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ABSTRACT

Organic r-conjugated linear and network polymers, owing to their large
synthetic variety of finely tunable structures and properties, are promising
semiconducting materials for optoelectronic devices and light harvesting
applications. A vast library of such w-conjugated systems has been synthesized
through conventional tools of coupling (e.g. Suzuki coupling, Stille coupling)
which involves tedious preactivation of C-H bonds using highly toxic and
flammable reagents. In recent years an emerging synthetic technique called direct
C—H arylation has been extensively studied as a facile, atom-efficient and
environmentally benign pathway for the synthesis of conjugated polymers and
small molecules. In this thesis, direct arylation has been applied to rationally
chosen monomers to produce conjugated small molecules, linear polymers as
well as 2D/ 3D porous polymers that exhibit performances comparable with those

made from conventional reactions.

In this thesis, we use naphthodithiophenediimide (NDTI) — a new
electron-accepting building block that has shown high performance in ambi-polar
organic field-effect transistors to synthesize polymers and small molecules by
direct arylation. To examine its regioselectivity, NDTI was used to synthesize
small molecules by coupling with 2-bromo-9,9-dihexylfluorene. Two NDTI-
based narrow bandgap polymers, one with benzothiadiazole and the other with
9,9-dioctylfluorene, were synthesized via polymerization (DAP). The chemical
structures and optoelectronic properties of these molecules and polymers were

characterized.

Benzo[1,2-c:4,5-c"]dithiophene-4,8-dione (BDTD) is another electron-
accepting building block which has demonstrated outstanding performance in
organic bulk heterojunction (BHJ) solar cells. We use DAP to synthesize a series
of wide bandgap D-A copolymers with a common acceptor building block of
BDTD and study the structure-property relationship in these polymers. We also

present the device performances of these polymers in both thin-film field-effect

vii



transistors and organic solar cells using BDTD-based polymers as the electron

donors and fullerene derivatives as the electron acceptors.

In this thesis, we have also demonstrated direct arylation as an efficient
synthetic tool for conjugated porous polymers (CPPs). A series of narrow
bandgap conjugated porous polymers have been synthesized by facile direct
arylation polymerization of thiophene-flanked thienothiadiazole (TTD) with
multi-brominated monomers with different geometries. The polymer products
show strong light absorption in the near infrared region, corresponding to narrow
optical bandgaps below 1.3 eV. Under the same polymerization conditions, the
morphologies, porosities and optoelectronic properties of the resulting polymers

are determined by the chemical structures of the aryl bromides.

In order to extend the library of thiophene-containing CPPs synthesized
by direct arylation, we chose three thiophene-flanked monomers — bithiophene
(BT), 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (DTBT) and 2,5-bis(2-
octyldodecyl)-3,6-di(thiophen-2-yl)-2,5-pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione (DPP) with active C-H bonds and polymerized them with tri- and tetra-
brominated monomers. This modular design has allowed us to study the effect of
thiophene monomers on the morphology, porosity and optical properties of the
CPPs.

In our final research work, we present the direct arylation synthesis of a
new series of conjugated porous polymers (CPPs) containing triazine. We used
2,4,6-(tri-2-thienyl)-1,3,5-triazine (TTT) to synthesize a series of robust triazine-
core polymers by with DAP without need for preactivating the C—H bonds in the
arene monomers. The resulting triazine-core polymers were used to catalyze the
photo-oxidation of benzylamines and the polymers containing the highest
fraction of triazine units showed > 99% conversion with a relatively low loading

of the catalyst.
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1. Introduction

1.1 Conjugated polymers: a brief overview

Organic m-conjugated small molecules and polymers have been
investigated extensively in recent years for their applications in light emitting
diodes (LEDs)'?, field effect transistors (FETs)*®, organic solar cells (OSCs)"*
and sensors.’'! The discovery of conductivity in polyacetylene by Heeger,
MacDiarmid, and Shirakawa'? in 1977 opened a new era of organic electronics
where the optoelectronic properties of semiconductors can now be integrated
with solution processability, mechanical flexibility and synthetic variety®® of
conjugated molecules and polymers. With advances in the field, focus shifted
from insoluble powders like polyacetylene and polyaniline (PANI) to solution
processable, high-performance semiconducting polymers such as MEH-PPV/1416
and P3HT 729 (Scheme 1.1). As a result, a large library of organic building
blocks and semiconductive polymers has been established. m-blocks such as
thiophene,?* fluorene and its core extended derivatives,??2® diketopyrrolopyrroles
and its derivatives,?* rylene diimides and their derivatives®>?® (Figure 1.1) have
been synthesized, their chemical and physical properties tuned for applications in
domains ranging from optoelectronics, bio-imaging and light harvesting to

catalysis and gas adsorption.

