.8, 117.6, 114.4, 113.7, 113.2,
108.0, 104.5, 100.8, 95.3, 71.4, 69.9, 63.2; HRMS (ESI) m/z calcd for
CosHisFeNsS 446.0363 [M+H]*,found 446.0360 [M + H]"; UV/vis (DCM): Amax
(e [M1cm™]) 402 (85328), 515 (20963).

Compound 6d: deep-red solid (124 mg, Yield: 70 %): mp 191.5-192.5 °C; 'H
NMR (400 MHz, (CD3).CO, d in ppm): 7.92 (d; 1H; J = 7.5 Hz), 7.85 (d, 1H, J =
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7.5 Hz), 7.81-7.73 (m, 6H), 7.52-7.48 (m, 2H), 7.43-7.39 (m, 2H), 4.65 (t, 2H, J =
2.0 Hz), 4.40 (t, 2H, J = 1.8 Hz), 4.32 (s, 5H); 1*C NMR (100 MHz, CDCls, § in
ppm): 154.25, 154.22, 141.5, 140.0,132.4, 132.2, 131.7, 128.7, 127.6, 126.9,
121.3, 117.7, 116.2, 97.8, 97.0, 86.0, 81.9, 72.8, 71.6, 70.9, 65.8; HRMS (ESI)
m/z calcd for Cs2H20FeN2S 520.0692 [M]", found 520.0692 [M]"; UV/vis (DCM):
Amax (€ [Mecm™]) 413 (55533), 512 (14750).

Compound 6e: Deep-red solid (117 mg, Yield: 70%): mp 199.0-200.5 °C; H
NMR (400 MHz, (CD3).CO, ¢ in ppm): 8.76 (d, 1H, J = 8.3 Hz), 8.06-8.02 (m,
3H), 7.94-7.88 (m, 2H), 7.77-7.73 (m, 1H), 7.67-7.58 (m, 2H), 4.66 (t, 2H, J = 1.8
Hz), 4.41 (t, 2H, J = 1.8 Hz), 4.33 (s, 5H); *C NMR (100 MHz, CDCls, 4 in
ppm): 154.0, 153.7, 132.7, 132.6, 131.7, 131.2, 130.1, 129.0, 127.7, 126.6, 126.0,
125.7, 124.7, 119.6, 117.4, 115.7, 97.2, 94.7, 90.0, 81.4, 71.5, 69.9, 69.4, 63.9;
HRMS (ESI) m/z calcd for CaoHisFeN2S 494.0535 [M]*, found 494.0533 [M];
UV/is (DCM): Amax (¢ [Mcm™]) 421 (54400), 521 (sh).

Compound 6f: Deep-red solid ( 120 mg, Yield: 65%): mp 192.5-193.8 °C; H
NMR (400 MHz, (CD3)2CO, & in ppm): 8.99-8.96 (m, 2H), 8.72 (s, 1H), 8.21-
8.17 (m, 2H), 7.94 (d, 1H, J = 7.5 Hz), 7.79-7.75 (m, 2H), 7.66-7.62 (m, 2H), 4.68
(t, 2H, J = 1.8 Hz), 4.42 (t, 2H, J = 1.8 Hz), 4.34 (s, 5H); *C NMR (100 MHz,
CDCls, ¢ in ppm): 154.4, 154.2, 132.6, 131.7, 131.6, 130.9, 128.5, 127.3, 127.2,
126.8, 126.6, 125.6, 123.0, 117.6, 116.4, 116.3, 97.6, 96.8, 94.2, 81.9, 71.9, 70.3,
69.7, 63.8; HRMS (ESI) m/z calcd for CssHoFeN:S 544.0692 [M]*, found
544.0694 [M]*:; UV/vis (DCM): Amax (¢ [Mlcm']) 465 (67550).

Compound 6g: Deep-red solid (74 mg, Yield: 40 %): mp 201.5-202.4 °C; H
NMR (400 MHz, (CD3)2CO, & in ppm): 8.93-8.86 (m, 3H), 8.32 (s, 1H), 8.10-
8.05 (m, 2H), 7.91 (d, 1H, J = 7.3), 7.88-7.76 (m, 3H), 7.74-7.71 (m, 1H), 4.67 (t,
2H, J = 2.0 Hz), 4.42 (t, 2H, J = 2.0 Hz), 4.34 (s, 5H); *C NMR (100 MHz,
CDCls, ¢ in ppm): 154.3, 154.1, 140.0, 132.2, 132.1, 131.5, 130.7, 130.6, 130.2,
129.7, 128.4, 127.6, 127.1, 127.0, 126.8, 122.5, 122.3, 118.8, 117.7, 115.9, 97.6,
95.2, 89.8, 81.7, 71.9, 70.3, 69.6, 63.5; HRMS (ESI) m/z calcd for CzsH20FeN2S
544.0692 [M]*, found 544.0708 [M]*; UV/vis (DCM): Amax (¢ [Mtcm™]) 423
(58074), 514 (sh).
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Compound 6h: Deep-red solid (114 mg, Yield: 55 %): mp 182.0-183.0 °C; H
NMR (400 MHz, (CD3).CO, § in ppm): 7.85-7.80 (m, 2H), 7.55-7.51 (m, 2H),
7.39-7.35 (m, 2H), 7.17-7.13 (m, 2H), 7.03-7.00 (m, 2H), 4.64 (t, 2H, J = 1.8 Hz),
4.39 (t, 2H, J = 2.0 Hz), 4.32 (s, 5H); ¥*C NMR (100 MHz, CDCls, § in ppm):
154.0, 153.9, 148.1, 146.5, 132.4, 131.6, 131.4, 129.0, 124.8, 123.4, 121.2, 116.9,
116.3, 114.6, 97.4, 97.0, 84.6, 81.5, 71.5, 69.9, 69.1, 63.9; HRMS (ESI) m/z calcd
for CsgHasFeNsS 611.1114 [M]F, found 611.1115 [M]*; UV/vis (DCM): Amax (&
[MZcm™]) 460 (58729).

General procedure for the preparation of BTDs 7a-7c, and 8a-8c by
Sonogashira coupling reaction.

To a stirred solution of respective alkynyl ferrocene (0.37 mmol), and bromo-
BTDs 4a/5a (0.34 mmol) in THF, and TEA (1:1, v/v) were added PdCl>(PPhz)2
(10 mg, 0.014 mmol), and Cul (2 mg, 0.01 mmol) under an argon flow at room
temperature. The reaction mixture was stirred for 12 h at 60°C, and then cooled to
room temperature. The solvent was then evaporated under reduced pressure, and
the mixture was purified by SiO> chromatography with DCM/Hexane (2:3, v/v)
followed by recrystallization in Chlorofom:Ethanol (1:1) to obtain 7a-7c, and 8a-
8c as colored solid.

Compound 7a: Red solid (121 mg, Yield: 70 %): mp 185.5-186.5 °C; 'H NMR
(400 MHz, (CDz3)2CO, ¢ in ppm): 8.26-8.24 (m, 2H), 8.09 (d, 1H, J = 7.5 Hz),
7.99 (d, 1H, J = 7.5 Hz), 7.41-7.37 (m, 2H), 7.33-7.28 (m, 4H), 4.69 (t, 2H, J =
1.8 Hz), 4.42 (t, 2H, J = 2.0 Hz), 4.35 (s, 5H); *C NMR (100 MHz, CDCls,  in
ppm): 155.9, 151.2, 140.9, 131.9, 129.4, 127.7, 125.9, 123.9, 120.6, 120.4, 117.5,
110.3, 97.2, 81.46, 72.7, 713, 70.6, 65.3; HRMS (ESI) m/z calcd for
CsoH19FeNsS 509.0644 [M]*, found 509.0666 [M]*; UV/vis (DCM): Amax (& [M"
lem™]) 443 (35138), 520 (sh).

Compound 7b: Orange solid (129 mg, Yield: 65%): mp 198.0-199.5 °C; H
NMR (400 MHz, (CD3).CO, ¢ in ppm): 8.27-8.24 (m, 2H), 8.18 (d, 1H, J = 7.5
Hz), 8.04 (d, 1H, J = 7.5 Hz), 7.70- 7.68 (m, 2H), 7.64-7.62 (m, 2H), 7.42-7.37
(m, 2H), 7.34-7.30 (m, 4H), 4.86 (t, 2H, J = 1.8 Hz), 4.42 (t, 2H, J = 1.8 Hz), 4.07
(s, 5H); ¥C NMR (100 MHz, DMSO-ds, 6 in ppm): 155.4, 150.7, 141.1, 140.5,
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133.1, 131.7, 129.2, 128.2, 126.1, 123.1, 120.5, 120.4, 118.7, 115.8, 110.8, 96.6,
85.6, 83.3, 69.6, 69.64, 66.6; HRMS (ESI) m/z calcd for CssH23FeNsS 585.0957
[M]*, found 585.0952 [M]*; UV/vis (DCM): Amax (¢ [Mtcm™]) 453 (47855).
Compound 7c: Orange solid (124 mg, Yield: 60%): mp 220.5-221.2 °C; *H NMR
(400 MHz, (CD3)2CO, & in ppm): 8.27-8.26 (m, 2H), 8.20 (d, 2H, J = 7.5 Hz),
8.06 (d, 2H, J = 7.5 Hz), 7.73-7.71 (m, 2H), 7.61-7.59 (m, 2H), 7.42-7.38 (m,
2H), 7.34-7.30 (m, 2H), 4.56 (t, 2H, J = 1.8 Hz), 4.34 (t, 2H, J = 2.0 Hz), 4.28 (s,
5H); 8C NMR (100 MHz, DMSO-ds, J in ppm): 155.2, 150.5, 140.3, 133.1,
131.6, 131.2, 129.4, 127.9, 125.9, 124.0, 123.0, 120.9, 120.3, 120.1, 115.3, 110.5,
95.5, 91.4, 86.9, 84.9, 71.1, 69.7, 69.0, 63.8; HRMS (ESI) m/z calcd for
CsgH23FeNsS 609.0957 [M]*, found 609.0956 [M]*; UV/vis (DCM): Amax (&
[M~tcm™]) 454(62777).

