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Chapter 4

Introduction

An enormous number of conjugated polymers have been developed as the
active materials for organic electronic devices, such as organic light emitting diodes
(OLEDs), organic field effect transistors (OFETs) and organic photovoltaics (OPVs)
during the past two decades.'” For improvement in the efficiencies of these devices,
development of novel conjugated polymers plays the most important role which can
afford low cost, light weight and flexible electronic devices.* Many recent research
studies have exhibited that the development of conjugated polymers require alternating
sequence of aromatic and quinoidal units as well as the combination of the electron-
releasing and electron-withdrawing units along the polymer chain, which in turn will

lead to the donor-acceptor (D-A) polymer having a low bandgap.sf7

In contrast to the traditional linear conjugated polymers, which are having
continuous aromatic rings interconnected by carbon-carbon single bonds, ladder type
polymers are the conjugated frame-works, that are comprised of linearly fused aromatic
or heterocyclic subunits connected via sharing the endo-cyclic carbon-carbon double
bonds.* ' Covalently forced planarization within the ladder structure enhances the
parallel p-orbital interactions and increases the effective conjugation length by
facilitating the m electron delocalization. Moreover, the rigidified coplanar structure
suppresses the rotational disorder around the inter-annular single bonds and lowers the
reorganization energy, which in turn enhances the intrinsic charge mobility."”” Such
double stranded conjugated structures exhibit high thermal, chemical and mechanical
stabilities. Though, the physical and electronic properties of the ladder-type polymers
have attained considerable interest in the area of non-linear optics, light emitting diodes
and organic field effect transistors, the highly rigid ladder-type polymers suffer from
the disadvantages like poor solubility and solution processability due to the strong n-n
interactions, which greatly limits their optoelectronic applications. It is envisaged that
the well-defined ladder type small molecules which up on polymerization leads to a
new class of donor-acceptor-type semi-ladder polymers, can circumvent the problems

associated with highly rigid ladder-type polymers.

Thus, incorporation of electron-rich and electron-poor subunits into the
mutually ring-fused structures has acquired much attention of researchers. A large

variety of electron-rich aromatic and heterocyclic building blocks such as benzene,
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thiophene, furan, selenophene, pyrrole, silole, germole, cyclopentadiene, etc., and
electron-poor aromatic and heterocyclic building blocks such as benzothiadiazole,
thieno-pyrrolodione, bithiopheneimide, quinoxaline, naphthobisthiadiazole, lactam,
diketopyrrolopyrrole, thiazolothiazole, etc., can be chemically assembled to afford a
range of fascinating ladder-type conjugated skeletons with tunable properties and
functions.”®? Till date, a wide range of D-A conjugated polymers have been reported
having electron-rich and/or electron-deficient multi-fused aromatic and heterocyclic
building blocks, arrayed into the polymer backbone.* Amongst all the reported
heteroatom containing multi-fused polycyclic aromatic systems, most of the systems
are electron-rich and acts as a donor unit, while some of the systems are electron-poor
and acts as an acceptor unit. Some of the very few reported fused D-A systems are
proficient of exhibiting ambipolar behaviour, one of such D-A integrated structure,
dithienopyrrolobenzothiadiazole (DTPBT) is reported for the first time by Cheng et al.
(Figure 4.1), in which an electron-deficient 2,1,3-benzothiadiazole (BT) unit is
covalently fused with two outer electron-rich thiophene units via two embedded pyrrole

rings.4

A

Figure 4.1 Structure of D-A intergrated dithienopyrrolobenzothiadiazole (DTPBT)

Compared to the traditional D-A linkage, where the donor and acceptor units
are fastened together by a single carbon-carbon bond, the directly fused D-A structures
are expected to have efficient intramolecular charge transfer (ICT) interactions owing
to the coplanar structure.”” Since 2011, DTPBT-based conjugated polymers have
attracted attention of the researchers because of the superior properties of DTPBT
building block like rigid and coplanar structure, better intramolecular charge transfer
(ICT) properties leading to the enhanced light absorption properties, ambipolar
behaviour, extended m- conjugation, ability to form m-stacked structures in the solid
state via strong m-m interactions, etc.. Cheng et al. reported DTPBT-based D-A
polymers utilizing 9,9-dioctyl-9H-fluorene (F), 9-heptadecanyl-9H-carbazole (C) and
4,4-bis(2-ethylhexyl)-4 H-cyclopenta[2,1-b:3,4-b"]dithiophene (CPDT) via Suzuki and
Stille polymerization (Figure 4.2). The space-charge limit current (SCLC) hole
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mobilities of these DTPBT-based polymers; poly(DTPBT-alt-F), poly(DTPBT-alt-C)
and poly(DTPBT-alt--CPDT) were measured to be 4.7 X 10, 1.8 X 10 and 1.3 X

107 cm? V' s, respectively.?

R

Ry 1
R 1Iz R, Ri 1|z R \\/
N

N, N N
s
I\ ,. '3 :

S
poly(DTPBT-alt-F) poly(DTPBT-alt-C)
R =-C;H,5;5 Ry =-CgHy; R =-Cj;H,5; Ry =-CgHyy7

poly(DTPBT-al-CPDT)
R =-C,H,5; R, = -2-ethylhexyl

Figure 4.2 Structures of reported DTPBT-based D-A polymers*°

Carsten et al. reported two novel DTPBT-based copolymers (Figure 4.3) with
4,8-bis(2-butyloctyloxy)benzo[1,2-b:4,5-b"|dithiophene (BDT) and 3-fluorothieno|3,4-
b]thiophene-2-(2-ethylhexyl)carboxylate (fTT) wvia Stille polymerization. These
DTPBT-based D-A polymers, poly(DTPBT-alt-BDT) and poly(DTPBT-alt-fTT)
exhibited relatively higher SCLC hole mobilities of 3.43 X 10 * and 2.95 X 10™* cm’

Vs respectively.?’

poly(DTPBT-al+-BDT)

R = -2-ethylhexyl; R; = -2-butyloctyl poly(DTPBT-al-fTT)

R = -2-ethylhexyl

Figure 4.3 Structures of reported DTPBT-based D-A polymers®’

Recently, Liu et al. reported DTPBT-based D-A polymers using 4,8-bis(5-(2-
ethylhexyl)thiophenyl)benzo[ 1,2-b:4,5-b"]dithiophene (BT-BDT) as electron-rich
donor unit and 2,5-bis(2-ethylhexyl)-3,6-bisthiophenylpyrrolo[3,4-c]pyrrole-1,4-dione
(DPP) as electron-poor acceptor unit via Stille polymerization (Figure 4.4). The D-A
copolymer poly(DTPBT-alt-BT-BDT) showed SCLC hole mobility of 2.1 X 10~ c¢m?
V! s, while ternary D-A copolymer poly{(DTPBT-alt-BT-BDT),;-alt-(BT-BDT-

183



Chapter 4

alt-DPP), 3} exhibited slightly improved SCLC hole mobility of 2.9 X 10~ c¢m?® V'

-11
S .

poly(DTPBT-alt-BT-BDT) R
R = -2-ethylhexyl

poly{(DTPBT-alt-BT-BDT), ;-alt-(BT-BDT-alt-DPP), 3}
R = -2-ethylhexyl

Figure 4.4 Structures of reported DTPBT-based D-A polymers'

Thus, focusing the superior properties of DTPBT-scaffold, like coplanar
structure, enhanced absorption properties, ambipolar behaviour, strong intermolecular
n-m interaction, etc., we have synthesized 10,11-dioctyl-2,8-bis(tri-n-butylstannyl)-
10,11-dihydro-[2,1,3]thiadiazolo[4,5-e]thieno[2',3":4,5]pyrrolo[3,2-g]thieno[3,2-
blindole (TP-M1), which can be easily incorporated into a D-A polymer via Stille

polymerization with three different co-monomers.

2,1,3-Benzothiadiazole (BT) is one of the most widely explored electron-
withdrawing unit in the field of organic electronics.** " Various electron-rich and some
electron-poor units have been attached or inserted into the BT unit to further tune the

opto-electronic properties of BT-based scaffolds.*' ™’

Particularly, introducing the
strongly electron-withdrawing fluorine atoms to the BT-unit has been found to stabilize
both LUMO and HOMO energy levels and this modification has led to the many new

high performing organic electronic materials.*'****

Tamilavan et al. have reported BT-
based acceptor-acceptor-acceptor-type monomer by introducing the two weak electron-
accepting N-alkylbenzimidazole scaffolds into the central strong electron-accepting
BT-unit, and utilized this novel acceptor to form a D-A polymer with 2,6-

bis(trimethylstannyl)-4,8-bis(2-ethylhexyloxy)benzo[ 1,2-b:4,5-b"]dithiophene via Stille
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polymerization. Synthesized D-A polymer exhibited optical bandgap of 2.34 eV,
though the novel acceptor unit utilized in D-A polymer was proven to be a strongly
electron-withdrawing, that could lower the HOMO energy level of D-A polymer.* This
intrigued us to explore this strong acceptor unit and we have synthesized a similar
acceptor unit, BTD-IMD-MS, having solubilising n-octyl chains at nitrogen atoms of
imidazole rings. Accounting the strong electron-withdrawing behaviour of BTD-IMD-
MS, we have developed a ternary D-A polymer TP-TP-IMD by Stille polymerization
of DTPBT-based monomer TP-M1 with DTPBT-based monomer TP-M2 and a strong
acceptor BTD-IMD-MS in 1:1 stoichiometric ratio, thereby increasing the percentage
of donor DTPBT-units to 75% and reducing the percentage of acceptor BTD-IMD units
to 25%.