At @NH%*

PA PANI
I\
[gii \\}* s T"
H,CO
MEH-PPV P3HT

Scheme 1.1 Structures of early semiconducting polymers.
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synthesis of n-conjugated donor-acceptor (D-A) polymers.



Several design strategies to tailor the properties of conjugated polymers
for specific applications have been studied.” 2" An important example is the
donor-acceptor (D-A) strategy in which electron-rich (donors) and electron-
deficient (acceptors) moieties are used to tune the electrochemical properties and
bandgap of the resulting material.?%3! This approach has been successful in
producing polymers with charge-carrier mobilities as high as 14.4 cm? V1 stin

OFETs*? and power conversion efficiencies (PCE) as high as 14% in OSCs.*
1.2 C-C coupling reaction — gateway to new conjugated polymers

Synthesis of nt-conjugated molecules and polymers relies on efficient C-
C bond formation between two sp? carbons.®* To this end cross couplings such
as Stille,*3® Suzuki-Miyaura,®® and Kumada® have been developed for the
coupling of heteroaryl-halides with organometallic-heteroarenes. These reactions
are most commonly catalyzed by organometallic complexes of palladium* and
nickel.*! These transition metal catalyzed reaction schemes not only allow the
formation of functional polymers from conventional monomers but also the help
in the synthesis of new conjugated building blocks by facilitating Csp?- Csp? and

Csp- Csp? bond formations.*?

X

Reductive Elimination [TM]
Oxidative Addition

[T™]

§

[TM]

~~x [TM] - Transition Metal
% X -Halide
XY

Transmetallation Y -Nucleophile

Scheme 1.2 Mechanism for transition metal catalysed cross-coupling reaction.

@ ®

A metal catalysed coupling reaction occurs in three steps as depicted in
Scheme 1.2. The reaction begins with 1) oxidative addition of an electrophilic

organic halide to a metal catalyst across the C-X bond followed by the 2)



transmetallation of the nucleophilic segment of the second reactant placing both
the coupling partners across the metal center. Finally, by 3) reductive elimination
of the coupled species from the metal complex, the catalyst is regenerated, and
the coupled product is released. A brief description of cross-coupling reactions

most commonly used for the synthesis of conjugated polymers is given below.
1.2.1 Migita-Stille Reaction

Stille reaction is an important C-C coupling reaction between
nucleophilic organostannanes and organohalides or pseudo halides. The Stille
reaction is accessible to a variety of organic groups — the nucleophiles can be
alkenyl, alkynyl or aryl stannanes whereas the halides are not limited to chlorides,
bromides, and iodides but also include triflates and sulfonates. Mechanism of
palladium catalysed stille coupling is like most C-C coupling reactions (Figure
1.2a). Oxidative addition of the halide to the Pd (0) forms a Pd (11) complex. This
is followed by the transmetalation of the organostannane whereby the organic
moiety of the stannane replaces the halide on Pd. The final product is obtained
by the reductive elimination of the coupled product. Although Stille reaction has
been extensively used for the synthesis of conjugated polymers for organic
electronic applications,*® the need for prefunctionalization with toxic stannyl

compounds remains its major drawback.
1.2.2 Suzuki-Miyaura Reaction

Suzuki coupling involves the reaction of an organoborane with an
organohalide to give the coupled product in a palladium catalyzed reaction.
Recent development in catalytic conditions has expanded the scope of reactions
from aryls to alkyls, alkenyls, and alkynyls. One difference between the Suzuki
mechanism and that of the Stille Coupling is that the boronic acid must be
activated, for example with base (Figure 1.2b). After the oxidative addition of
organohalide to Pd (0), a molecule of the hydroxide or alkoxide base replaces the
halide on the palladium complex, while another adds to the organoborane to form
a borate regent making its organic group more nucleophilic. Transmetalation with

the borate then follows where its organic group replaces the halide anion on the
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Figure 1.2 Mechanism for palladium catalysed a) Stille coupling of an aryl stannane

with an aryl halide, b) Suzuki coupling of an aryl boronic acid with an aryl halide and
c) an aryl alkyne with an aryl halide.

palladium complex. This activation of the boron atom enhances the

polarisation of the organic ligand and facilitates transmetalation.