Compound 8a: Red solid (120 mg, Yield: 68%): mp 180.5-181.6 °C; 'H NMR
(400 MHz, (CD3)2CO, 6 in ppm): 8.03-8.01 (m, 2H), 7.89 (d, 1H, J = 7.5 Hz),
7.84 (d, 1H, J =75 Hz), 7.38-7.34 (m, 4H), 7.18-7.10 (m, 8H), 4.63 (t, 2H, J =
1.8 Hz), 4.38 (t, 2H, J = 1.8 Hz), 4.32 (s, 5H); 3C NMR (100 MHz, CDCls, 6 in
ppm): 155.3, 153.1, 148.3, 147.2, 133.2, 132.4, 130.3, 129.8, 129.3, 126.7, 124.9,
123.3, 122.6, 115.7, 95.5, 81.9, 71.9, 70.3, 69.4, 64.8; HRMS (ESI) m/z calcd for
CasHasFeNsS 587.1114 [M]*, found 587.1114 [M]*; UV/vis (DCM): Amax (¢ [M"
lem]) 458 (37842).

Compound 8b: orange solid (140 mg, Yield: 62 %): mp 202.0-203.5 °C; 'H NMR
(400 MHz, (CDs)>CO, ¢ in ppm): 8.04 (d, 2H, J = 9.0 Hz), 7.98 (d, 1H, J = 7.5
Hz), 7.89 (d, 1H, J = 7.5 Hz), 7.65 (d, 2H, J = 8.5 Hz), 7.58 (d, 2H, J = 8.0 Hz),
7.38-7.34 (m, 4H), 7.18-7.10 (m, 8H), 4.84 (t, 2H, J = 2.0 Hz), 4.41 (t, 2H, J = 2.0
Hz), 4.06 (s, 5H); '3C NMR (100 MHz, CDCls, 6 in ppm): 155.4, 153.1, 148.3,
147.3, 140.5, 133.9, 132.9, 131.8, 130.2, 130.0, 129.3, 126.6, 125.9, 125.0, 123.4,
122.6, 119.9, 115.2, 96.2, 85.8, 70.6, 70.2, 67.1; HRMS (ESI) m/z calcd for
Ca2H29FeNsS 663.1427 [M]*, found 663.1426 [M]*; UV/vis (DCM): Amax (& [M
tem1)) 466(51474).

Compound 8c: Orange solid ( 152 mg, Yield: 65 %): mp 189.5-190.5 °C; H
NMR (400 MHz, (CD3)2CO, ¢ in ppm): 8.04 (d, 2H, J = 9 Hz), 8.00 (d, 1H, J =
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7.28 Hz), 7.90 (d, 1H, J = 7.28 Hz), 7.67 (d, 2H, J = 8.80 Hz), 7.57 (d, 2H, J =
8.52 Hz), 7.39-7.35 ( m, 4H), 7.18-7.11( m, 8H), 4.55 (t, 2H, J = 1.8 Hz), 4.33 (t,
2H, J = 2.0 Hz), 4.27 (s, 5H); **C NMR (100 MHz, CDCls, ¢ in ppm): 154.9,
152.5, 147.9, 146.7, 145.3, 141.8, 133.8, 132.8, 131.3, 130.7, 129.5, 128.9, 126.0,
124.4, 123.0, 121.9, 114.0, 109.7, 96.3, 94.3, 93.2, 87.1, 73.4, 70.8, 69.4, 64.9 ;
HRMS (ESI) m/z calcd for CasHaoFeNsS 687.1427 [M]*, found 687.1426 [M]*;
UV/vis (DCM): Amax (¢ [M™cm™]) 467 (84788).

General procedure for the preparation of BTDs 9a-9b.

TCNE (77 mg, 0.60 mmol) was added to a solution of 7a/8a (0.30 mmol) in DCM
(60 mL) at room temperature. The mixture was refluxed at 40 °C for 15 h. The
solvent was removed in vacuo, and the product was purified by SiO;
chromatography with DCM as the eluent to yield 9a/9b as a dark colored solid.
Compound 9a: Purple solid (134 mg, Yield: 70 %): mp 279.5-280.5 °C; *H NMR
(400 MHz, (CDs)>CO, ¢ in ppm): 8.76 (d, 1H, J = 7.5 Hz), 8.31 (d, 2H, J = 7.3
Hz), 7.40-7.29 (m, 4H), 7.24-7.12 (m, 2H), 5.46-5.45 (m, 1H), 5.07-5.05 (m, 1H),
5.01-5.00 (m, 1H), 4.92-4.91 (m, 1H), 4.39 (s, 5H); *C NMR (100 MHz, CDCls,
o in ppm): 171.0, 160.9, 152.1, 150.5, 140.0, 135.2, 131.9, 126.0, 125.5, 124.3,
124.2,122.8, 121.3, 120.2, 113.8, 111.4, 110.7, 110.5, 90.5, 79.3, 75.9, 74.8, 74.2,
73.0, 72.4, 70.7, 65.5; HRMS (ESI) m/z calcd for CssHigFeN7S 637.0767 [M]*,
found 637.0774 [M]*; UV/vis (DCM): Amax (¢ [Mtcm™]) 502 (46178).

Compound 9b: Deep-green solid (172 mg, Yield: 80 %): mp 222.5-223.5 °C; H
NMR (400 MHz, (CD3).CO, 6 in ppm): 8.52 (d, 1H, J = 7.8 Hz), 8.10-8.07 (m,
3H), 7.40-7.36 (m, 4H), 7.19-7.10 (m, 8H), 5.40-5.38 (m, 1H), 5.00-4.99 (m, 1H),
4.89-4.87 (m, 1H), 4.85-4.83 (m, 1H), 4.35 (s, 5H); *C NMR (100 MHz, CDCls,
o in ppm): 171.3, 164.8, 161.5, 152.9, 151.4, 149.3, 146.4, 139.3, 132.0, 130.3,
129.2, 127.8, 125.3, 125.2, 125.1, 123.9, 121.8, 121.1, 111.7, 101.3, 89.0, 82.1,
79.2, 75.5, 745, 74.2, 72.7, 72.1, 70.6, 64.6; HRMS (ESI) m/z calcd for
Ca2Ha7FeN;S 715.1237 [M]*, found 715.1240 [M]*; UV/vis (DCM): Amax (&
[Mtcm™]) 554 (61482).
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5.9. Conclusion

In summary, a series of aryl substituted benzothiadiazole derivatives were
designed and synthesized by the Pd-catalyzed Sonogashira cross-coupling
reaction. The photophysical and electrochemical properties show strong electronic
communication. The enhancement of conjugation via n-bridge resulted in the red
shift of the absorption bands in BTDs 7a-7c, 8a-8c, and 9a-9b. The modulation of
the donor and acceptor strength results in lowering of the band gap. The detailed
nonlinear optical characterization of these ferrocenyl substituted unsymmetrical

BTDs are currently ongoing in our laboratory.
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Chapter 6

Tuning of the HOMO-LUMO gap of symmetrical and
unsymmetrical benzothiadiazoles

6.1. Introduction

n-Functional donor-acceptor (D—A) molecular systems are of significant
interest because of their potential applications in multi-photon absorption, organic
field effect transistors (OFETSs), organic light emitting diodes (OLEDs) and
organic photovoltaics (OPVs).[!! The electronic and photonic properties of the D—-
A system is a function of the HOMO-LUMO gap.! The HOMO-LUMO gap in
D—-n—A systems can be tuned either by altering the strength of D/A units or by
varying the n-bridge.B! Literature reveals that a variety of donors (triphenylamine,
carbazole, etc.) have been attached with electron acceptor (benzothiadiazole,
diketopyrrolopyrrole, etc.) to generate low HOMO-LUMO gap molecular
systems.™! Our group is interested in the design and synthesis of D—A molecular
systems for various applications. !