Recently, quinoxaline-based D-A polymers have garnered attention of
researchers for organic electronic devices, due to the strong electron withdrawing
properties of quinoxaline ring system.*>* 6H-indolo[2,3-b]quinoxaline (Figure 4.5)
has emerged as a novel D-A molecule, having fused electron-rich indole and electron-
deficient quinoxaline.” Due to this unique dipolar structure, indoloquinoxaline exhibits
better intramolecular charge transfer (ICT). Moreover, coplanar structure with extended
n-conjugation endows indoloquinoxaline to form n-stacked aggregates, both in solution

as well as in solid state, via strong n-n interaction.”*"*

N,ZQ

[:Z\

NT™N
H

Figure 4.5 Structure of D-A integrated 6H-indolo[2,3-b]quinoxaline

Tyagi et al. have reported a series of indoloquinoxaline derivatives and utilized
them as electron transporting and emitting layer in OLEDs.>> Qian et al. and Payne et
al. have reported 6H-indolo[2,3-b]quinoxaline-based organic sensitizers for dye-

sensitized solar cells (DSSCs).>*%

Recently Dong et al. reported indoloquinoxaline-
based hole-injection materials for multi-layered OLEDs.”® To the best of our
knowledge, a D-A-type coplanar tetracyclic fused system, 6/ H-indolo[2,3-b]quinoxaline
has not been incorporated yet into the conjugated polymers. Thus, focusing the
advantages offered by 6H-indolo[2,3-b]quinoxaline scaffold, like tetracyclic fused

coplanar structure, better intramolecular charge transfer (ICT) owing to the unique
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dipolar structure, ability to form m-stacked aggregates due to the strong intermolecular
7-T interactions, ambipolar behaviour, etc., we have developed a novel 2,9-dibromo-6-
dodecyl-6H-indolo[2,3-b]quinoxaline (INQx-M3), which can be easily subjected to the
Stille polymerization with synthesized DTPBT-based monomer, TP-M1, to give a
novel D-A polymer TP-INQXx.

In the past few years, new electron deficient units have been identified such as
the double B «— N bridged bipyridyl (BNBP) as well as several lactam-based electron-
deficient units, including diketopyrrolopyrrole (DPP) and isoindigo (11G).>* %
Recently, DPP unit containing small molecules and polymers have exhibited high
charge carrier mobilities for both holes and electrons, owing to the strongly polar
pyrrole functionality and electron-withdrawing carbonyl carbons, which facilitates
intermolecular associations.” Similar to DPP, IIG is identified as one of the most
efficient electron-withdrawing units, due to the polar bicyclic lactam units.®** TIG-
based D-A polymers show good charge carrier mobilities and excellent stabilities in
ambient conditions due to the lowering of the HOMO-LUMO energy levels.
Furthermore, strongly electron-withdrawing fluorine atoms have also been introduced
to the [IG-scaffold, to improve the charge mobilities and ambient stability by lowering

the LUMO levels.* %

Recently, Li ef al. reported a novel pyrazine-fused isoindigo (PzIIG), having a
more planar structure and extended m-conjugation compared to the IIG unit. The two
PzIIG-based D-A polymers, having two BDT-derivatives, namely 4,8-bis(4,5-
dioctylthiophenyl)benzo[1,2-b:4,5-b"]dithiophene ~ (BDT2TCg) and  4,8-bis(4,5-
didecylthiophenyl)dithieno[2,3-d:2",3 "-d]benzo[ 1,2-b:4,5-b"]dithiophene
(DTBDT2TC,), were reported to exhibit deeper HOMO-LUMO levels; —5.48 eV and
—3.64 eV, respectively for poly(PzIIG-a/t--BDT2TCg) and —5.40 eV and —3.58 eV for
poly(PzIIG-alt-DTBDT2TC)y). Both polymers showed moderate SCLC hole mobilities
of 6.57 X 10 em”* V''s ' and 5.92 X 10~ cm® V''s™! for poly(PzIIG-alt-BDT2TCy)
and poly(PzIIG-alt-DTBDT2TC ), respectively.®* Inspired form this, we have
developed a novel benzene-fused isoindigo scaffold, namely (3E,3'E)-3,3"-(1,4-
phenylenebis(methanylylidene))bis(5-bromo-N-dodecylindolin-2-one) (BIIG-M4),
which is subjected to the Stille polymerization with TP-M1 to yield a novel D-A
polymer TP-BIIG.
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Results and discussion

Synthesis of monomers and polymers

A nitrogen-bridged pentacyclic donor-acceptor type
dithienopyrrolobenzothiadiazole (DTPBT) was synthesized from 5,6-dinitro-4,7-
dithienyl-2,1,3-benzothiadiazole (compound 4) by intramolecular cadogan annulation
(Scheme 4.1) according to the literature procedure reported by Kato ef al.”’ In DTPBT,
two outer electron rich thiophene moieties are covalently fastened with central electron-
deficient benzothiadiazole core with an aid of two nitrogen bridges. Synthesized
DTPBT was subjected to the N-alkylation using n-octylbromide and sodium hydroxide
powder in DMF under nitrogen atmosphere, to yield DTPBT-CS.

C2411'117 sH17 ?an ?s“n
N N
(n-Bu)3;Sn Sn(n-Bu); Br 4 \ ’ \ Br
S S
/ \ 1\
N__N
TP- Ml TP-M2

Br
\QN
N
—
-
Ci2Hys
INQx-M3 BIIG-M4
CSH” sH17
7 : ;/ \E
BTD-IMD-M5

Figure 4.6 Structures of the synthesized monomers

DTPBT-based monomers TP-M1 and M2 were synthesized according to the
modified literature procedure reported by Carsten et al. (Scheme 4.2).”' TP-M1 was
synthesized by lithiation of DTPBT-C8 wusing in-situ prepared lithium
diisopropylamide (LDA) at —78 °C in dry THF, followed by quenching the lithiated salt
with dropwise addition of tri-n-butyltin chloride solution in dry THF. Obtained crude
product after reaction, was directly utilized for polymerization without further
purification, the percentage conversion and yield of the reaction was determined by 'H
NMR spectroscopy of the crude reaction mass. The second DTPBT-based monomer
TP-M2 was synthesized by reacting DTPBT-C8 with N-bromosuccinamide in

anhydrous DMF under dark conditions at room temperature.
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conc. HNO;/
Br
SOCI,, NEt - Br conc. H,SO, ON
©i CH2C12 /N\S ry/abr /N\S CF;SOzH 2 /N\S
—_— —_—
~./ , =/
H, Reﬂux, 4h N Reflux, 6 h SN 60°C,8h  O:N N
Br Br
1@5%) 2 (94%) 3 (83%)
2-Bu /@ Pd(PPh;),Cl,
n-Bu- ?n S Dry THF
n-Bu Reflux, 3 h
CH;3(CH,)4CH,Br
CsHiy Gyt DMF H H o-DCB O,N  NO,
NaOH A NN T\ _PPhs \ s
qQD S Y .
S
Reflux, 12 h
60°C, 8 h /R N/\ \N
N s’
s
DTPBT-C8 (78%) DTPBT (73%) 4 (79%)
Scheme 4.1 Synthesis of DTPBT and DTPBT-C8
n-BuLi/
CsHy7 CgHyy Diisopropyl amine CgHy7 CeHyy
/ N N A Dry THF / N N N
\ | —————————>»  (n-Bu);Sn | I Sn(n-Bu);
s S -78°C S S
N__N Sn(n-Bu);Cl N_ N
S rt,12 h
DTPBT-C8 TP-M1 (81.1%)
CsH,7 CsH,7 NBS CgHy; CgHyy
DMF & &
Dark 7 \
Br \ ’ Br
rt, 12 h 8 s
(A
N\S,N
DTPBT-C8 TP-M2 (63%)

Scheme 4.2 Synthesis of TP-M1 and TP-M2 from DTPBT-C8

The indoloquinoxaline-based INQx-M3 was synthesized by acetic

acid

catalyzed condensation reaction between S5-bromoisatin and compound 6 under

nitrogen atmosphere, followed by the N-alkylation reaction using n-dodecylbromide

and K,COs3; in DMF (Scheme 4.3). In accordance with the two equally possible

approaches of 4-bromo-1,2-diaminobenzene (compound 6) towards condensation with

5-bromoisatin, two condensation products, namely 2,9-dibromo-6-dodecyl-6H-

indolo[2,3-b]quinoxaline (INQx-M3) and 3,9-dibromo-6-dodecyl-6H-indolo[2,3-

b]quinoxaline (compound 7) are being formed in 1:1 ratio (confirmed by 'H NMR

spectroscopy).
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NBS Conc. HC1
©:NHZ AcOH NH, SnCL.2H,0 NH,
—_— —_—
NO, 50°C,3h Br NO, 60°C,1h Br NH,
5 6 (75%)
0 0
1. AcOH, 130 °C, 24 h
Br.
o | 2 K.coypMF
N CH;(CH,);yCH,Br
H 80°C,8h
Br, Br Br
N, N,
A\ A\
_ + Br
N ITI N ITI
CizHas CpoHys
INQx-M3 (29%) 7

Scheme 4.3 Synthesis of INQx-M3 from 5-bromoisatin and 4-bromo-1,2-
diaminobenzene

A mixture of both the products (INQx-M3 and 7) were isolated as a bright
yellow band from the column chromatography. The isolated mixture was further
purified by extensive column chromatography over silica gel using 5% ethyl acetate-
petroleum ether as an eluent, yielding relatively pure slowly moving INQx-M3 from
the later fractions of the column. Isolated pure product was further purified by re-
crystallization from ethanol-chloroform solution, yielding pure INQx-M3 as bright
yellow needles. Moreover, positions of bromine atoms were confirmed by single crystal
X-ray diffraction study of INQx-M3. It is noteworthy that out of the two possible
structural isomers, INQx-M3 and 7, the isomer having both bromine atoms on the same
side of the molecule (INQx-M3) crystallizes as bright yellow needle shaped crystals
under ambient conditions, while the second isomer comes out from the solution as

bright yellow beads.

The benzene-fused iso-indigo BIIG-M4 was synthesized by Knoevenagel-type
condensation reaction between 5-bromo-N-dodecylindolin-2-one (compound 9) and
terephthalaldehyde using piperidine as a base in refluxing ethanol under nitrogen
atmosphere (Scheme 4.4). 5-bromo-N-dodecylindolin-2-one (compound 9) was
synthesized from 5-bromo-1-dodecylisatin (compound 8) by Wolff-Kishner type

reduction reaction using refluxing hydrazine hydrate (99%).
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CH;3(CH,),oCH,Br

[0] Br:
Br- K2C03/DMF \©j€: NH,NH,.H,0 o
N
N |
H

0 140 ﬂc 2h
80 C,2h &t ity

8 (82%) 9 (88%)

CHO | Piperidine
/©/ Abs. EtOH
OHC Reflux, 24 h

BIIG-M4 (68%)

Scheme 4.4 Synthesis of BIIG-M4 from compound 9 (5-bromo-N-dodecylindolin-2-
one) and terphthalaldehyde

An acceptor-acceptor-acceptor type benzothiadiazole-imidazole based monomer
BTD-IMD-MS was synthesized by reacting 2,1,3-benzothiadiazole-4,7-dicarbaldehyde
(compound 12) with 4-bromo-1,2-diaminobenzene (compound 6) in DMF using
OXONE as an oxidizing agent (Scheme 4.5). The reaction proceeds through the
condensation reaction followed by the OXONE-mediated oxidative cyclisation

reaction.