Although, the Suzuki reaction has been widely used for the synthesis of
conjugated systems for organic electronics, studies comparing polymers
synthesised by the Suzuki reaction with direct arylation have found that, the rate
of structural defects in Suzuki-synthesised polymers is higher or comparable to
that of direct arylation, specially defects arising from the homocoupling of two
aryl bromides.**

1.2.3 Sonogashira-Hagihara Reaction

Sonogashira coupling is the reaction of an aryl or vinyl halide with a
terminal alkyne to form enynes and arylalkynes. The reaction is most commonly
catalyzed by a palladium catalyst in the presence of a copper (Cul) co-catalyst
and an amine base. Mechanism of the Sonogashira reaction, like other C-C
coupling reactions, begins with the oxidative addition of the aryl halide on Pd (0)
(Figure 1.2c). In a concurrent co-catalyst cycle, the alkyne forms a n-complex
with copper which is then deprotonated by the amine base. The deprotonated
alkyne in the form of copper acetylide replaces the halide on the palladium
complex and regenerates the copper catalyst in the transmetalation step. The
coupled product is formed by the reductive elimination from the PdL, complex.
Due to its ability to form strong C(sp)-C-(sp?) bonds under relatively mild
conditions and a vast library of available arylalkyne monomers, Sonogashira
reaction has been widely used for the synthesis of conjugated macromolecules
including conjugated microporous polymers (CMPs).*> Most notably, Cooper
and workers have used Sonogashira polymerization extensively to create a

variety of CMPs with high Brunauer-Emmet-Teller (BET) surface areas.***’
1.2.4 Mizori-Heck Reaction

Heck reaction undergoes between an unsaturated halide (or triflate) with
an alkene in the presence of a base and a palladium catalyst to form a substituted
alkene (Scheme 1.3). The oxidative addition of the aryl halide to Pd(0) gives a
c-aryl-palladium(ll) halide, trans-ArPdXL2, which first coordinates to the
alkene after dissociation of one phosphine and then undergoes a syn insertion of

the alkene, leading to a c-alkyl-palladium(Il) halide. An internal C-C bond
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Scheme 1.3 General scheme for and mechanism of palladium catalysed Heck coupling.

rotation in the s-alkyl-palladium(I1) halide brings an sp®- bonded B-hydrogen in
a syn position relative to the palladium atom. A syn B-hydride elimination gives
a hydridopalladium(ll) halide ligated to the arylated alkene. After dissociation
from the arylated alkene, the hydridopalladium(l1) halide undergoes a reversible
reductive elimination to regenerate the active Pd(0) complex. The base shifts this
equilibrium towards the Pd(0) catalyst by quenching the hydrogen halide. The
reactivity order of aryl halides in Mizoroki—Heck reactions is usually: Arl > ArBr
> ArCl, suggesting that the oxidative addition is rate determining for the less
reactive aryl halides. Besides the usual parameters of all reactions (temperature,

solvent, and concentration), other parameters may be varied (Pd precursors,
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ligands, bases, additives, etc.) to optimize Mizoroki—Heck reactions.



1.3 Direct C-H Arylation

1.3.1 Introduction
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Scheme 1.4 General comparison of conventional cross-coupling reactions with direct

arylation.

Aryl-aryl cross coupling is crucial to the development of several
pharmaceutical products, biological agents and organic electronic materials
Hence, great effort has been devoted to developing new and efficient methods
for C-C bond formation. While these traditional coupling methods have been
effective to synthesize a broad range of n-conjugated systems, they often require
tedious preactivation of C-H bonds using organometallic reagents that are
flammable (e.g. butyl lithium), nonstable, and/or highly toxic (e.g.
organostannane). Over the last decade, an emerging synthetic tool called direct
C-H arylation, which enables facile direct coupling of aryl halides with non-
substituted heteroaryls without the need of preactivating the sp? C-H bonds
(Scheme 1.4), has been studied extensively.*®*° As a result, a variety of -
conjugated molecules and polymers could be synthesized via direct C-H arylation
in fewer synthetic steps, without involving highly flammable reagents such as
butyl lithium and highly toxic agents such as organotin that are often used in

Stille coupling. In recent years, our group has also explored direct arylation as a



greener synthetic tool for conjugated small molecules, linear polymers, and

porous networks.50-69

1.3.2 Development of direct C-H arylation

Discovery of new aryl-aryl coupling reactions has been driven by the need
for efficient pathways to synthesize new materials for organic electronics.
Poly(thiophenes) are a class of such materials that had been studied extensively
by researchers mainly owing to their good electric conductivity, thermal stability
and solution processability.”"* Direct arylation was first reported by Lemaire
and coworkers® in 1999 as an alternative to commonly used routes such as
Kumada-Corriu reaction,”®  for synthesis of polythiophenes. 2-lodo-3-
octylthiophene was polymerized under Heck-type reaction conditions using
Pd(OAc)2 and tetrabutylammonium bromide as the catalytic system to yield
poly(3-octylthiophene) with a molecular weight (M) of 3 kDa and
regioregularity of ~90%. Even though this route circumvented the need for
prefunctionalization of thiophene monomers, the oligomeric products obtained
made it a poor choice for synthesizing polythiophenes. In 2010, Ozawa’s group
reported the direct arylation synthesis of poly(3-hexylthiophenes) using
Hermann-Beller catalyst instead of Pd(OAc)2 to obtain high molecular weight
(Mn = 30.6 kDa) polymers with a regioregularity as high as 98%.* Several
phosphine ligands were tested and tris(2-dimethylaminophenyl)phosphine in

combination with cesium carbonate as the base was found to give the best results.