The reaction of electron deficient tetracyanoethylene (TCNE) and
7,7,8,8-tetracyanoquinodimethane (TCNQ) with electron rich acetylenic donors
results in strong intramolecular charge-transfer (ICT) chromophores. The D-A
systems incorporating these cyno-based acceptors have proved to be efficient
candidates in organic photovoltaics and nonlinear optics.[1 Diederich and
coworkers reacted TCNE and TCNQ with a variety of acetylenic donors and
synthesized charge-transfer chromophores via [2 + 2] cycloaddition—
retroelectrocyclization process.’] Shoji et al. reported the synthesis and properties
of TCNE and TCNQ derivatives of azulene based molecular system.[®! Li group
described the synthesis and nonlinear optical (NLO) properties of
N,N-dimethylaniline-substituted benzothiadiazole (BTD) systems. Their [2 + 2]
cycloaddition—retroelectrocyclization with TCNE and TCNQ resulted in strong
charge-transfer (CT) molecular system.[®]
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Benzothiadiazole is a strong acceptor owing to its high electron affinity
and have been extensively utilized for the design of low HOMO-LUMO gap
molecular systems.[*] Recently we have reported a series of low band gap
symmetrical and unsymmetrical ferrocenyl substituted BTDs.[**! Triphenylamine
and carbazole are strong electron donors and their derivatives have been explored
for various optoelectronic applications.[*"121 We were interested to explore the
band gap of triphenylamine and carbazole substituted symmetrical and
unsymmetrical BTDs and to see the effect of acceptor strength on their
photophysical properties. In this contribution, we wish to report symmetrical and
unsymmetrical donor—acceptor molecular systems of the type D-Ai—A,—-A:-D,
D-n-A-D, Di-n-A-D;, D-Ai-A-D and Di-A1—A>-D,. Triphenylamine
substituted BTDs 3 and 4 were synthesized by the Pd-catalyzed Sonogashira
cross-coupling reaction of dibromo-BTD 2 with 4-ethynyltriphenylamine (13).
The unsymmetrical BTDs 5 and 6 were synthesized by the Ullmann and Suzuki
coupling reactions of BTD 3 with carbazole 14 and triphenylamine-4-boronic acid
15 respectively. The BTDs 4, 5 and 6 were further subjected to the [2 + 2]
cycloaddition—retroelectrocyclization reaction with tetracyanoethylene (TCNE)
and 7,7,8,8-tetracyanoquinodimethane (TCNQ), which resulted symmetrical and
unsymmetrical BTDs 7-12.

6.2.  Results and discussion

The synthesis of symmetrical and unsymmetrical benzothiadiazoles 5-12
are shown in Scheme 6.2, Scheme 6.3 and Scheme 6.4. The dibromo-BTD 2 was
synthesized by the bromination reaction of BTD 1.3l The Pd-catalyzed
Sonogashira cross-coupling reaction of dibromo-BTD 2 with one equivalent of
4-ethynyltriphenylamine (13) resulted [4-(7-bromo-benzo[1,2,5]thiadiazol-4-
ylethynyl)-phenyl]-diphenylamine 3) and 4,7-bis{2-[4-(N,N-
diphenylamino)phenyl]ethynyl}-2,1,3-benzothiadiazole (4) in 50% and 30%
yields respectively (Scheme 6.1).14
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Scheme 6.1. Synthesis of benzothiadiazoles 3 and 4.

The Ullmann and Suzuki coupling reaction of monobromo-BTD 3 with
carbazole (14) and triphenylamine-4-boronic acid (15) resulted BTDs 5 and 6 in
40% and 65% yields respectively (Scheme 6.2).[516]
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Scheme 6.2. Synthesis of benzothiadiazoles 5 and 6.
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The tetracyanobutadiene (TCBD) and dicyanoquinodimethane (DCNQ)
linked BTDs 7-12 were synthesized via the [2 + 2] cycloaddition—
retroelectrocyclization reaction of the BTDs 4-6 bearing acetylene linkage with
tetracyanoethene (TCNE) 16 and 7,7,8,8-tetracyanoquinodimethane (TCNQ) 17
(Scheme 6.3 and Scheme 6.4).°1 The reaction of BTDs 5 and 6 with one
equivalent of TCNE resulted BTDs 7 and 9 in 75% and 80% yields respectively.
The reaction of BTD 4 with two equivalents of TCNE resulted BTD 11 in 85%
yield.
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Scheme 6.3. Synthesis of benzothiadiazoles 7, 9 and 11.

The reactions of 7,7,8,8-tetracyanoquinodimethane (TCNQ) with the
acetylene linked BTDs 4, 5 and 6 were sluggish in nature.l'”1 To overcome this
hurdle the reactions were carried out under the microwave irradiation.[*8! The
reaction of BTDs 5 and 6 with one equivalent of TCNQ in 1,2-dichloroethane
(DCE) at 100 °C under microwave irradiation for 10 h resulted BTDs 8 and 10 in
70% and 65% yields respectively. The reaction of BTD 4 with two equivalents of
TCNQ in DCE at 100 °C under microwave irradiation for 20 h resulted BTD 12 in
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50% vyield. The reactions carried out under microwave irradiation showed
improved yields along with reduced time period. "

5
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Scheme 6.4. Synthesis of benzothiadiazoles 8, 10 and 12.

The purification of BTDs 5-12 were achieved by column chromatography.
Benzothiadiazoles 5-12 were well characterized by *H, C NMR, and HRMS
techniques. The 'H NMR spectra of unsymmetrical BTDs 5-10 show a
characteristic doublet between 8.30—7.66 ppm corresponding to two protons of
benzothiadiazole. The *H NMR spectra of symmetrical BTDs 11 and 12 exhibit
singlet for two benzothiadiazole protons at 8.07 ppm and 8.45 ppm respectively.
Benzothiadiazoles 5-12 are readily soluble in common organic solvents such as
chloroform, dichloromethane, toluene, tetrahydrofuran, acetone, etc.
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6.3.  Photophysical properties

The electronic absorption spectra of the benzothiadiazoles (BTDs) 5-12
were recorded in dichloromethane (Figure 6.1) and the data are listed in Table 6.1.
BTDs 5-12 exhibit strong absorption band between 250-350 nm, corresponding
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Figure 6.1. Electronic absorption spectra of benzothiadiazoles 5-12 in

dichloromethane at 1.0 x 10 M concentration.

The absorption spectra of BTDs 5 and 6 exhibit charge transfer (CT) band
at 464 nm and 473 nm respectively.['*1%] The incorporation of the
tetracyanobutadiene (TCBD) and dicyanoquinodimethane (DCNQ) acceptor unit
result in multi-CT bands in BTDs 7-12.%° This indicates strong donor—acceptor
interaction in the BTDs 7-12 with TCBD and DCNQ linkers. The presence of
strong CT transition result in intense color solution of BTDs 7-12 in
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dichloromethane (Figure 6.2.).The trend observed in the optical HOMO-LUMO
gap values exhibit the order 5>6>7>9> 11> 8> 10 > 12. This reveals that the
optical HOMO-LUMO gap values were significantly lowered in the DCNQ
linked BTDs followed by the TCBD and acetylene linked BTDs. Incorporation of
two TCBD and DCNQ linkages in BTDs 11 and 12 results in lower optical
HOMO-LUMO gap values. Therefore HOMO-LUMO gap in these BTDs are

function of acceptor strength.

i

5 7 8 9 10 11 12
B

Figure 6.2. Benzothiadiazoles 5-12 at 1 x 10° M concentration in

dichloromethane.

The BTDs 5 and 6 exhibit broad fluorescence spectra in dichloromethane
(Figure 6.3.).1%81 The fluorescence emission wavelengths Aem for BTDs 5 and 6

were observed at 684 nm and 691 nm respectively (Table 6.1.).
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Figure 6.3. Emission spectra of BTD 5 and 6 at 0.1 absorption, excited at 462 nm

and 473 nm respectively in dichloromethane.
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Table 6.1. Photophysical, electrochemical and thermal stability data of
benzothiadiazoles 5-12.

BTD Photophysical data T4 (°C)*
Aas (NM)? & (M cm™) Aem Optical Gap HOMO-LUMO
(hm)? (eVv)P Gap (eV)°

5 320 78087 684 2.20 2.44 352
464 40765

6 323 77978 691 2.19 2.42 165
473 55191

7 287 68633 - 1.68 2.46 373
332 44590
466 48688
518 sh

8 303 81366 - 1.34 2.31 458
484 57868
665 51092

9 298 46557 - 1.66 2.40 331
454 33497
560 33770

10 288 87541 - 1.31 2.18 343
491 56994
683 56612

11 276 56010 - 1.57 2.03 298
377 49125
490 60218

12 293 60054 - 1.27 1.86 275
401 60163
637 51366

& Absorbance measured in dichloromethane at 1x10°5 M concentration; sh = shoulder; Aaps:
absorption wavelength; Aem: emission wavelength; & extinction coefficient. ® determined from
onset wavelength of the UV/Vis absortpion ; ¢ calculated from theoretical study; 9decomposition

temperatures for 5% weight loss under N, atmosphere at heating rate of 10 °C min™*

6.4. Theoretical calculations

In order to explore the effect of acceptors on the electronic structure and
the HOMO-LUMO gap of the benzothiadiazoles 5-12 density functional theory
(DFT) calculations were performed at the B3LYP/6-31G** level.?® The contours
of the HOMO, and LUMO of BTDs 5-12 are shown in Figure 6.4 and Figure 6.5.
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Figure 6.4. HOMO and LUMO frontier orbitals of benzothiadiazoles 5 and 6 at
the B3LYP/6-31G** level for C, N, S, and H.