HBr/AcOH Br

(HCHO), NBS/BPO AgNO;
/N\ Reflux /N\ Chlorobenzene N Ethanol/HzO /N\
©:\ S——> S S
N $h N 80°C,8h 60°C 3h N
X,
Br

Br (0}
1 10 (63%) 11 (54% 12 (35%)
NH, Oxone
DMF
50°C,4 h
CsHyy Cus CH;(CH,)CH,Br
/@ NaH g >_Q_< D
Y <} ? ( ~omr
/ \
60°C, 6 d
BTD- IMD M5 (45%) 13 (crude)

Scheme 4.5 Synthesis of BTD-IMD-MS5 from compound 12 (2,1,3-benzothiadiazole-
4,7-dicarbaldehyde) and compound 6 (4-bromo-1,2-diaminobenzene)

The crude product 13 obtained from the reaction was isolated and subjected to
the N-alkylation reaction using sodium hydride (60% mineral oil suspension) in
anhydrous DMF. 2,1,3-benzothiadiazole-4,7-dicarbaldehyde (compound 12) was
synthesized from 4,7-bis(dibromomethy)-2,1,3-benzothiadiazole (compound 11) in

refluxing ethanol using silver nitrate as an oxidizing agent.
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TP-M2 +
BTD-IMD-MS5 (1:1)
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S S 120 °C,48 h
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N\S,N
TP-M1 TP-TP-IMD
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N l\\ ?x"n ?n“n N ]\}
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INQx-M3 _ 7 TN P
T O "
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. .
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S’ S
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\
C|2H25
BIIG-M4
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TP-BIIG

Scheme 4.6 Synthesis of DTPBT-based co-polymers TP-TP-IMD, TP-INQx and TP-
BIIG by Stille polymerization

The dithienopyrrolobenzothiadiazole (DTPBT)-based conjugated polymers,
namely TP-TP-IMD, TP-INQx and TP-BIIG, were synthesized by stille coupling
reaction between distannyl derivative of DTPBT, TP-M1 and corresponding dibromo
derivatives (TP-M2+BTD-IMD-MS (1:1), INQx-M3 and BIIG-M4) using Pd(PPh;)4
as catalyst in toluene/DMF (4:1) under nitrogen atmosphere (Scheme 4.6). The
obtained polymers were further purified by sequential soxhlet extraction using different
solvents like methanol, acetone, petroleum ether and the pure polymer fraction was
finally eluted using chloroform. The solvent was evaporated under reduced pressure

and solids were further dried under vacuum at 50 °C.
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Structural aspects of monomers

The molecular structures of two nitrogen-bridged donor-acceptor type
molecules DTPBT and its N-alkylated derivative have been studied extensively using
single crystal X-ray diffraction studies by Kato ez al.”® X-ray analysis has confirmed
that these m-extended thiadiazoles have highly planar frameworks with good m—mn
stacking ability. Moreover, N-alkylated DTBPT showed head-to-tail packing, forming
1D columns in a parallel and slanted arrangement. These columns are held together by

weak S---H interactions.

Structural aspects of the indoloquinoxaline-based monomer INQx-M3 were
studied by single crystal X-ray diffraction technique. A single crystal of INQx-M3 was
obtained by re-crystallization from ethanol-chloroform. Data were collected using Mo
Ka (A =10.71073) radiation on an Xcalibur-Eos-Gemini diffractometer. The crystal was
kept at 293 K during data collection. The structure was solved and refined using
Olex2" computer program, using ShelXL structure solution program’> and refined with
ShelXL refinement package’® using least squares minimization. X-ray analysis

confirmed that INQx-M3 has highly planar framework (Figure 4.7a and b).

Figure 4.7 ORTEP drawing of INQx-M3; (a) top view and (b) side view
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Figure 4.8 (a) Arrangement of neighbouring molecules in the crystal packing of INQx-
M3 and (b) Crystal packing of INQx-M3 along b-axis.

The dihedral angle between both of the terminal phenylene rings is 5.4°. In solid
state, the molecular structure showed no noticeable bond length alteration and bond
angles are inconspicuous. In the crystal structure, no intramolecular hydrogen bonding
was observed. Moreover, INQx-M3 exhibited good n-m stacking with a distance of
about 3.36-3.38 A as shown in Figure 4.8a and Figure 4.9a. The molecules are
arranged in a sheet like structure with head-to-tail packing, influenced by weak Br---H

interactions (Brl---H27C) with a distance of 2.82 A.

Additionally, the molecules are packed in head-to-head manner to form a 1D
column in a parallel and slanted arrangement (Figure 4.9), governed by strong n-n
interaction between quinoxaline ring and phenyl ring adjacent to the quinoxaline ring.
These columns are held together by weak N---H interactions (N15---H2AA) with a
distance of 2.69 A at an angel of 84.3°. The crystal packing of INQx-M3 showed large

solvent accessible voids along the h-axis (Figure 4.9b).
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Figure 4.9 (a) Formation of 1D columns in parallel and slanted arrangement in the
crystal packing of INQx-M3 along c-axis; (b) Formation of large solvent accessible
voids in the crystal packing of INQx-M3 along b-axis

The benzene fused iso-indigo BIIG-M4 contains one phenyl ring inserted in the
middle of isoindigo. This inserted phenyl ring is providing a longer effective
conjugation length compared to the isatin-derived isoindigo. Moreover, the inserted
phenyl ring preferably remains trans- to the carbonyl group of the oxindole ring,
making BIIG-M4 structurally rigid. The benzothiadiazole-imidazole based compound
13 is having central strong electron withdrawing benzothiadiazole ring, which is
connected to the weak electron accepting benzimidazole rings at 4- and 7- positions.
Though, only one structure is presented for compound 13 in Scheme 4.5, compound 13
can exist as three isomers due to the N—H hydrogen exchange between 1,3-positions of
the imidazole ring.* However, after N-alkylation of compound 13, resulting monomer
BTD-IMD-MS5 showed symmetrical structure as deduced from the 'H and *C NMR
spectra. The two n-octyl chains attached to the benzimidazole units, should be on the
same side of the molecule and in order to avoid steric hinderance with the thiadiazole
ring, the n-octyl chains might be positioned to the opposite side of the thiadiazole
ring.* However, the bromine atoms can be present at either 5- or 6- position of the

benzimidazole ring, and to have a better look at the position of bromine atoms, single
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crystal of the monomer BTD-IMD-MS5 was developed from its saturated chloroform
solution. The suitable single crystal of BTD-IMD-MS5 was picked and was studied by
the single crystal X-ray diffraction technique. Data were collected using Mo Ko (A =
0.71073) radiation on an Xcalibur-Eos-Gemini diffractometer. The crystal was kept at
298 K during data collection. The structure was solved and refined using Olex2”?

75-77

computer program, using SUPERFLIP structure solution program and refined with

ShelXL refinement package’* using least squares minimization.

To our surprise, the crystal structure of BTD-IMD-MS5 is non-symmetrical,
contradictory to our previous deductions from the 'H and >C NMR spectra of BTD-
IMD-MS5. Moreover, both of the n-octyl chains, attached to the benzimidazole units are
on the opposite sides of each-other. Also, the bromine atoms are oriented on the

opposite sides of the BTD-IMD-MS35 molecule.

Figure 4.10 ORTEP drawing of BTD-IMD-MS5; (a) view along ab axis and (b) view
along b* axis

As suggested from the crystal structure, BTD-IMD-MS5 is not completely
planar molecule. The central benzothiadiazole (BTD) unit is twisted and the dihedral
angle between the BTD unit and the coplanar terminal 5-bromo-1-octylbenzimidazole
(IMD) units is 61.8°. In solid state, the molecular structure showed no noticeable bond
length alteration and bond angles are inconspicuous. In the crystal structure,

intramolecular hydrogen bonding between N14---H29A (2.69 A) was observed.
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Figure 4.11 (a), (b) and (c) Arrangement of neighbouring molecules in the crystal
packing of BTD-IMD-MS.

The IMD units within BTD-IMD-MS5 exhibit oppositely aligned stacked
arrangement with a distance of 3.86 A as shown in Figure 4.11a. These stacked IMD
units are held together by the weak N---H interactions (N14---H23) with a distance of
2.58 A and weaker Br---H interactions (Br37---H18) with a distance of 3.04 A.
Moreover, the IMD

Figure 4.12 (a) Zig-zag type arrangement of BTD-IMD-MS molecules with up and
down alignment of BTD-units along a-axis; (b) arrangement of BTD-IMD-MS5
molecules along c-axis

units form two dimensional sheet like structure along the direction of @ axis, governed

by the weak N---H interactions between N9---H25 and N27---H7, with a distance of
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2.58 A and 2.54 A, respectively (Figure 4.11b). The distance between these two
dimensional sheets of IMD units is controlled by the weak N---H interactions
(N12---H2B) with a distance of 2.61 A (Figure 4.11c), and the overall distance between
two successive sheets is 6.71 A. The crystal packing of BTD-IMD-MS5 showed zig-zag
type packing of molecules with up and down alignment of BTD-units along the a-axis
(Figure 4.12a).

Table 4.1 Crystallographic data and structures refinement parameters

Parameters Values Values
Identification code INQx-M3 BTD-IMD-M5
Empirical formula C,6H31N3Br, C36H4,BroNgS

Formula weight 544.28 748.62
Temperature/K 293 298
Crystal system Monoclinic Triclinic
Space group P2, P-1
a/A 17.493(4) 11.0330(6)
b/A 4.6336(6) 11.1291(7)
c/A 21.536(6) 15.7037(7)
a/°® 90.00 94.670(4)
p/° 111.82(3) 96.188(4)
v/° 90.00 110.510(5)
Volume/A® 1620.5(7) 1780.70(18)
Z 31 2
Peatcg/cm’ 1.110 1.396
Crystal size/mm’ 0.5%0.6x1.0 0.1x0.3%0.6
. . Mo Ka (A= Mo Ka (A=
Radiation 0.71073) 0.71073)
Reflections collected 19557 19937

Independent reflections

Data/restraints/paramet

6298 [Rin = 0.1205,
Ryigma = 0.1871]

7144 [Riy = 0.0589,
Rigma = 0.1004]

6298/312/281 7144/28/408
ers
Goodness-of-fit on F 0.860 1.001
Final R indexes [[>=2¢ R, =0.0755, R, =0.0655,
D] wR, =0.1629 wR; =0.1603
Final R indexes [all R; =0.2185, R;=0.1399,
data] wR, =0.2280 wR; =0.2023
Largest diff.
0.9/-0.28 1.35/-0.42
peak/hole/eA™
CCDC Number 1882341 1882340
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From the 'H, BC NMR studies and SCXRD studies of BTD-IMD-MS5, it can be
concluded that within the solution, the IMD-units are free to rotate and hence exhibits
an averaged symmetrical structure, while in the solid state, it exhibits non-symmetrical

structure, with n-octyl chains on the opposite side of each-other.