The HOMO s contributed by the aryl donors and the hydrocarbon portion
of the benzothiadiazole in BTDs 5 and 6.[*" The HOMO in BTDs 7, 8, 11 and 12
are delocalized over the triphenylamine donor adjacent to the TCBD and DCNQ
units. On the other hand the HOMO in BTDs 9 and 10 is localized on the
triphenylamine donor directly linked to the benzothiadiazole core. The LUMO
orbitals in BTDs 5-12 are concentrated over the benzothiadiazole, TCBD and
DCNQ acceptors units. The energy level diagram of the frontier orbitals are
shown in Figure 6.6. The presence of strong acceptors (TCBD and DCNQ) in
BTDs 7-12 lowers the LUMO level, which leads to low HOMO-LUMO gap and
red shift in the electronic absorption.
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Figure 6.5. HOMO and LUMO frontier orbitals of benzothiadiazoles 7-12 at the

B3LYP/6-31G** level for C, N, S, and H.
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Figure 6.6. Energy diagram of the frontier orbitals of benzothiadiazole 5-12
estimated by DFT calculations.

Time-dependent DFT calculation was performed on BTD 7 in
dichloromethane to understand the absorption properties. The contributions to the
molecular orbitals in the UV/Vis absorption were determined on the basis of their
oscillator strength (f). The TD-DFT calculation shows that, the lower energy band
at 490 nm in the absorption spectrum (Figure 6.7.) show a preferential
contribution from HOMO—LUMO and HOMO—-1—LUMO.
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Figure 6.7. Simulated UV-visible optical absorption spectra of BTD 7 at the
TDDFT/CAM-B3LYP/6-31G** level for C, N, H, and S in dichloromethane.
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6.5. Electrochemical properties

The electrochemical properties of the BTDs 5-12 were explored by the
cyclic voltammetry (CV) and differential pulse voltammetry (DPV). All the
measurements were performed in dry dichloromethane (DCM) solution at room
temperature using tetrabutylammonium hexafluorophosphate (TBAPFs) as a
supporting electrolyte. The electrochemical data and cyclic voltammetric
HOMO-LUMO gap values are listed in Table 6.2, and the cyclic voltammograms
are shown in Figure 6.8.11% BTDs 5-12 show irreversible oxidation waves
attributed to the donor aryl groups in the region 0.84 to 1.34 V. The BTDs 5 and 6
exhibit one reversible reduction wave corresponding to the benzothiadiazole
acceptor unit at —1.32 V and —1.41 V respectively.[**3] The BTDs 7, 9 and 11
exhibit three reversible reduction waves in the region of —0.15 V to —1.03 V. The
first and second reduction waves are attributed to the successive one-electron
reductions of the dicyanovinyl (DCV) groups of the TCBD unit in BTDs 7 and
9.1 BTD 11 undergoes simultaneous electrochemical reduction of the two
TCBD groups and exhibits the reduction waves at —0.15 and —0.30 V. The third
reduction wave in BTDs 7, 9 and 11 in the region of —0.96 V to —1.03 V is
assigned to the benzothiadiazole unit.[!*?1 BTDs 8 and 10 exhibit three reversible
reduction wave in the region of —0.21 V to —0.99 V corresponding to the
electrochemical reduction of the DCNQ and the benzothiadiazole acceptor unit,
whereas BTD 12 exhibit multiple reversible reduction wave in the region of —0.12
to —1.06 V due to the two DCNQ unit and the benzothiadiazole unit.®?l The
comparison of first reduction potential of BTDs 5-12 reflects that the DCNQ
linked BTDs 8, 10 and 12 were easier to reduce than TCBD linked BTDs 7, 9 and
11, which can be attributed to the strong electron accepting nature of the DCNQ
unit.?21 The presence of TCBD and DCNQ linkage facilitates the reduction of
BTDs 7-12 compared to acetylene linked BTDs 5 and 6. The electrochemical and
optical HOMO-LUMO gaps are in good agreement and exhibit the same trend.
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Figure. 6.8. Cyclic voltammograms of benzothiadiazoles 5 and 7 at 0.01 M
concentration in 0.1 M TBAPFs in dichloromethane recorded at a scan rate of 100
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Figure 6.9. Differential pulse voltammogram of benzothiadiazoles 5-12 at 0.01

M concentration in 0.1 M TBAPFs in dichloromethane (representing the oxidation

waves).
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Table 6.2. Electrochemical data of benzothiadiazoles 5-12.

Compound Electrochemical data?
Exx(V) Erea(V) HOMO-LUMO Gap (eV)°
Ferrocene 0.38 -

5 0.91° -1.32 2.24
1.13°

6 0.84 —1.41
2.22

7 0.97¢  -0.36
1.18° -0.83 1.72

—-1.03

8 0.92° -0.21
1.34°  -0.35 1.37

—-0.99

9 0.94° —0.43
1.15° -0.81 1.70

—-1.02

10 0.92° -0.22
1.07° -0.36 1.35

—-0.99

11 1.04° -0.15
—-0.30 1.58

—-0.96

12 0.91° -0.12
—-0.22 1.30

—-0.35

—0.45

—1.06

3 recorded by cyclic voltammetry in 0.1 M solution of TBAPFs in DCM at 100 mV s scan rate
versus SCE electrode, ° electrochemical HOMO-LUMO gap; ° assigned by differential pulse
voltammetry.

6.6.  Thermal stability

Thermal stability is significant for practical applications of organic
chromophores. In order to have an elementary idea about the thermal stability of
BTDs 5-12 thermogravimetric analysis (TGA) were carried out at a heating rate
of 10 °C min, under a nitrogen atmosphere (Figure 6.10.) and the decomposition
temperatures (Tq) for 5% weight loss are listed in Table 6.1. The BTD 6, 9 and 10
exhibit Tq values at 165 °C, 331 °C and 343 °C whereas BTDs 5, 7 and 8 exhibit
Tq values at 352 °C, 373 °C and 458 °C respectively. The BTDs 11 and 12 with
two TCBD and DCNQ units exhibit the T4 values above 298 °C and 275 °C
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respectively. The trend in thermal stability follows the order 8 >7>5>10>9 >
11 > 12 > 6. This indicates the following: (a) The carbazole substituted BTDs 5, 7
and 8 exhibit better thermal stability compared to their respective analogous
triphenylamine substituted BTDs 6, 9 and 10. This may be due to the reduced
conformational flexibility by the planar carbazole unit.?®l (b) The BTDs 7-10
with one TCBD or DCNQ unit were thermally more stable compared to BTDs 11
and 12 with two TCBD and DCNQ units.

The thermal stability results and observed trend may be useful to improve the
thermal stability of such type of D-A systems.
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Figure 6.10. TGA plots of BTDs 5-12 at a heating rate of 10 °C min, under
nitrogen atmosphere.
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6.7. Experimental section

'H NMR spectra were recorded using a 400 MHz spectrometer. The NMR
spectra were recorded at room temperature (298 K). Chemical shifts are reported
in delta (6) units, expressed in parts per million (ppm) downfield from
tetramethylsilane using residual protonated solvent as an internal standard
{CDCls, 7.26 ppm; (CD3).CO, 2.05 ppm}. 13C NMR spectra were recorded using
a 100 MHz spectrometer. Chemical shifts are reported in delta () units, expressed
in parts per million (ppm) downfield from tetramethylsilane using the solvent as
internal standard {CDCls, 77.0 ppm; (CDs3).CO, 29.8 ppm}. The 'H NMR
splitting patterns have been described as “s, singlet; d, doublet; and m, multiplet”.
UV/Visible absorption spectra of all compounds were recorded in DCM. The
density functional theory (DFT) and calculation were carried out at the B3LYP/6-
31G** level and for C, N, S, H and Time-dependent DFT calculation was
performed on BTD 7 at CAM-B3LYP/6-31G** level for C, N, H, and S in
dichloromethane in the Gaussian 09 program. Cyclic voltammograms and
differential pulse voltammograms were recorded on electrochemical analyzer
using Glassy carbon as working electrode, Pt wire as the counter electrode, and
Saturated Calomel Electrode (SCE) as the reference electrode. The scan rate was
100 mVs? for CV. A solution of tetrabutylammonium hexafluorophosphate
(TBAPFg) in DCM (0.1 M) was employed as the supporting electrolyte. DCM
was freshly distilled from CaH> prior to use. All potentials were experimentally
referenced against the saturated calomel electrode couple. Under our conditions,
the Fc/Fc* couple exhibited E° = 0.38 V versus SCE. HRMS was recorded on
TOF-Q mass spectrometer. All microwave reactions were performed on CEM
discover microwave instrument (Model No0.-908,010). The method used to
measure the reaction temperature during microwave heating is external sensor
type.

Preparation of BTDs 3 and 4 by Sonogashira coupling reaction: To a stirred
solution of 4-ethynyltriphenylamine (3.7 mmol), and dibromo-BTD 2 (3.7 mmol)
in THF, and TEA (1:1, v/v) were added [PdCI>(PPhs)2] (100 mg, 0.14 mmol), and

Cul (20 mg, 0.1 mmol) under an argon flow at room temperature. The reaction
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mixture was stirred for 12 h at 70 °C, and then cooled to room temperature. The
solvent was then evaporated under reduced pressure, and the mixture was purified
by SiO2 chromatography with DCM/hexane (2:3, v/v) to obtain compound 3 as
orange solid (0.89 g; Yield 50 %)). Further elution with DCM/hexane (3:2) gave
compound 4 as deep red solid (0.74 g; Yield 30 %). The *H NMR and *C NMR
data were consistent with earlier reports.[*4

Preparation of BTDs 5: Carbazole 14 (0.67 g, 4.0 mmol), bromo-BTD 3 (1.45 g,
3.0 mmol), anhydrous potassium carbonate (1.66 g, 12.0 mmol), cupric sulfate
(91 mg, 0.63 mmol), and 1,2-dichlorobenzene (10 mL) were added to a round
bottom flask, degassed, and flushed with N2.The reaction mixture was heated at
180 °C for 2 days, and then cooled to room temperature. After that
dichloromethane and water were added. The organic phase was washed with
water and then dried over Na,SO4. After removal of the solvent, the residue was
purified by SiO2 column chromatography, using DCM:hexane (1:1) mixture as
eluent to afford compound 5. Orange solid (685 mg, Yield: 40 %). (SiO2, hexane—
DCM, 1 : 1). Mp 220.5-221.5 °C. 'H NMR (400 MHz, ((CD3).CO, ¢ in ppm)
8.26-8.24 (m, 2H), 8.13 (d, 1H, J = 7.5 Hz), 8.02 (d, 1H, J = 7.5 Hz), 7.58 (d, 2H,
J = 8.8 Hz), 7.41-7.28 (m, 10H), 7.18-7.14 (m, 6H), 7.06-7.03 (m, 2H). 1°C
NMR (100 MHz, CDCls, ¢ in ppm) 156.0, 151.2, 148.7, 147.0, 141.0, 133.0,
132.1, 129.7, 129.5, 127.7, 126.0, 125.2, 124.0, 123.9, 121.8, 120.6, 120.4, 117.2,
114.8, 110.4, 97.7, 84.4. HRMS (ESI-TOF, positive): m/z [M + Na]* calcd for
CasH22N4SNa, 591.1614, found 591.1615. UV/Vis (DCM) Amax (& [M~tcm]) 320
(78087), 464 (40765).

Preparation of BTD 6: To a stirred mixture of triphenylamine-4-boronic acid 15
(2.45 g, 5.0 mmol), bromo-BTD 3 (2.41 g, 5.0 mmol), Toluene (5 ml), THF (6
ml) and H20 (1 ml) were added [Pd(PPhs)4] (0.075 g, 0.75 mmol), Na2COz ( 0.73
g, 5 mmol). The reaction mixture was heated at reflux for 24 h and then water was
added to quench the reaction. The product was extracted with diethyl ether. The
organic layer was collected, dried over anhydrous Na;SO. and evaporated under
vacuum. The solid was adsorbed on silica gel and purified by column
chromatography, using DCM:hexane (1:1) mixture as eluent to afforded
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compound 6. Red solid (2.1 g, Yield: 65 %). Mp 153.0-154.0 °C. *H NMR (400
MHz, (CDCls, & in ppm) 7.90-7.86 (m, 2H), 7.83 (d, 1H, J = 7.3, H), 7.67 (d, 1H,
J=7.3, H), 7.53-7.50 (m, 2H), 7.32-7.27 (m, 8H), 7.22-7.17 (m, 6H), 7.15-7.12
(m, 4H), 7.10-7.02 (m, 6H). **C NMR (100 MHz, CDCls, J in ppm) 155.4, 153.2,
148.4, 148.3, 147.3, 147.1, 133.6, 132.9, 132.6, 130.4, 129.9, 129.41, 129.36,
126.7, 125.1, 125.0, 123.7, 123.4, 122.7, 122.0, 115.5, 115.4, 96.4, 85.0. HRMS
(ESI-TOF, positive): m/z [M + H]* calecd for CaH3iNsS 647.2264, found
647.2262. UV/Vis (DCM) Amax (¢ [M~tcm]) 323 (77978), 473 (55191).

General procedure for the preparation of BTDs 7 and 9: TCNE (39.0 mg, 0.30
mmol) was added to a solution of compound 5/6 (0.30 mmol) in DCM (50 mL).
The mixture was refluxed at 40 °C for 8 h. The solvent was removed in vacuo,
and the product was purified by SiO2 column chromatography with DCM as the
eluent to yield 7/9 as a dark colored solid.

BTD 7: Black solid (0.16 mg, Yield: 75 %). Mp 184.0-185.0 °C. *H NMR (400
MHz, (CDCls, ¢ in ppm) 8.30 (d, 1H, J = 7.8 Hz), 8.18-8.16 (m, 2H), 8.02 (d, 1H,
J=7.8Hz), 7.77-7.74 (m, 2H), 7.44-7.36 (m, 8H), 7.30-7.28 (m, 3H), 7.24-7.21
(m, 5H), 6.70-6.93 (m, 2H). 3C NMR (100 MHz, CDCls, ¢ in ppm) 164.0, 163.7,
153.7, 152.7, 150.8, 144.6, 140.2, 136.0, 133.4, 132.3, 130.1, 126.9, 126.6, 126.3,
125.6, 124.7, 123.3, 122.2, 121.8, 120.6, 118.1, 113.6, 113.0, 111.8, 111.0, 110.9,
91.9, 79.6. HRMS (ESI-TOF, positive): m/z [M + Na]* calcd for CasH24NgSNa
719.1731, found 719.1737. UV/Vis (DCM) Amax (¢ [M~tcm™]) 287 (68633), 466
(48688), 518 (sh).

BTD 9: Black solid (0.19 g, Yield: 80 %). Mp 171.0-173.0 °C. *H NMR (400
MHz, (CDCls, 6 in ppm) 8.15 (d, 1H, J = 7.8 Hz), 7.96-7.92 (m, 2H), 7.81 (d, 1H,
J = 7.8 Hz), 7.70-7.66 (m, 2H), 7.39-7.31 (m, 8H), 7.26-7.11 (m, 14H), 6.91—
6.87 (m, 2H). C NMR (100 MHz, CDCls, J in ppm) 164.5, 164.4, 153.4, 153.3,
152.1, 149.8, 146.8, 144.7, 140.2, 133.5, 132.2, 130.7, 130.0, 129.55, 128.1,
126.9, 126.4, 125.7, 125.4, 124.3, 122.4, 122.3, 121.4, 118.0, 113.7, 113.0, 112.1,
111.3, 90.1, 79.7. HRMS (ESI-TOF, positive): m/z [M + Na]* calcd for
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CsoH30NsSNa 797.2206, found 797.2204; UV/Vis (DCM) Amax (¢ [M~tcm™]) 298
(46557), 454 (33497), 560 (33700).

Preparation of BTD 11. TCNE (77 mg, 0.60 mmol) was added to a solution of
compound 4 (0.30 mmol) in DCM (50 mL) at room temperature. The mixture was
refluxed at 40 °C for 16 h. The solvent was removed in vacuo, and the product
was purified by SiO> chromatography with DCM as the eluent to yield compound
11 as a dark colored solid. Black solid (0.24 g, Yield: 85 %). Mp >300 °C; *H
NMR (400 MHz, (CDCls, & in ppm) 8.07 (s, 2H), 7.64—7.60 (m, 4H), 7.40-7.35
(m, 8H), 7.27-7.26 (m, 1H), 7.25-7.23 (m, 3H), 7.18-7.16 (m, 8H), 6.88-6.86
(m, 4H). *C NMR (100 MHz, CDCls, ¢ in ppm) 162.6, 162.0, 154.0, 151.0,
144.3, 131.9, 131.0, 130.1, 129.2, 126.9, 126.8, 120.6, 118.1, 113.4, 113.3, 111.0,
110.4, 94.6, 79.5. HRMS (ESI-TOF, positive): m/z [M + Na]* calcd for
CssH3oN12SNa 949.2329, found 949.2327. UV/Vis (DCM) Amax (& [Mtcm™]) 276
(56010), 377 (49125), 490 (60218).

General procedure for the preparation of BTDs 8 and 10. TCNQ (61 mg, 0.30
mmol) was added to a solution of 5/6 (0.30 mmol) in 1,2-dichloroethane (DCE) (4
mL) in a microwave tube. The mixture was reacted under microwave condition at
100 °C for 10 h. The solvent was removed in vacuo, and the product was purified
by SiO> chromatography with DCM:ethylacetate (9:1) as the eluent to yield
compound 8/10 as a dark colored solid.

BTD 8: Black solid (0.16 g, Yield: 70 %). Mp 208.5-209.5 °C. *H NMR (400
MHz, (CDCls, 6 in ppm) 8.17-8.15 (m, 2H), 8.04 (d, 1H, J = 7.5 Hz), 7.92 (d, 1H,
J = 7.5 Hz), 7.51-7.48 (m, 1H), 7.42-7.27 (m, 12H), 7.23-7.13 (m, 9H), 6.94—
6.90 (m, 2H); 3C NMR (100 MHz, CDCls, § in ppm) 167.4, 154.9, 152.9, 151.6,
150.8, 145.3, 140.3, 135.7, 134.9, 134.7, 134.4, 132.4, 129.9, 126.8, 126.62,
126.56, 126.52, 126.2, 126.0, 125.9, 125.7, 124.6, 121.6, 120.6, 119.1, 114.03,
114.01, 112.6, 112.0, 110.6, 91.7, 75.2. HRMS (ESI-TOF, positive): m/z [M +
Na]* calcd for CsoH2sNgSNa 795.2050, found 795.2047. UV/Vis (DCM) Amax (&
[M~1cm™]) 303 (81366), 484 (57868), 665 (51092).