Molecular weight and thermal properties of polymers

The DTPBT-based conjugated polymers TP-TP-IMD, TP-INQx and TP-
BIIG, synthesized by stille coupling reaction showed weight average molecular
weights (My) in the range of 9 kDa to 13.5 kDa, measured by GPC analysis.
Introduction of alkyl chains in the monomers promoted the solubility of the resulting
conjugated polymers. All the synthesized polymers showed moderate to good solubility
properties in the common organic solvents, like dichloromethane, chloroform,
dichlorobenzene and tetrahydrofuran. Thermal properties of all the synthesized
conjugated polymers were analyzed by thermogravimetric analysis (TGA) at a heating
rate of 10 °C/min under nitrogen atmosphere (Figure 4.13). The decomposition
temperature (T;) of the polymer is defined as the temperature at which, the polymer
loses 5% of its weight. All the synthesized polymers showed decomposition
temperatures above 300 °C, which demonstrates their sufficiently high thermal
stabilities for applications of PSCs. Weight average molecular weight (My), poly-
dispersity index (PDI) and decomposition temperatures (T;) of the DTPBT-based

conjugated polymers are summarized in Table 4.2.
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Figure 4.13 Thermogravimetric analysis (TGA) of DTPBT-based conjugated
polymers; TP-TP-IMD (olive green line), TP-INQx (red line) and TP-BIIG (blue
line)
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Photo-physical properties of polymers

The photo-physical properties of all the polymers were studied by UV-visible
spectroscopy of dilute chloroform solutions of the polymers as well as thin films on
quartz glass casted from chloroform solution. All the polymers showed multiple band
absorption spectra with complex band splitting patterns, both in the solution as well as
in the film state. As shown in Figure 4.14a, TP-TP-IMD showed first absorption band
ranging from 320 nm to 390 nm, having an absorption maxima (Amax) at 374 nm with
complex band splitting, which can be ascribed to the n—n* transitions of both DTPBT
and BTD-IMD scaffolds and an internal charge transfer transition from a short D—z—A

diaminobenzothiadiazole chromophore present in DTPBT scaffold.
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Figure 4.14 Absorption spectra of DTPBT-based conjugated polymers; (a) in
chloroform and (b) in the film state. The black solid line corresponds to the absorption
spectra of TP-TP-IMD, red solid line corresponds to the TP-INQx and blue solid line
corresponds to the TP-BIIG
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The second broad absorption band ranging from 395 nm to 650 nm; having absorption
maxima at 507 nm with a shoulder peak at 442 nm, can be correlated to the charge
transfer between donor and acceptor along the polymer chain. However, the solution
spectra of TP-INQx and TP-BIIG exhibited relatively broader first absorption band
starting from 315 nm and extending up to 440 nm, having A« at 377 nm and 378 nm,
respectively. The first absorption band of TP-INQXx is having a shoulder peak at 364
nm, while that of TP-BIIG exhibited two shoulder peaks at 358 nm and 400 nm,
respectively. The second band in the absorption spectrum of TP-INQx, ranging from
441 nm to 650 nm, with Ay, at 513 nm can be related to the intramolecular charge
transfer. The CT band in TP-BIIG appeared at relatively higher energy side, peaking at
474 nm and intensity of absorption is much lower compared to the rest of the DTPBT-
based conjugated polymers. This can be related to the possible chain folding and
twisting in TP-BIIG due to the loss of linearity. Even more, the possible steric
repulsion forces between the central phenyl ring proton and terminal oxindole ring
proton can cause the loss of planarity within BIIG-M4, which in turn, will lead to the

poor CT along the polymer chain.®*

Table 4.2 Photo-physical properties, decomposition temperature T, (obtained from
TGA), Molecular weight My, and poly-dispersity index (obtained from GPC analysis)
of synthesized DTPBT-based polymers; * from UV-visible spectroscopy of chloroform
solution of polymers; ® from UV-visible spectroscopy of polymer films casted on
quartz plate;  calculated using equation Eg™ = 1240/Acgge.

a b optc
xmax A4edge Eg Td Mw

(mm) (mm) (eV) (°C) (Dalton) DI

Polymer

TP-TP-IMD 374,507 742 1.67 310 9352  3.24

TP-INQx 377,513 699 1.77 375 13186  3.48

TP-BIIG 378,474 649 1.91 321 12227 3.24

In the film state, the absorption spectra of all the polymers exhibited broadening
of the CT bands compared to the absorption spectra in the solution state (Figure 4.14b).
Also, the absorption edges are shifted bathochromically, however, the absorption
behaviour exhibits the same trend as the absorption in solution. The bathochromic shift

observed in the absorption edge of TP-TP-IMD is ~85 nm while that in case of TP-
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INQx is ~40 nm and for TP-BIIG, bathochromic shift observed in the absorption edge
is ~45 nm. The optical band-gaps of all the polymers were calculated from the
absorption edges of the polymer films and were found to be in following order: TP-TP-
IMD (1.67 eV) < TP-INQx (1.77 eV) < TP-BIIG (1.91 eV). Obviously, TP-TP-IMD
exhibited bathochromically shifted absorption edge and lowest optical band-gap owing
to the more numbers of the coplanar DTPBT scaffolds present along the backbone
chain, which in turn, leads to the better n—n stacking between the polymer chains and
the extended effective m-conjugation along the polymer chain. Moreover, TP-INQx
showed lower optical band-gap compared to the TP-BIIG, owing to the presence of
highly coplanar INQx scaffolds within the polymer which extends the effective -
conjugation length. The photo-physical properties of the synthesized polymers are

summarized in Table 4.2.

Electrochemical properties of polymers

The frontier orbital energy levels of the synthesized DTPBT-based conjugated
polymers were measured using cyclic voltammetry (CV). CV experiments were
performed in the dry acetonitrile using TBAPC as a supporting electrolyte (~50 mM)
using a three electrode system: a glassy carbon electrode as the working electrode, a Pt
wire electrode as the counter electrode and Ag/Ag" as the reference electrode. Polymer
films were casted on the glassy carbon working electrode from its chloroform solution
(~10 mg/mL), the films were dried under nitrogen gas flow and were subjected to the

CV measurement.

All the polymers showed irreversible oxidation and reduction waves in the
cyclic-voltammogram (Figure 4.15a). The onset oxidation potentials of TP-TP-IMD,
TP-INQx and TP-BIIG were measured from the oxidation wave (Figure 4.15b) and
found to be at +0.83 V, +1.01 V and +1.25 V, respectively. The corresponding HOMO
energy levels were calculated from the onset oxidation potentials. The HOMO energy
level of TP-BIIG was found to be at —5.60 eV and it is the lowest lying HOMO energy
level amongst all the synthesized DTPBT-based conjugated polymers. The lowering of
the HOMO energy level can be ascribed to the superior electron withdrawing properties
of BIIG scaffold, emerging from the two oxindoles, fused with a phenyl ring. BIIG
scaffold resembles isoindigo in electron withdrawing properties.”* The TP-INQx

showed elevated HOMO energy level at —=5.36 eV compared to the TP-BIIG, owing to
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the indoloquinoxaline scaffold incorporated within the polymer. The electron affinity of
quinoxaline moiety is somewhat diluted due to the fused indole, which is electron
donating in nature. TP-TP-IMD has the highest lying HOMO energy level at —5.18 eV
amongst all the polymers.
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Figure 4.15 Cyclic voltammogram of DTPBT-based conjugated polymers TP-TP-
IMD (black line), TP-INQx (red line) and TP-BIIG (blue line); (a) full scan and (b)
oxidation wave; polymer films were casted from its chloroform solution (~10 mg/mL)
on the glassy carbon working electrode and were scanned at 30 mV/s in dry acetonitrile
using TBAPC as a supporting electrolyte. Eonset (Fo/re+) = 0.45 V

The reason behind the elevated HOMO level of TP-TP-IMD is the increased
percentage of donor DTPBT-units to 75% and reducing the percentage of acceptor
BTD-IMD units to 25% within the polymer chain. Though, BTD-IMD has one central
strong electron acceptor benzothiadiazole unit and two terminal weak electron acceptor

benzimidazole units, the increased number of DTPBT scaffolds along the polymer
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chain have elevated the HOMO energy level of the resulting polymer. On the other
hand, LUMO energy levels of TP-TP-IMD, TP-INQx and TP-BIIG were calculated
using the equation: Erymo = Enomo + E¢™, and were found to be —3.51 eV, —3.59 eV
and —3.69 eV. The electrochemical properties of the synthesized DTPBT-based

conjugated polymers are summarized in Table 4.3.

Table 4.3 Electrochemical properties of synthesized polymers; * potential v/s Ag/Ag"; b
calculated from equation Eyomo = —(Eoxionset T 4.8 — Eperes); © calculated from equation
Erumo = Enomo + E.™; ¢ unresolved peak.

a a b ¢
oni oni,onset EHOMO ELUMO

Polymer
' M M V) V)
TP-TP-IMD +1.17 +0.83 -5.18  —3.51
TP-INQx +1.51  +1.01 -536  —3.59
TP-BIIG 4 +1.25 -5.60  —3.69

Space charge limited current (SCLC) hole mobilities of polymers

The hole mobility of polymers was measured according to a similar method
described in  the literature,’' using a diode  configuration  of
ITO/poly(ethylenedioxythiophene) doped with poly(styrenesulfonate)
(PEDOT:PSS)/polymer/Al by taking current-voltage current in the range of 0~6 V and
fitting the results to a space charge limited form; the SCLS is described by,

J= g, uV?