BTD 10: Black solid (0.17 g, Yield: 65 %). Mp 200.5-201.5 °C; *H NMR (400
MHz, (CDCls, & in ppm) 7.93-7.90 (m, 3H), 7.74 (d, 1H, J = 7.8 Hz), 7.48-7.45
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(m, 1H), 7.36-7.29 (m, 9H), 7.23-7.10 (m, 18H), 6.91-6.87 (m, 2H). *C NMR
(100 MHz, CDCls, § in ppm) 168.2, 153.9, 153.2, 152.3, 151.5, 151.3, 149.6,
146.8, 145.3, 139.0, 135.9, 134.6, 133.9, 132.7, 130.5, 129.9, 129.5, 128.3, 127.3,
126.5, 125.9, 125.8, 125.7, 125.5, 125.3, 124.2, 121.6, 119.0, 114.2, 114.1, 112.9,
112.3, 90.4, 74.6. HRMS (ESI-TOF, positive) m/z [M + H]* calcd for CsgH3sNsS
851.2700, found 851.2701. UV/Vis (DCM) Amax (¢ [M~tcm]) 288 (87541), 491
(56994), 683 (56612).

Preparation of BTD 12. TCNQ (123 mg, 0.60 mmol) was added to a solution of
4 (0.30 mmol) in 1,2-dichloroethane (DCE) (4 mL) in a microwave tube. The
mixture was reacted under microwave condition at 100 °C for 20 h. The solvent
was removed in vacuo, and the product was purified by SiO> chromatography
with DCM:ethylacetate (9:1) as the eluent to yield compound 12 as a dark colored
solid. Black solid (0.16 g, Yield: 50 %). Mp 204.0-205.0 °C; *H NMR (400 MHz,
(CD3)2CO, ¢ in ppm) 8.45 (s, 2H), 8.01-7.98 (m, 2H), 7.58-7.56 (m, 2H), 7.41-
7.28 (m, 16H), 7.22-7.18 (m, 4H), 7.10-7.08 (m, 8H), 6.79 (d, 4H, J = 8.8 Hz).
13C NMR (100 MHz, (CD3).CO, & in ppm) 166.7, 154.9, 152.3, 152.1, 151.6,
146.5, 137.3, 137.2, 136.2, 134.9, 132.7, 132.4, 130.7, 127.2, 126.7, 126.4, 126.0,
119.7, 114.8, 113.4, 113.1, 94.7, 74.9. HRMS (ESI-TOF, positive): m/z [M + Na]*
calcd for C7oHssN12SNa 1101.2955, found 1101.2957. UV/Vis (DCM) Amax (&
[M~1cm™]) 293 (60054), 401 (60163), 637 (51366).

6.8.  Conclusion

In summary a series of symmetrical and unsymmetrical donor-substituted
benzothiadiazoles were synthesized. The number and nature of acceptor units
perturbs the photonic properties, HOMO-LUMO gap and thermal stability of the
benzothiadiazoles. The electronic absorption and computational calculation
indicate substantial lowering of the HOMO-LUMO gap by the incorporation of
cyano-based dicyanoquinodimethane (DCNQ) and tetracyanobutadiene (TCBD)
groups in the benzothiadiazoles. The TCBD and DCNQ linkage of donor-
substituted benzothiadiazole facilitates the reduction of the acceptor BTD unit and

results in non-emissive nature of these molecular systems which confirms the
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strong donor—acceptor interaction. The thermal stability of the benzothiadiazoles
can be enhanced by the incorporation of planar carbazole donor. The presence of
single TCBD or DCNQ improves the thermal stability. The results obtained in
this study will be useful for design and synthesis of materials with low HOMO-
LUMO gap and improved thermal stability for various optoelectronic
applications. These low HOMO-LUMO gap molecular systems are potential
candidate for organic photovoltaics. The study towards organic photovoltaic
applications of these BTDs are currently ongoing in our laboratory.
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Chapter 7

Reversible mechanochromism in unsymmetrical
benzothiadiazoles

7.1.  Introduction

In recent years research on organic mechanochromic materials has gained
momentum due to their applications in mechano-sensors, optical storage, rewritable
media, and security ink.[XI Mechanochromic materials exhibit reversible solid-state
emission in response to external stimuli such as grinding, pressing, fuming and
annealing.l*® The reversibility in solid-state emission is associated to the phase
transitions between crystalline and amorphous state.?] A variety of donor-acceptor
organic molecular system have been explored for mechanochromism.! Recently
we reported mechanochromism in tetraphenylethene substituted
phenanthroimidazoles.

2,1,3-Benzothiadiazole (BTD) is a strong acceptor owing to its high
electron affinity.®) Our group is involved in the design and synthesis of
symmetrical and unsymmetrical donor-substituted BTDs.[! In this contribution we
wish to report the synthesis, photophysical and reversible mechanochromic
response of dipyridylamine substituted unsymmetrical BTD. The design of the
dipyridylamine substituted unsymmetrical BTD is based on the following
considerations: 1) possibility of potential intermolecular hydrogen bonding
interactions via the N-atoms of dipyridylamine unit. 2) The orientation of the two
pyridyl rings of the dipyridylamine unit can provide twisted arrangement to endorse
non-parallel packing in solid state. 3) The incorporation of BTD acceptor results
in strongly luminescent systems. ']
7.2.  Results and discussion

The synthetic route to the push—pull BTDs 2 and 3 are shown in Scheme 2.
The Pd-catalyzed Sonogashira cross-coupling reaction of dibromo-BTD with
4-ethynylbiphenyl resulted BTD 1 in 52% vyield (Scheme 1).
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Scheme 1 Synthesis of BTD 1.

In order to study the effect of orientation of pyridyl rings on the
mechanochromic behavior, we designed BTD 2 and 3 with acetylene linked pyridyl
unit and N-linked dipyridylamine unit respectively. The Pd-catalyzed Sonogashira
cross-coupling reaction of BTD 1 with 3-ethynylpyridine resulted BTD 2 in 78%
yield. The Ullmann coupling reaction of BTD 1 with dipyridylamine in the presence
of CuSO4 and K2COs in dichlorobenzene at 180 °C for 48 h resulted BTD 3 in 65%
yield. The BTDs 2 and 3 were well characterized by *H, *C NMR and HRMS
techniques.

PdCl,(PPhy),,
Cul, THF:TEA

(1:1),60°C, 24 h

N
N N

1 <‘/ Y <
— N~ N 7 N\

5 —N
s OO=A
CuS0,, K,COs3, N
1,2-dichlorobenzene, 72\

180 °C, 48 h 3 _

Scheme 2 Synthesis of BTDs 2 and 3.

7.3.  Thermal properties
The thermal stability of the push—pull BTDs 2 and 3 were studied using
thermogravimetric analysis (TGA) at a heating rate of 10 °C min™*, under nitrogen

atmosphere (Figure 7.1.). The decomposition temperatures (5% weight loss) for
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BTD 2 and 3 were 430 °C and 321 °C respectively. The pyridyl-substituted BTD 2
exhibits higher thermal stability compared to dipyridylamine-substituted BTD 3.
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Figure 7.1. TGA plots of 2 and 3 at a heating rate of 10 °C min%, under nitrogen
atmosphere.

7.4.  Photophysical propetries
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Figure 7.2. Electronic absorption and emission spectra of BTD 2 and 3.

The electronic absorption and emission spectra of BTDs 2 and 3 were
recorded in dichloromethane at room temperature (Figure 7.2.) and the data are
compiled in Table 7.1. The BTDs 2 and 3 exhibit strong absorption between 300—
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320 nm, corresponding to m—n* transition and a charge transfer (CT) band between
399-450 nm.[1 There is a large red shift (~65 nm) in the low energy transition of
BTD 3 compared to BTD 2, reflecting strong electronic communication between
dipyridylamine and BTD moiety. The BTDs 2 and 3 emit green and orange
fluorescence at the wavelength of ~513 nm and ~578 nm respectively.

Table 7.1. Photophysical data of BTD 2 and 3.

BTD Photophysical data

In dichloromethane solution
Aws  e(MTem?l)  Aem Stoke’s shift )=

(nm) (nm) (nm)

2 312 50437 513 96 0.47
417 40382

3 319 90273 578 130 0.14
448 52841

@ calculated with Quinine sulfate (@ = 0.55) in 0.1M H>SO, as standard.