/8L3

In the equation, &, is the permittivity of free space, &, is the dielectric constant of the
polymer, u is the hole mobility, V' is the voltage drop across the device, and L is the
polymer thickness, V =V, — V; — Vyp;, where Vg, is the applied voltage to the
device, V;. is the voltage drop due to constant resistance series resistance across the
electrodes, and V},; is the built-in voltage due to the difference in work function of the
two electrodes. The resistance of the device was measured using a blank configuration

ITO/PEDOT/AIL. The dielectric constants of the polymers in our analysis were

determined by using the equation of &, = Cd/ Agy’ where C, d, A and ¢, are the

203



Chapter 4

capacitance of the device, the thickness of the polymer film, the area of the device and
permittivity of the free space, respectively.

The measured SCLC hole mobilities for synthesized DTPBT-based conjugated
polymers are 9.26 X 107*, 5.58 X 10 and 12.47 X 10* em*V™'s™!, respectively for
TP-TP-IMD, TP-INQx and TP-BIIG, which are found to be much higher than that of
other DTPBT-based polymers reported in the literature. These high hole mobilities
allow these polymers to be used as hole transporting materials (HTMs) for organic

photovoltaic devices.
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Figure 4.16 SCLC hole mobility of synthesized DTPBT-based conjugated polymers

Conclusion

The donor-acceptor integrated heterocyclic fused aromatic core
dithienopyrrolobenzothiadiazole (DTPBT) has been synthesized and successfully
incorporated as a fused planar building block into the conjugated polymers. Three
different conjugated building blocks are synthesized, characterized and have been co-
polymerized with 10,11-dioctyl-2,8-bis(tri-n-butylstannyl)-10,11-dihydro-
[2,1,3]thiadiazolo[4,5-e]thieno[2',3":4,5]pyrrolo[3,2-g]thieno[3,2-b]indole  (TP-M1),
resulting into the three conjugated low band-gap D-A polymers. All the synthesized
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polymers showed moderate to good solubility properties in the common organic
solvents and sufficiently high thermal stabilities. All the DTPBT-based conjugated
polymers exhibited moderate to good absorptivities in the UV and visible region of the
solar spectrum. Moreover, in the solid state, all the polymers showed bathochromically
shifted absorption edges due to the better n-n stacking between the polymer chains.
Also, the synthesized DTPBT-based polymers exhibited low-lying HOMO energy
levels (below —5.0 eV) whereas LUMO energy levels are ranging between —3.5 to —3.7
eV. The synthesized DTPBT-based conjugated polymers exhibited good SCLC hole
mobilities of 9.26 X 107, 5.58 X 10™* and 12.47 X 10" cm®V 's ', respectively for
TP-TP-IMD, TP-INQx and TP-BIIG, in consequence of the coplanar fused D-A type
building blocks, incorporated within the polymer chain. Synthesized DTPBT-based
conjugated polymers can work as an efficient hole transporting materials (HTMs) for

organic photovoltaic devices.

Experimental procedures

General procedures

All the chemicals were reagent grade and used as purchased. Moisture-sensitive
reactions were performed under an inert atmosphere of dry nitrogen with dried
solvents. Reactions were monitored by thin-layer chromatography (TLC) using Merck
60 F,s4 aluminium-coated plates and the spots were visualized under ultraviolet (UV)
light. Column chromatography was carried out on silica gel (60-120 mesh). NMR
spectra were recorded on a Bruker Avance-III 400 spectrometer in CDCl3; and DMSO-
D¢. The high resolution mass spectra were recorded on Xevo G2-XS QTOF Mass
Spectrometer. Diffraction data were collected using Mo Ka (A = 0.71073) radiation on
an Xcalibur, Eos, Gemini diffractometer. UV-Visible absorption spectra were recorded
on Jasco V-630 spectrophotometer using quartz cuvette. CV data were obtained with
CH Instruments model of CHI 600E with three electrode (Glassy carbon as the working
electrode, platinum as the counter electrode, and nonaqueous Ag/AgNO; as the
reference electrode) cells in anhydrous acetonitrile solution containing 50 mM tetra-n-
butylammoniumperchlorate (TBAPC) at a scan rate of 100 mV/s. Molecular weights of
the polymer samples were measured with Agilent 1260 Infinity GPC instrument,
equipped with RI detector. Polystyrene was used as a calibration standard. Polymer

samples (~5 mg) were dissolved in THF (~5 mL) and were filtered through a 0.2 p
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filter. The analysis was done using THF as an eluent at a flow rate of 1-2 mL/min.
Thermo-Gravimmetric Analysis (TGA) of the polymer was done on Exstar SII

TG/DTA 6300 using N as inert gas.

Synthesis of monomers

8 and

Compounds 1 and 2 were synthesized according to the literature procedures’
detailed synthetic procedures are given in Chapter 2. Compound 3 was prepared from
compound 2 using nitronium trifluoromethanesulfonate (NTMS) as a nitrating agent
according to the literature procedure reported by Wang et al.” Compound 4 was
synthesized by Stille coupling reaction between compound 3 and 2-(tri-n-
butylstannyl)thiophene in dry THF using Pd(PPh;),Cl, as a catalyst under nitrogen

atmosphere using literature procedure.*® DTPBT was synthesized by Cadogan

intramolecular annulation according to the literature procedure reported by Kato et al.”

Compound 1"®: White solid; '"H NMR (400 MHz, CDCls): 8.00-8.05 (dd, J, = 6.8 Hz,
J,=3.2 Hz, 1H), 7.59-7.63 (dd, ], = 6.8 Hz, ], = 3.2 Hz, 1H).

Compound 27*: Off-white solid; '"H NMR (400 MHz, CDCls): 7.75 (s, 1H).

Synthesis of 4,7-dibromo-5,6-dinitro-2,1,3-benzothiadiazole, 3: Compound 3 was
prepared by following the literature procedure.”” In a 150 mL two-necked round bottom
flask, fuming nitric acid (1.50 g; 23.8 mmol) was added dropwise to
trifluoromethanesulfonic acid (15.00 g; 100 mmol) at 0 °C. Up on complete addition of
fuming nitric acid, an insoluble nitrating mixture 2CF;SOs;H/HNOj; appeared as white
solids immediately. To this, compound 2 (2.50 g; 8.5 mmol) was added in portion-wise
over a period of 20 min to avoid exothermicity. After addition, the reaction mixture
was kept stirring at 50 °C for 8 h, during which evolution of brisk red coloured gas was
noted. After completion, the mixture was poured into ice water slowly, and then
sodium hydroxide solution was added to neutralize the excess acid. The precipitates
were filtered and washed with water. The pure product was obtained by

recrystallization of crude product from ethanol.

Compound 3”°: Yellow beige solid (2.71 g, 83%); '"H NMR (400 MHz, CDCl;): No
proton signals observed. BC NMR (100 MHz, CDCls): 151.3, 144.9, 110.3.
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Synthesis of  5,6-dinitro-4,7-di(thiophene-2-yl)-2,1,3-benzothiadiazole, 4:
Compound 4 was synthesized following the literature procedure.** In a 100 mL two-
necked round bottom flask, compound 3 (3.80 g; 9.90 mmol), PdCI,(PPhs), (0.14 g; 0.2
mmol) and 30 mL of dried THF were degassed by purging nitrogen gas through the
reaction mixture for 15 min. To the degassed reaction mixture, tri-n-butyl(thiophen-2-
yl)stannane (8.51 g; 22.8 mmol) was added and the mixture was refluxed for 3 h under
nitrogen atmosphere. After cooling the reaction mixture, an orange solid appeared
which was filtered off, washed with acetonitrile and dried under vacuum to give pure

product as an orange solid.

Compound 4*: Orange solid (3.05 g, 79%); 'H NMR (400 MHz, CDCls): 7.76-7.77
(dd, J, = 4.8 Hz, J, = 1.2 Hz, 1H), 7.53-7.54 (dd, J, = 4.0 Hz, J, = 1.2 Hz, 1H),
7.25-7.27 (m, 1H).

Synthesis of DTPBT: DTPBT was synthesized by following the literature procedure
reported by Kato et al.”’ A 250 mL two-necked round bottom flask was charged with
compound 4 (1.50 g; 3.85 mmol), PPh; (10.08 g; 38.5 mmol) and 192 mL of 1,2-
dichlorobenzene (0-DCB) under nitrogen atmosphere. The reaction mixture was
degassed by purging nitrogen gas through the reaction mixture for 15 min. The
degassed reaction mixture was refluxed under nitrogen atmosphere for 12 h. The
reaction mixture was cooled to room temperature and was subjected to the column
chromatography. The 1,2-dichlorobenzene along with excessive PPh; was eluted using
petroleum ether. The pure product was eluted using 50% ethyl acetate-petroleum ether

as eluent and dried under vacuum to give bright yellow air-sensitive solid.

DTPBT": Bright yellow solid (0.91 g, 73%); '"H NMR (400 MHz, DMSO-Dg): 11.90
(s, 1H), 7.61-7.63 (d, J = 5.2 Hz, 1H), 7.43—7.44 (d, J = 5.2 Hz, 1H).

Synthesis of DTPBT-C8: N-Alkylation of DTPBT was carried out by dissolving
DTPBT (0.77 g; 2.37 mmol) in anhydrous DMF (120 mL; ~ 20 mM solution). To this
stirred solution was added NaOH powder (0.95 g; 23.7 mmol) and n-octyl bromide (2.6
mL; 15.4 mmol) and the resulting mixture was allowed to stir under nitrogen
atmosphere at 60 °C for 8 h. After the completion of reaction, the reaction mixture was
poured into the water, the resulting suspension was extracted with ethyl acetate. The

combined organic phase was washed with water, and evaporated in vacuo after drying
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over anhydrous sodium sulphate. The residue was purified by column chromatography

over silica gel using 10% ethyl acetate-petroleum ether as eluent.

DTPBT-CS8: Yellowish orange solid (1.01 g, 78%); 'H NMR (400 MHz, CDCly):
7.45-7.46 (d, ] = 4.8 Hz, 1H), 7.20-7.21 (d, J = 5.2 Hz, 1H), 4.50—4.54 (t, ] = 7.6 Hz,
2H), 1.81-1.88 (m, 2H), 1.07-1.27 (m, 10H), 0.80—0.84 (t, J = 7.2 Hz, 3H). °*C NMR
(100 MHz, CDCls): 147.5, 145.5, 132.1, 126.8, 121.2, 111.8, 110.8, 50.3, 31.6, 30.0,
29.0, 28.9, 26.5, 22.5, 14.0. HRMS (ES+): C3oH39N4S3 requires 551.2337, found
551.2333. IR (KBr, cm '): 2923.6, 2850.7, 1556.4, 1499.7, 1465.5, 1395.1, 1353.3,
1294.9, 1185.7, 1154.7, 1093.8, 1038.4, 968.2, 808.0, 719.4, 652.0.

Synthesis of TP-M1: TP-M1 was prepared according to the modified synthetic
procedure reported by Carsten et a/ ! A solution of LDA was first prepared by adding
of 1.6 M n-butyllithium solution in hexane (1.94 mL; 3.0 mmol) dropwise to a dry THF
solution (2 mL) of diisopropylamine (0.42 mL, 2.95 mmol) in a single neck round
bottom flask at 0 °C under nitrogen atmosphere. This solution was stirred at the same
temperature for 30 minutes. This solution of LDA was then added dropwise via syringe
to a stirred solution of DTPBT-CS8 (0.55 g; 1 mmol) in 3 mL of dry THF, kept at =78
°C under nitrogen atmosphere. The reaction mixture was stirred for 1 hour at this
temperature, then quenched by dropwise addition of Sn(n-Bu);Cl (0.7 mL; 2.5 mmol)
via syringe. The mixture was allowed to warm gradually to room temperature and
stirred overnight, and then quenched with saturated aqueous sodium bicarbonate
solution. The mixture was extracted with diethyl ether and combined organic phase was
washed with water and brine. The crude solid obtained by evaporation of solvent under
vacuum after treatment of anhydrous sodium sulphate and the residue obtained was
used for next step without purification. The percentage conversion of the reaction and
purity of the product was determined by subjecting the crude product to NMR

spectroscopy.

TP-M1: Orange-red liquid (0.9 g, 81.1% NMR conversion); '"H NMR (400 MHz,
CDCl3) 6: 7.17 (s, 1H), 4.50—4.54 (t, J = 7.6 Hz, 2H), 1.10—1.87 (bulk of signals, m,
30H), 0.90—0.96 (m, 9H), 0.80—0.84 (t, J = 7.2 Hz, 3H).

Synthesis of TP-M2: TP-M2 was prepared according to the modified synthetic
procedure reported by Carsten ez al.”' DTPBT-C8 (0.200 g; 0.36 mmol) was dissolved

in 5 mL of DMF in single neck round bottom flask and placed under nitrogen in the
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dark. To this, a solution of N-bromosuccinamide (0.14 g; 0.80 mmol) in 4 mL of DMF
was added drop wise via addition funnel and the reaction mixture was allowed to stir in
the dark at room temperature overnight. The mixture was then quenched with water and
extracted with ethyl acetate. The combined organic phase was washed with water and
brine, finally dried over anhydrous sodium sulphate and evaporated to dryness under
vacuum. The residue was subjected column chromatography over silica gel and the

pure product was eluted using 10% ethyl acetate-petroleum ether as eluent.

TP-M2: Orange-red solid (0.162 g, 63%)); 'H NMR (400 MHz, CDCls) &: 7.20 (s, 1H),
4.40—4.44 (m, 2H), 1.77-1.84 (m, 2H), 1.27-1.37 (m, 13H), 1.18-1.22 (t, J = 7.6 Hz,
3H). >C NMR (100 MHz, CDCls): 147.0, 143.1, 130.8, 121.2, 115.0, 113.6, 110.7,
50.3, 31.6, 30.0, 29.9, 28.9, 26.5, 22.5, 14.0. HRMS (ES+): CsoH37N4S;Br, requires
707.0547, found 707.0555. IR (KBr, cm '): 2921.9, 2852.2, 1586.8, 1501.8, 1353.0,
1296.8, 1240.5, 1072.1, 950.3, 794.3, 477.7.

Synthesis of compound 6: Compound 6 was synthesized from o-nitroaniline
according to the modified literature procedure reported by Zhu et al.*' In 30 mL of
glacial acetic acid was dissolved o-nitroaniline (10.00 g; 72.4 mmol) in two necked
round bottom flask and the solution was kept under stirring at 50 °C. To this stirred
solution, N-bromosuccinamide (12.90 g; 72.4 mmol) was added portion-wise over a
period of 15 min. Resulting mixture was stirred for 3 h and then poured into 250 mL of
ice-water. Orange yellow precipitates were filtered off and washed thoroughly with
water. The precipitates were again dissolved in water and were re-precipitated by
addition of water, which were collected by filtration. The crude product (compound 5)
thus obtained was dried under air flow and was used directly for the next step without
any purification. In the next step, stannous chloride dihydrate (31.2 g; 138.2 mmol) was
dissolved in 55 mL of concentrated hydrochloric acid in a 100 mL two necked round
bottom flask and kept stirring at 60 °C. To this stirred solution, crude compound 5
(10.00 g; 46.0 mmol) was added and the reaction mixture was allowed to stir at the
same temperature for 1 h. After completion of the reaction, the reaction mixture was
allowed to cool at room temperature. To the cooled reaction mixture, 50% aqueous
sodium hydroxide solution was added slowly, maintaining the temperature below 25 °C
using ice-water bath. The precipitated whitish product was collected by filtration and
the precipitates were re-dissolved in dichloromethane, washed with water and brine.

The organic layer was dried over anhydrous sodium sulphate and evaporated to
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dryness. The pure product was obtained by re-crystallization of the crude material from

petroleum ether-dichloromethane, yielding pinkish white flakes.

Compound 6" Pinkish white solid (6.41 g, 75%); "H NMR (400 MHz, CDCl5) &: 6.84
(d, J =2.4 Hz; 1H), 6.81-6.83 (dd, J, = 8.0 Hz, J, = 2.0 Hz, 1H), 6.57-6.59 (d, J = 8.0
Hz, 1H), 3.44 (s, 2H), 3.38 (s, 2H). °C NMR (100 MHz, CDCls): 136.4, 133.7, 122.6,
119.0,117.9, 111.9.

Synthesis of INQx-M3: INQx-M3 was synthesized according to the modified
literature procedure reported by Dong et al.** 5-bromoisatin (0.309 g, 1.36 mmol),
compound 6 (0.27 g; 1.43 mmol) and glacial acetic acid were heated at 130 °C under
nitrogen atmosphere for 24 h. After cooling to the room temperature, reaction mixture
was quenched by adding water and resulting precipitates were collected by filtration.
The crude product was dried under vacuum at 50 °C to yield yellow solid which was re-
dissolved in 30 mL of DMF. To this solution was added, K,CO; (0.30 g; 2.2 mmol), n-
dodecyl bromide (0.45 mL; 1.89 mmol) and reaction mixture was allowed to stir at 110
°C for 20 h. After completion of reaction, reaction mass was poured into 300 mL of
water and extracted using ethyl acetate. The combined organic phase was washed with
water, brine and dried over anhydrous sodium sulphate. The solvent was evaporated
under the reduced pressure and the residue was subjected to column chromatography
over silica gel, the first intense yellow band was eluted from the column using 10%
ethyl acetate-petroleum ether mobile phase, which gave mixture of INQx-M3 and 7 in
1:1 ratio. Extensive column chromatography of the mixture of INQx-M3 and 7 using
5% ethyl acetate-petroleum ether yielded slow moving INQx-M3 from the later
fractions of column as relatively pure product. INQx-M3 was further purified by re-

crystallization from ethanol-chloroform solution, furnishing yellow needles.

INQx-M3: Yellow needles (0.199 g, 29%); 'H NMR (400 MHz, CDCls) &: 8.60 (d, J =
2.0 Hz, 1H), 8.46 (d, J = 2.4 Hz, 1H), 8.00-8.02 (d, J = 8.8 Hz, 1H), 7.83-7.86 (dd, J,
=8.8 Hz, J, =2.0 Hz, 1H), 7.80—7.83 (dd, J, = 8.4 Hz, ], =2.0 Hz, 1H), 7.39-7.41 (d, J
= 8.8 Hz, 1H) 4.45-4.49 (t, ] = 7.2 Hz, 2H), 1.90—1.96 (m, 2H), 1.24-1.39 (m, 18H),
0.87-0.90 (t, J = 7.2 Hz, 3H). >C NMR (100 MHz, CDCl;): 145.5, 143.2, 140.0, 139.7,
139.3, 133.9, 132.4, 131.6, 129.2, 125.7, 120.9, 119.4, 113.8, 111.1, 41.7, 31.9, 29.7,
29.6,29.5,29.4,29.3,29.2, 28.4, 27.0, 22.7, 14.0. HRMS (ES+): C,sH3,N3Br; requires
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544.0963, found 544.0962. IR (KBr, cm '): 2921.4, 2850.2, 1627.0, 1602.2, 1574.7,
1456.1, 1270.6, 1121.1, 1053.2, 799.0, 448.7.

Synthesis of compound 8: Compound 8 was synthesized according to the modified
literature procedure reported by Li et al.** 5-bromoisatin (2.26 g; 10.00 mmol) and
K,COs3 (6.20 g; 45.00 mmol) were added to the 20 mL anhydrous DMF under nitrogen
atmosphere and were stirred at 60 °C for 5 min. To this stirred solution, n-dodecyl
bromide (4.25 mL; 17.50 mmol) was added dropwise and the temperature was
increased to 80 °C. The reaction mixture was allowed to stir for 2 h, after which the
reaction mass was poured into 200 mL of water and extracted with ethyl acetate.
Combined organic phase was washed with water, brine and evaporated to dryness
under reduced pressure. The residual oily substance was subjected to column
chromatography over silica gel and pure product was eluted using 10% ethyl acetate-

petroleum ether mobile phase.

Compound 8: Red solid (3.62 g, 92%); 'H NMR (400 MHz, CDCl3) &: 7.72 (d, T = 1.2
Hz, 1H), 7.70-7.72 (d, J = 7.6 Hz, 1H), 6.82—6.84 (dd, J, = 7.6 Hz, J, = 1.2 Hz, 1H),
3.70-3.74 (t, ] = 7.2 Hz, 2H), 1.65-1.73 (m, 2H), 1.26—1.34 (m, 18H), 0.87—0.91 (t, J =
7.2 Hz, 3H). >C NMR (100 MHz, CDCls): 181.2, 157.4, 149.8, 140.5, 128.2, 118.7,
116.4,111.9,40.4,31.9,29.6,29.5,29.4,29.3,29.2, 27.2, 26.9,22.7, 14.1.