7.5.  Theoretical calculations

In order to explore the electronic structure of the BTDs 2 and 3 density
functional theory (DFT) calculations were performed at the B3LYP/6-31G** level.
InBTD 2 and 3 the HOMO is localized on the electron donating biphenyl, pyridyl,
dipyridylamine and the hydrocarbon portion of the BTD unit and LUMO on the
electron withdrawing BTD unit reflecting strong donor—acceptor interaction
(Figure 7.3.). The incorporation of dipyridylamine in BTD 3 results in lowering of
the HOMO-LUMO gap, leading to red shift of the absorption spectrum.
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Figure 7.3. HOMO and LUMO frontier orbitals of BTD 2 and 3.

DFT optimized structure of BTD 2 and 3 exhibits planar and non-planar
alignment of the pyridyl rings with respect to BTD core respectively. This indicates
that the incorporation of dipyridylamine results in twisted arrangement to endorse

non-parallel packing in solid state (Figure 7.4.).
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Figure 7.4. DFT optimized structure of BTDs 2 (top) and 3 (bottom).

7.6.  Mechanochromic properties

The mechanochromic properties of unsymmetrical BTDs 2 and 3 were
studied by the absorption and emission studies. The crystalline samples of BTDs 2
and 3 absorb at 443 and 481 nm respectively (Figure 7.5.). Upon grinding, the
sample of BTD 2 shows no change in the absorption behavior whereas BTD 3

exhibits red-shifted absorption at 498 nm (Figure 7.6).
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Figure 7.5. Normalized absorbance of the solid sample of BTD 2 and 3 as
prepared.
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Figure 7.6. Normalized absorbance of the sample of BTD 3 after grinding.
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Figure 7.7. Normalized emission of the solid sample of BTD 2.

The solid samples of BTD 2 show greenish-yellow emission at 538 nm

whereas BTD 3 exhibits yellow emission at 556 nm (Figure 7.7. and 7.8.). The
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solid sample of BTD 3 upon grinding using a spatula or a pestle exhibits drastic
change in the emission behavior and the emission peak at 556 nm was red shifted
to 581 nm (Figure. 7.8.). The solid sample of BTD 2 exhibits no change in the
emission upon grinding. The mechanochromic effect of BTD 3 can be reverted to
its original color either by annealing or fuming with dichloromethane vapor (Figure
7.8). The grinded sample of BTD 3 upon annealing at 150 °C for 35 min or fuming
with dichloromethane vapor for 4 min restored the original yellow emission (Figure
7.8., 7.9 and 7.10).

——BTD 3 as prepared
——BTD 3 after grinding
——BTD 3 after anneling
——BTD 3 after fuming

Normalized Intensity

500 600 700
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Grinding E
—»
[ -
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Figure 7.8. Solid state emission spectra and fluorescence colour change induced
upon grinding the solid sample of BTD 3.
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Figure 7.9. BTD 3 as prepared (Ap) and repeated switching of the solid-state
fluorescence by repeated grinding (G) and heating (H) cycles.

590

G2 e
Gl G G4 g5 G G8 G9 G0

580

S

570

Intensity (a.u.)

560

S

V2 V5
] vi Vs V4 ve V7o

550

540

Cycle numbers

Figure 7.10. BTD 3 as prepared (Ap) and repeated switching of the solid-state
fluorescence by repeated grinding (G) and fuming (V) cycles.

7.7.  X-ray analysis

The single crystal of BTD 3 was obtained via slow diffusion of ethanol into
the dichloromethane solution at room temperature. BTD 3 crystallizes in the
monoclinic space group P2i1/c and exhibits twisted structural arrangement (Figure
7.11. and 7.12.). The dihedral angle between the planes containing the BTD core
and the pyridyl rings of dipyridylamine unit was found to be 69.90° and 82.82°.
The crystal data, important bond lengths and bond angles are listed in the Table 7.2
and 7.3.
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Table 7.2. Crystal data and structure refinement for BTD 3.

Empirical formula

Formula weight

Temperature

Wavelength(A)

Crystal system, space group
al (A)

b/ (A)

o/ (A)

al(°)

Bl (°)

 (°)

Volume

Z, Calculated density (mg m)
Absorption coefficient /(mm™?)
F(000)

Crystal size

6 range for data collection/(°)

Limiting indices

Reflections collected / unique
Completeness to theta
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole (eA3)
CCDC Number

CaoHwNs S
481.56

273(2) K

15418 A
Monoclinic, P2i/c
20.8735(5)
11.8292(3)
9.8383(3)

90

101.978(3)

90

2376.35(11) A3

4, 1.346

1.438

1000

0.22x 0.18 x 0.14 mm
4.321071.98

-25<=h<=24, -14<=k<=10,

-12<=I<=11

15657 / 4584 [R(int) = 0.0256]

6 =25.00; 99.5%

Semi-empirical from equivalents

0.8240 and 0.7426

Full-matrix least-squares on F2

4584 /0 /400
1.057

R1 =0.0452, wR2 = 0.1274
R1 =0.0529, wR2 = 0.1393

0.312 and -0.397
1020099
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Table 7.3. Selected bond length and bond angle of BTD 3.

Bond lengths [A] Bond angles [°]

S(1)-N(2)  1.6035(18) N(2)-S(1)-N(1) 101.64(8)
S(1)-N(1)  1.6086(17) C(1)-N(1)-S(1) 105.76(12)

N(1)-C(2) 1.341(2) C(6)-N(2)-S(1) 106.07(12)
N(2)-C(6) 1.339(2) N(1)-C(1)-C(2) 126.49(15)
C(2)-N(5) 1.416(2) N(1)-C(1)-C(6) 113.32(15)
C(1)-NG)  14292)  c(3)-C(2-NGB)  121.05(16)
C(1)-N@B) 132002)  N)-c2)-c1)  121.69(15)
C(25-N@B)  13473)  N()-c(6)-C(5) 12563(15)
C(26)-N(4)  1336()  N()-c(6)-c(1) 113.21(15)
C(26)-N()  1.3%4(2)  N(@3)-C(21)-C(22) 123.75(17)
N(4)-C(30)  13503)  N(3)-C(21)-N(5) L15:47(15)
C(22)-C(21)-N(5) 120.77(17)
N(3)-C(25)-C(24) 1235(2)
N(3)-C(25)-H(25) 1183
N(4)-C(26)-C(27) 123.23(16)

Figure 7.11. Crystal structure of 3 side view (above) and top view (below).
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The packing diagram of BTD 3 exhibits H-bonding interaction N4---H4
(2.59 A) between the dipyridylamine nitrogen (N4) and the BTD hydrogen H4. The
H-bonding interaction between the dipyridylamine and BTD results in twisted

arrangement in the crystalline state.

Figure 7.12. Packing diagram of BTD 3 along the b-axis.

7.7.  PXRD analysis

In order to gain insight into the mechanism of mechanochromism in BTD 3
powder X-ray diffraction (PXRD) analysis was performed (Figure 7.13.). The BTD
3 exhibit intense and sharp diffraction peaks before grinding reflecting the
crystalline character. The BTD 3 sample show very weak diffraction peaks upon
grinding suggesting the transition to amorphous state.®! The ground sample of BTD
3 exhibits sharp diffraction peaks when subjected to heating or fuming indicating
the transformation to the crystalline phase. This study clearly concludes that the
mechanochromism in BTD 3 is associated with the morphology change from the

crystalline state to the amorphous state and vice versa.
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BTD 3 as prepared

——BTD 3 after grinding

Intensity

——BTD 3 after heating
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Figure 7.13. Powder-XRD patterns of BTD 3

7.8. Experimental section

Chemicals were used as received unless otherwise indicated. All oxygen or
moisture sensitive reactions were performed under nitrogen/argon atmosphere. H
NMR (400 MHz), and *C NMR (100 MHz) spectra were recorded on the Bruker
Avance (111) 400 MHz instrument by using CDCls. Chemical shifts for *H NMR
spectra are reported in delta (6) units, expressed in parts per million (ppm)
downfield from tetramethylsilane using residual protonated solvent as an internal
standard {CDCls, 7.26 ppm}. Chemical shifts for *C NMR spectra are reported in
delta (o) units, expressed in parts per million (ppm) downfield from
tetramethylsilane using the solvent as internal standard { CDCls, 77.0 ppm}. The H
NMR splitting patterns have been described as “s, singlet; d, doublet; t, triplet and
m, multiplet”. Thermogravimetric analyses were performed on the Metler Toledo
Thermal Analysis system. UV-visible absorption spectra were recorded on a Carry-
100 Bio UV-visible Spectrophotometer. Emission spectra were taken in a
fluoromax-4p fluorimeter from HoribaYovin (model: FM-100). The excitation and
emission slits were 2/2 nm for the emission measurements. All of the measurements
were done at 25 °C. The density functional theory (DFT) calculation were carried
out at the B3LYP/6-31G** level for C, N, S, H in the Gaussian 09 program. HRMS
was recorded on Brucker-Daltonics, micrOTOF-Q Il mass spectrometer. The XRD

measurements were performed using Rigaku SmartLab, Automated Multipurpose
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Xray diffractometer. The X-rays were produced using a sealed tube and the
wavelength of the X-ray was 0.154 nm (Cu K-alpha).

Preparation of benzothiazole 1.