Synthesis of compound 9: Compound 9 was synthesized according to the modified
literature procedure reported by Bura e al.** Compound 8 (1.01 g; 2.56 mmol) and
hydrazine hydrate, 99% (6.5 mL; 128.17 mmol) were taken in single neck round
bottom flask and heated at 140 °C for 2 h under nitrogen atmosphere. After completion
of the reaction, reaction mixture was dissolved in ethyl acetate, washed with water (3 X
30 mL) and dried over anhydrous sodium sulphate and concentrated under reduced
pressure. To the resulting crude, 20 mL 6 N aqueous hydrochloric acid solution was
added and heated at 60 °C overnight. The reaction mixture was poured into 200 mL of
water and extracted with ethyl acetate. Combined organic phase was washed with
water, brine, dried over anhydrous sodium sulphate and evaporated under reduced
pressure. The crude product thus obtained, was subjected to the column
chromatography over silica gel. The pure product was eluted using dichloromethane as

mobile phase.
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Compound 9: Yellowish orange liquid (0.85 g, 88%); 'H NMR (400 MHz, CDCls) &:
7.39-7.41 (d, J = 8.0 Hz, 1H), 7.38 (s, 1H), 6.70-6.72 (d, ] = 8.0 Hz, 1H), 3.66-3.70 (t,
J=7.6 Hz, 2H), 3.53 (s, 2H), 1.61-1.66 (m, 2H), 1.26-1.32 (m, 18H), 0.87-0.91 (t, ] =
7.2 Hz, 3H). *C NMR (100 MHz, CDCl;): 174.2, 143.7, 130.6, 127.6, 126.7, 114.7,
109.7, 40.2, 35.6, 31.9, 29.6, 29.5, 29.5, 29.4, 29.3, 27.3, 26.9, 22.7, 14.2.

Synthesis of BIIG-M4: BIIG-M4 was synthesized according to the literature procedure
reported by Li ef al.** In 15 mL of absolute ethanol were added compound 9 (0.30 g;
0.79 mmol) and terphthalaldehyde (0.05 g; 0.39 mmol) under nitrogen atmosphere. To
this stirred solution, piperidine (0.39 mL; 3.15 mmol) was added dropwise and reaction
mixture was allowed to reflux for 24 h. After that, reaction mass was cooled to room
temperature and the precipitated product was collected by filtration. Filtered product
was washed with copious amount of absolute ethanol and dried at room temperature.
The pure product was obtained by re-crystallization from petroleum ether-chloroform

solution.

BIIG-M4: Reddish orange needles (0.23 g, 68%); 'H NMR (400 MHz, CDCl;) &: 8.42
(s, 2H), 7.68-7.69 (d, ] = 2.0 Hz, 1H), 7.53 (s, 1H), 7.40-7.42 (dd, J, = 8.4 Hz, ], = 1.6
Hz, 1H), 6.72—6.74 (d, J = 8.4 Hz, 1H), 3.74-3.78 (t, ] = 7.6 Hz, 2H), 1.66—1.71 (m,
2H), 1.26-1.35 (m, 18H), 0.87-0.90 (t, J = 6.8 Hz, 3H). *C NMR (100 MHz, CDCl):
165.4, 141.0, 137.2, 135.6, 132.2, 131.6, 126.3, 126.2, 122.4, 114.4, 109.6, 40.1, 31.9,
29.6, 29.6, 29.5, 29.4, 27.6, 27.1, 22.7, 14.2. HRMS (ES+): C4gHg3N,0,Br; requires
857.3256, found 857.3280. IR (KBr, cm'): 3429.4, 2920.7, 2850.3, 1691.8, 1614.5,
1598.7, 1476.8, 1435.5, 1338.4, 1109.2, 802.6, 773.3, 444.6.

Synthesis of compound 10: Compound 10 was synthesized according to the modified
literature procedure reported by Li et al® A two necked round bottom flask was
charged with 2,1,3-benzothiadiazole (5.00 g; 36.76 mmol), paraformaldehyde (3.86 g;
128.67 mmol) and tetra-n-butylammonium bromide (2.37 g; 7.35 mmol). To this was
added, 100 mL aqueous 48% hydrobromic acid, 60 mL glacial acetic acid and reaction
mixture was purged with nitrogen gas for 10-15 min. Reaction mixture was refluxed for
8 h after which, the reaction was poured into the 400 mL ice-water and resulting

precipitates were collected by filtration as a pale white solids.

Compound 10*: White pale solid (7.46 g, 63%); '"H NMR (400 MHz, CDCls) 8: 7.65
(s, 1H), 4.99 (s, 2H).
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Synthesis of compound 11: Compound 11 was synthesized according to the procedure
given below. Compound 10 (1.00 g; 3.10 mmol) and N-bromosuccinamide (1.13 g;
6.36 mmol) were taken in 10 mL of monochlorobenzene. To this was added, azo-
bis(isobutyro)nitrile (AIBN) (0.10 g; 0.62 mmol) and reaction mixture was heated at 80
°C for 8 h. Upon heating, reaction mixture became clear. The reaction mixture was
poured into 200 mL of water and was extracted using dichloromethane, combined
organic phase was washed thoroughly with water, brine, dried over anhydrous sodium
sulphate and evaporated to dryness. The residues were subjected to the column
chromatography over silica gel and pure product was eluted using 10% ethyl acetate-

petroleum ether.

Compound 11**: Yellowish white granular solid (0.80 g, 54%); '"H NMR (400 MHz,
CDCl;) 8: 8.16 (s, 2H), 7.46 (s, 2H).

Synthesis of compound 12: Compound 12 was synthesized according to the literature
procedure reported by Li et al.** Compound 11 (1.00 g; 2.08 mmol) was dissolved in
the refluxing 50 mL ethanol, to which was added solution of AgNO; (2.48 g; 14.58
mmol) in 6 mL of water. The reaction mixture was refluxed for 30 min, cooled to room
temperature and evaporated to dryness under reduced pressure. The residues were
subjected to column chromatography over silica gel, eluting the pure compound using

30% ethyl acetate-petroleum ether.

Compound 12*: Beige yellow solid (0.14 g, 35%); '"H NMR (400 MHz, CDCl;) &:
10.92 (s, 1H), 8.40 (s, 1H).

Synthesis of compound 13: Compound 13 was synthesized according to the modified
literature procedure reported by Sriramoju ef al.*’ In a single neck round bottom flask,
compound 6 (0.22 g; 1.17 mmol), compound 12 (0.10 g; 0.52 mmol) and 30 mL of
DMF was taken. To this stirred solution, OXONE (1.28 g; 4.16 mmol) was added and
reaction mixture was allowed to stir at 50 °C for 4 h. After completion of reaction,
reaction mixture was poured into 300 mL of water and extracted using ethyl acetate.
Combined organic extracts were washed with water, brine, dried over anhydrous
sodium sulphate and evaporated under reduced pressure to dryness. Reddish brown
crude product thus obtained was directly carried forward to the next step (N-alkylation)
without further purification due to very low solubility and highly polar nature of the

compound.
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Synthesis of BTD-IMD-M5: To a solution of crude compound 13 (0.27 g; 0.52 mmol)
obtained from previous step, in 10 mL of anhydrous DMF was added sodium hydride
(60% suspension in mineral oil) (0.073 g; 1.82 mmol). Resulting mixture was stirred at
room temperature for 30 min until gas evolution ceased. Then, n-octylbromide (0.36
mL; 2.08 mmol) was added dropwise and the reaction mixture was allowed to stir at 60
°C for 6 d. After completion of reaction, the mixture was poured in the brine solution
and extracted with ethyl acetate. Combined organic phase was washed with water,
dried over anhydrous sodium sulphate and evaporated to dryness under reduced
pressure. The residue was subjected to the column chromatography over silica gel and
pure compound was eluted from column using 40% ethyl acetate-petroleum ether as a

mobile phase.

BTD-IMD-MS5: Beige yellow solid (0.17 g, 45%); 'H NMR (400 MHz, CDCl5) &: 8.13
(s, 1H), 8.04-8.05 (d, J = 1.6 Hz, 1H), 7.51-7.53 (dd, J;, = 8.8 Hz, J, = 1.6 Hz, 1H),
7.41-7.43 (d, J = 8.4 Hz, 1H), 4.21-4.25 (t, J = 7.6 Hz, 2H), 1.69-1.76 (m, 2H),
1.13-1.23 (m, 10H), 0.82-0.86 (t, J = 7.2 Hz, 3H). °C NMR (100 MHz, CDCl;):
153.1, 150.3, 144.6, 134.5, 131.7, 126.6, 125.8, 123.3, 115.7, 111.8, 45.6, 31.6, 30.9,
29.7, 29.0, 26.7, 22.6, 14.1. HRMS (ES+): Cs6H43NsSBr, requires 749.1637, found
749.1659. IR (NaCl plate, cm™'): 3684.0, 3020.4, 2959.6, 2929.9, 2857.6, 2400.7,
1584.6, 1523.5, 1469.5, 1427.8, 1215.6, 928.0, 772.1, 669.5, 438.0.

General procedure for synthesis of DTPBT-based polymers TP-TP-
IMD, TP-INQx and TP-BIIG

To an oven dried two necked round bottom flask, monomer TP-M2 (0.125
mmol; 0.5 eq.) and BTD-IMD-MS5 (0.125 mmol; 0.5 eq.) or INQx-M3 (0.25 mmol; 1
eq.) or BIIG-M4 (0.25 mmol; 1 eq.) was added. To this was added Pd(PPhj3)4 (62.5
umol; 0.25 eq.), 10 mL of anhydrous toluene and 4 mL of anhydrous DMF under
nitrogen atmosphere and resulting solution was degassed by purging nitrogen gas for
15 min. To this stirred solution was added, solution of TP-M1 (0.26 mmol; 1.05 eq.) in
5 mL of anhydrous toluene, dropwise. The reaction mass was heated at 120 °C for 48 h
under nitrogen atmosphere. After completion, reaction mixture was allowed to cool at
room temperature, poured into 150 mL of methanol and allowed to stir at the same
temperature for 30 min. Resulting precipitates were filtered and washed with copious

amounts of methanol. Obtained crude polymer was subjected to soxhlet extraction
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using methanol, acetone, petroleum ether and pure polymer fraction was eluted using
chloroform. The polymer was obtained by evaporation of chloroform under reduced

pressure and further dried under vacuum at 50 °C to yield dark brown-black solids.

Block co-polymer TP-TP-IMD: Blackish brown solid (0.15 g; 62%); "H NMR (400
MHz, CDCls) o: 8.12 (br s, 1H), 8.04 (br s, 1H), 7.75 (br, 4H), 7.40—7.49 (br, 6H), 7.15
(br, 2H), 4.28—4.45 (br, 16H), 1.73—1.85 (br, 20H), 1.19-1.26 (br, 70H), 0.83—0.93 (br,
30H). IR (KBr, cm '): 3079.5, 2954.6, 2923.2, 2852.1, 1658.7, 1639.8, 1553.7, 1462.7,
1349.0, 1294.2, 1148.8, 1093.7, 1051.6, 774.8.