To a stirred solution of the 4-ethynylbiphenyl (1 mmol), and dibromo-BTD 1 (1
mmol) in THF, and TEA (1:1, v/v) were added PdCl>(PPhz)2 (10 mg, 0.014 mmol)
and Cul (2 mg, 0.01 mmol) under an argon flow at room temperature. The reaction
mixture was stirred for 12 h at 60 °C, and then cooled to room temperature. The
solvent was then evaporated under reduced pressure, and the mixture was purified
by SiO2 chromatography with DCM/hexane (1:3, v/v), followed by
recrystallization in DCM:hexane (1:3) to obtain 1. Pale yellowish solid ( 203 mg,
Yield: 52%): 'H NMR (400 MHz, CDCls, 6 in ppm): 7.85 (d, 1H, J = 7.5 Hz),
7.75-7.72 (m, 2H), 7.68 (d, 1H, 7.5 Hz), 7.65-7.62 (m, 4H), 7.49-7.44 (m, 2H),
7.40-7.36 (m, 1H); 3C NMR (100 MHz, CDCls, J in ppm): 154.1, 153.1, 141.8,
140.1, 132.7, 132.4, 132.0, 128.9, 127.8, 127.1, 127.0, 121.2, 116.7, 114.6, 96.8,
85.2; HRMS (ESI-TOF) m/z calcd for C20H11BrN2S + Na: 412.9719 [M + Na]",
found 412.9683 [M+ Na]".

Preparation of benzothiadiazole 2.

To a stirred solution of the 3-ethynylpyridine (1 mmol), 1 (1 mmol) in THF, and
TEA (1:1, v/v) were added PdCIl>(PPhs)2 (10 mg, 0.014 mmol) and Cul (2 mg, 0.01
mmol) under an argon flow at room temperature. The reaction mixture was stirred
for 24 h at 60 °C, and then cooled to room temperature. The solvent was then
evaporated under reduced pressure, and the mixture was purified by SiO;
chromatography with DCM/hexane (2:2, v/v) to obtain 2. Yellowish green solid (
322 mg, Yield: 78%); *H NMR (400 MHz, CDCls, 6 in ppm): 8.91 (s, 1H), 8.63
(m, 1H), 7.98-7.95 (m, 1H), 7.86-7.82 (m, 2H), 7.77-7.74 (m, 2H), 7.67-7.63 (m,
4H), 7.49-7.45 (m, 2H), 7.41-7.34 (m, 2H); *C NMR (100 MHz, CDCls, 6 in ppm):
154.3, 154.2, 152..5, 149.2, 141.9, 140.1, 138.7, 132.8, 132.4, 132.2, 128.9, 127.8,
127.1,127.0,123.1,121.2,119.8, 117.9, 116.2, 97.9, 93.6, 88.4, 85.9, HRMS (ESI-
TOF) m/z calcd for C27H1sN3sS + H: 414.1059 [M + H]*, found 414.1058 [M + H]".

Preparation of benzothiadiazole 3.
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2,2’-Dipyridylamine (4.0 mmol), 1 (3.0 mmol), anhydrous potassium carbonate
(22.0 mmol), cupric sulfate (0.63 mmol), and 1,2-dichlorobenzene (10 mL) were
added to a round bottom flask, degassed, and flushed with N2. The reaction mixture
was heated at 180 °C for 48 h, and then cooled to room temperature.
Dichloromethane and water were added. The organic phase was washed with water
and then dried over NaSQOa. After removal of the solvent, the residue was purified
by SiO. column chromatography, using DCM: Ethylacetate (9:1) mixture as eluent
to afford 3. Yellow solid (313 mg, Yield: 65%); *H NMR (400 MHz, (CDCls, ¢ in
ppm): 8.30-8.28 (m, 2H), 7.81 (d, 1H, J = 7.8 Hz), 7.75-7.72 (m, 2H), 7.66-7.61
(m, 6H), 7.49-7.45 (m, 2H), 7.41-7.35 (m, 2H), 7.14-7.12 (m, 2H), 7.03-6.99 (m,
2H); 3C NMR (100 MHz, CDCls, ¢ in ppm): 157.5, 156.1, 151.5, 148.6, 141.4,
140.3, 137.8, 137.6, 133.3, 132.3, 128.9, 127.7, 127.04, 127.0, 125.6, 121.7, 119.1,
117.2,114.2,95.5, 86.1; HRMS (ESI-TOF) m/z calcd for C3oH19NsS + H: 482.143
[M + H], found 482.143 [M + H]".

7.9.  Conclusions

In summary unsymmetrical push—pull benzothiadiazoles 2 and 3 were
synthesized by the Pd-catalyzed Sonogashira and Cu-catalyzed Ullmann coupling
reactions. The photophysical, computational and single crystal X-ray studies reveal
that the planar and non-planar orientation of the pyridyl rings with respect to the
benzothiadiazole core in BTD 2 and 3 effectively alters the mechanochromic
behavior. The dipyridylamine-substituted BTD 3 shows reversible
mechanochromic response between vyellow (crystalline state) and orange
(amorphous state) color. The results obtained in this study will help to understand
the design criteria and the mechanism behind mechanochromism. Currently our
group is synthesizing BTD based new mechanochromic materials with different

color contrast for various applications.
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Chapter 8

Conclusions and future scope

8.1.  Conclusions

The benzothiadiazole (BTD) unit is a strong acceptor and its derivatives
exhibit strong absorption.l*] The photonic properties of BTD derivatives can be
tuned by variation in the nature of substituents.?l We have functionalized BTD with
various donor/acceptor units in symmetrical and unsymmetrical fashion to tune
photonic properties.E!

In Chapter 3, the BTDs were functionalized with ferrocenyl donor unit at
the 4- and 7-positons through various m-linkers. The photonic properties of
ferrocenyl-substituted BTDs are a function of the n-linkers between the BTD
acceptor and the ferrocene donor. The nature of n-linker determine the strength of
D-A and charge-transfer interaction. !

In Chapter 4, symmetrical and unsymmetrical ferrocenyl-substituted BTDs
were designed and synthesized. The photophysical, and electrochemical behavior
of the ferrocenyl-substituted benzothiadiazoles show strong donor—acceptor
interaction. These D—A systems exhibit significant perturbation in the photonic
properties upon modulation of the w-spacer between the donor and the acceptor
units, and increasing the number of acceptor units. The results indicate that increase
in the number of acceptor benzothiadiazole unit, results in the lowering of the
energy gap, which leads to the bathochromic shift of the absorption spectrum. ]

In Chapter 5, a series of aryl-substituted unsymmetrical benzothiadiazole
derivatives were designed and synthesized. The photophysical and electrochemical
properties show strong electronic communication. The enhancement of conjugation
via a m-bridge resulted in the red shift of the absorption bands in these aryl-
substituted BTDs. The incorporation of the 1,1,4,4-tetracyanobuta-1,3-diene group
in benzothiadiazoles results in significant lowering of the HOMO-LUMO gap and
enhanced thermal stability. Our results provide the rationale to design low HOMO-
LUMO gap materials for various optoelectronic applications. !
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In chapter 6, a series of symmetrical and unsymmetrical donor-substituted
benzothiadiazoles were synthesized. The number and nature of acceptor units
perturbs the photonic properties, HOMO-LUMO gap and thermal stability of the
benzothiadiazoles. The electronic absorption and computational calculation
indicates substantial lowering of the HOMO-LUMO gap by the incorporation of
cyano-based dicyanoquinodimethane (DCNQ) and tetracyanobutadiene (TCBD)
groups in the benzothiadiazoles. The TCBD and DCNQ linkage of donor-
substituted benzothiadiazole facilitates the reduction of the acceptor BTD unit and
results in non-emissive nature of these molecular systems, which confirms the
strong donor—acceptor interaction. The thermal stability of the benzothiadiazoles
can be enhanced by the incorporation of a planar carbazole donor, single TCBD or
DCNQ linkage. [']

In chapter 7, unsymmetrical push—pull benzothiadiazoles were synthesized.
The photophysical, computational and single crystal X-ray studies reveal that the
planar and non-planar orientation of the pyridyl rings with respect to the
benzothiadiazole core effectively alters the mechanochromic behavior. The
incorporation of dipyridyl unit results in reversible mechanochromism with color
contrast between yellow (crystalline state) and orange (amorphous state). The
powder-XRD studies clearly concludes that the mechanochromism in
dipyridylamine-substituted BTDs is associated with the morphology change from
the crystalline state to the amorphous state and vice versa. [

8.2.  Future scope

The thesis highlights a smart methodology for designing low HOMO-LUMO gap
donor-acceptor small molecules. The HOMO-LUMO gap of the donor-acceptor
molecules can be tuned by enhancement of conjugation length and increasing the
donor/acceptor strength. The increase of donor/acceptor strength results in
significant tuning of the optical (HOMO-LUMO) gap as compared to enhancement
of conjugation length. The incorporation of strong cyano-based acceptor units
(TCNE and TCNQ) in the donor—acceptor BTDs results strong intramolecular
charge-transfer extending in the near infrared region. These strongly absorbing
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small molecules are promising candidates for donor materials in bulk
heterojunction solar cells.[]

The BTD derivatives exhibit strong solid-state emission. The incorporation of non-
planar dipyridylamine unit in the BTD core results in the phenomenon of reversible
mechanochromism. The results can be utilized to design BTD-based molecules

with reversible mechanochromic behavior.[1%]
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