Co-polymer TP-INQx: Brown solid (0.13 g; 49%); 'H NMR (400 MHz, CDCl;) &:
8.06 (br, 3H), 7.29-7.75 (br, 5H), 4.20—4.57 (br, 6H), 2.30 (br, 6H), 1.00—1.49 (br,
40H), 0.88 (br, 9H). IR (KBr, cm '): 3418.3, 2921.4, 2850.9, 1631.7, 1609.3, 1566.0,
1466.8, 1352.7, 1279.9, 1126.4, 805.7, 790.2, 525.7.

Co-polymer TP-BIIG: Reddish brown solid (0.22 g; 70%); 'H NMR (400 MHz,
CDCls) &: 7.88-8.00 (br, 2H), 7.74-7.79 (br, 2H), 7.35-7.65 (br, 8H), 6.92—7.02 (br,
2H), 4.53 (br s, 4H), 3.82 (br s, 4H), 1.70—1.88 (br, 8H), 1.00—1.49 (br, 56H), 0.89 (br,
12H). IR (KBr, cm'): 3398.3, 2922.8, 2851.1, 1706.4, 1606.3, 1480.9, 1462.2, 1351.1,
1294.0, 1174.7, 1112.5, 808.9, 563.1.
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Spectral data
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Figure 4.26 "H NMR spectrum of TP-M1
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Figure 4.27 "H NMR spectrum of TP-M2
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Figure 4.28 °C NMR spectrum of TP-M2
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Elemental Composition Report

Single Mass Analysis

Tolerance = 5.0 PPM /
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Chapter 4

DBE: min = -1.5, max = 50.0

Monoisotopic Mass, Even Electron lons
111 formula(e) evaluated with 1 results within limits (up to 50 best isotopic matches for each mass)

Elements Used:

C:3040 H: 1545 N:06 S:0-3 Bro0-2

Sample Name - TPBr
Test Name © HRMS-1

LI.TROPAR

Page 1

XEVO G2-XS QTOF

250918-TPBr 35 (0.340) AM2 (Ar, 19000.0,0.00,0.00); Cm (35:40) 1: TOF MS ES+
4.34e+006
100+ 709.0535
711.0516
% 707.0555|
712.0530
274.2732 706.0485
11403 630.1356 713.0508
0 bl 217, 9351.376.0854_ 4763101 _546.0064 1 66510052 || 7349909 804.9613 -
AR RARAY VAL L LARA LAY UALM LAY LARSY LAY LAAA RARAJ LRSS LAALY LARA LRSS WARSE LAAL) ARR] EAAAN WARA RAAA) LARR] L0s) LS Labad waad anaa JTLLTS
250 300 350 400 450 500 550 600 650 700 750 850 900 950
Minimum: -1.5
Maximum: 5.0 5.0 50.0
Mass Calc. Mass mDa PEM DEE i-FIT Norm Conf (%) Formula

707.0555 707.0547

0.8 1.1 13.5 358.6 n/a n/a

Figure 4.29 HRMS spectrum of TP-M2
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Figure 4.30 IR spectrum (KBr pellet) of TP-M2
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Elemental Composition Report Br. Br Page 1
N

Single Mass Analysis QI—Q

Tolerance = 5.0 PPM / DBE: min = -1.5, max = 50.0 N N

Element prediction: Off & Hys

Number of isotope peaks used for i-FIT = 3 1

Monoisotopic Mass, Even Electron lons

17 formula(e) evaluated with 1 results within limits (up to 50 best isotopic matches for each mass)

Elements Used:

C:20-30 H:1540 N:04 Br0-2

Sample Name : INQx 1., TROPAR XEVO G2-XS QTOF
TestName  © HRMS-1

250918-INQx 48 (0.463) AM2 (Ar,19000.0,0.00,0.00); Cm (48:54) 1: TOF MS ES+

2.13e+007
100+ 546.0943
544.0062548.0926
%]
549.0953
1941157 224.1268
| 1s8.0011 N T 21a2r3a 3023051 57 g 466.1877.485.2019 70 "% 624 0064
T T T T ! f T T T T T T T r T T T TR VZ
100 150 200 250 300 350 400 450 500 550 600 650

Minimum: -1.5
Maximum: 5.0 5.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
544.09¢62 544.09¢€3 -0.1 -0.2 11.5 444.2 n/a n/a C26€ H32 N3 Br2

Figure 4.35 HRMS spectrum of INQx-M3
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Figure 4.36 IR spectrum (KBr pellet) of INQx-M3
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L8
o
SL°
Tl
ves

8L

o

TIT——
9TT~
8TT—
0z1—"

82T —

i

e

LSTr—n

Br

N

CiaHys

0 ppm

180 160 140 120 100 80 60 40 20

200

Figure 4.38 *C NMR spectrum of compound 8
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Figure 4.41 "H NMR spectrum of BIIG-M4
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Elemental Composition Report Page 1
Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-1.5, max = 50.0
Element prediction: Off

Number of isotope peaks used for I-FIT =3

N=C,5Hys

Monoisotopic Mass, Even Electron lons

53 formula(e) evaluated with 1 results within limits (up to 50 best isotopic matches for each mass)
Elements Used:
C:30-50 H: 1565 N:0-3 0:0-3 Br0-2

Sample Name : BIIG LI.TROPAR XEVO G2-XS QTOF
Test Name © HRMS-1

260918-BIIG- 13 (0.140) AM2 (Ar, 19000.0,0.00,0.00) 1: TOF MS ES+

3.65e+004
100~ 859.3269

837.5507
865.5809

9]

3.3991

804.4212 824.4864 835.4971
Al Ll

1 T 1 T
800 810 820 830

911.4478 g1 4586

Minimum: -
Maximum: 5.0 5.0 50

Mass Calc. Mass mDa PPM DEE i-FIT Norm Conf(%) Formula

857.3280 857.3256 2.4 2.8 17.5 266.5 n/a n/a C48 H63 N2 02 Br2

Figure 4.43 HRMS spectrum of BIIG-M4
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Figure 4.44 IR spectrum (KBr pellet) of BIIG-M4
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Figure 4.46 "H NMR spectrum of compound 11
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Figure 4.49 °C NMR spectrum of BTD-IMD-MS5
Elemental Composition Report Cytlyy Cﬁ'?hu Page 1
N
single Mass Analysis /@h’ \Nﬁﬂr
Tolerance = 5.0 PPM / DBE:min=-1.5 max =500 Br NN
Element prediction: Off s
Number of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Even Electron lons
84 formula(e) evaluated with 1 results within limits (up to 50 best isotopic matches for each mass)
Elements Used:
C:3540 H 1545 N:06 S:0-3 Bro0-2
Sample Name : BIMD 1. TROPAR XEVO G2-XS QTOF
Test Name HRMS-1
250918-BIMD 32 (0.314) AM2 (Ar,19000.0,0.00,0.00); Cm (32:36) 1: TOF MS ES+
4.16e+006
100+ 751.1641
376.0839
753.1626
%] 377.0835 749.1659)
375.0849
754.1652
|.377.5848
274.2732 639.0380
11403 378.0847 637.0399| 641.0369 755.1653
AN 524.9144.546.0948 g03 087 |j-642.0405 854.1144907 2773
0 T T T 1 T T T T T T 1 T 1 T 1 T T T T T T 1 T 1 T 1 mwz
250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Minimum: -1.5
Maximum: 5.0 5.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf(%) Formula
749.1659  749.1637 2.2 2.9 17.5 256.5 n/a n/a C36 H43 N6 S Br2

Figure 4.50 HRMS spectrum of BTD-IMD-MS5
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Figure 4.54 "H NMR spectrum of DTPBT-based polymer TP-INQx
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Figure 4.56 "H NMR spectrum of DTPBT-based polymer TP-BIIG
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Figure 4.57 IR spectrum (KBr pellet) of TP-BIIG

Agilent GPC/SEC Software

MS University GPC Report
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o
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04
0.35 0
03 25
0.25 20
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0.05
1e3 1ed 1e5 1e6
Fitted MW (g/mol)
Results
Analysed by Applied Chem at 13:51:44 on 06 July 2018
Comments
M Weight Averages

Peak
Peak 1

Mp (g/mol) Mn (g/mol) Mw (g/mol) | Mz (g/mol) [ Mz+1 (g/mol) | Mv (g/mol) PD
1488 2885) 9352| 65041] 152499 52482 3.242]

Figure 4.58 GPC analysis report of DTPBT-based polymer TP-TP-IMD
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Agilent GPC/SEC Software iz Agilent Technologies
MS University GPC Report :

Cpl
Gy Gl N
PSR N, N =
Distribution Plot A T O p
Seate
o
n
095 1 // o
09 / s0
005 N ~ 85
08 &
7S
0.75
70
0.7 65
065 60
B os B .
§ 0.55 = }
z 45
05 a0
0.45 35
0.4 30
035 ®
20
0.3
15
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0.2 5
1e2 1e3 1ed4 1e5 1e6
Fitted MW (g/mol)
Results
Analysed by Applied Chem at 17:18:50 on 05 June 2018
Comments

Molecular Weight Averages
Peak Mp (g/mol) Mn (g/mol) | Mw (g/mol) Mz (g/mol) | Mz+1 (g/mol) [ Mv (g/mol) | PD |
5348 13186| 52508 3.482|

[Peak 1 I 3787 87263 46429]

Figure 4.59 GPC analysis report of DTPBT-based polymer TP-INQx
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3 z
g 97 50 :}
H "fz s
0.55 0
0.5 35
0.45
04 30
0.38 25
o3 20
0.25
0.2 15
0.15 10
0.1
0.05 °
1e3 led 1e5 1e6 1e7
Fitted MW (g/mol)
Results
Analysed by Applied Chem at 17:14:56 on 05 June 2018
Comments
Molecular Weight Averages
[ Peak Mp (g/mol) [ Mn (g/mol) [ Mw (g/imol) | Mz (g/mol) | Mz+1 (g/mol) | Mv (g/mol) | PD |
[Peak 1 5693 3769 12227] 947131] 2483851 586258| 3.244)

Figure 4.60 GPC analysis report of DTPBT-based polymer TP-BIIG
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