In a 2012 paper, Leclerc and coworkers optimized the direct arylation
polymerization of a donor-acceptor polymer synthesized from a C-H active
acceptor molecule — thienopyrroledione (TPD) and a brominated bithiophene
derivative.” Best results were obtained when Pd(OAc)(o-Tol) and tris(o-
methoxyphenyl)phosphine were used as the catalyst ligand to give a molecular
weight of 56 kDa and polydispersity of 2.6. C-H activation of TPD not only
demonstrated DAP to be the more efficient choice for synthesis of TPD-based
donor acceptor polymers’® but also inspired the synthesis of high performance
TPD-based organic photovoltaic materials.”” Other noteworthy contributions to

the development of DAP were made by Kanbara’s research group which reported



conditions for the C-H activation of 1,2,4,5-tetrafluorobeneze.”® Polymerization
with dibromooctylfluorene using palladium acetate as the catalyst yielded

polymers with M, as high as 31 kDa after a reacting for 48 hours.
1.3.3 Mechanism of Direct Arylation Coupling

The mechanism of direct arylation coupling has been the subject of
several experimental’®®° and computational reports®'#2 in the past two decades.
Two pathways that have been widely studied are the electrophilic aromatic
substitution and concerted metalation deprotonation (CMD). In 2000, Sakaki and
coworkers reported a computational study of the C-H activation of benzene by
palladium.®® They concluded that the heterolytic cleavage of the C-H bond in
benzene occurs when an oxygen from bisformate complex decoordinates from
the palladium center to form an O-H bond, while the benzene C simultaneously
coordinates with palladium, leading to the formation of a six-centered transition
state. Over the next decade, Fagnou®2°® and coworkers corroborated these results
and demonstrated the applicability of the CMD pathway to a wide range of

heteroarenes.

Scheme 1.5 describes the common mechanism of direct heteroarylation
by the CMD pathway for both carboxylate-mediated®® and carboxylate-free
catalytic models.®” The reaction begins with the oxidative addition of the aryl
halide bond (Ar:-Br) to the Pd (0) complex with bidentate ligands (L) to form an
aryl-halo complex (1). Depending on the catalytic model, a carboxylate or
carbonate ion coordinates with the aryl-halo complex to deprotonate Ar, while
simultaneously forming the Ar.-Pd bond, hence leading to the formation of the
transition state. The concerted-metalation and deprotonation step distinguishes
direct C-H arylation from the conventional C-C coupling. It should be noted that
while most arenes follow the CMD pathway, the exact mechanism depends on
the nature of substrates, ligands and solvents involved.88 The final product is

formed by the reductive elimination of Ari-Ar; from palladium.

10



Ary - Ary
Ar, - Br

Reductive Elimination Pd[0] (
. / Oxidative Addition
. v

Ar Ar @
L 1 /
“pd Pd—L
Pd —
PN O
Arg L Br
Ry +Ar;-H
Transition state
R-H L
\ A M- Br
Ar; -Pd
i:' ~R L Ar; and Ar, = Arenes

L= Ligand
Ry = Metal Carboxylate or
Metal Carbonate
M-Br = Metal-bromide
byproduct
R-H = Carboxylate or
Bicarbonate byproducts

L Concerted Metallation - Deprotonation

Scheme 1.5 General mechanism of direct arylation via the concerted metalation-

deprotonation (CMD) pathway.

1.4 Direct Arylation for the synthesis of linear polymers for applications in

organic electronics

1.4.1 Recent progress in high-performance materials synthesized by direct

arylation

Conjugated polymers have been intensively studied as functional
materials for organic electronics such as light emitting diodes (LEDSs), organic
field effect transistors (OFETS) and organic solar cells (OSCs) in the past two
decades.®* However, in recent years, the sustainable development of these
materials by using eco-friendly methods such as DAP has garnered interest in the
research community and to that end several polymers exhibiting impressive
performances in OFETs and OSCs have been reported.® % A class of
macromolecules that has consistently shown high performance in thin film
transistors is DPP-based polymers®*®* and a significant contribution to DPP

polymers and small molecules synthesized by DAP has been made by Leclerc’s
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group. Polymer P4 (Figure 1.3) synthesized by Pouliot et al. exhibited ambipolar
behaviour with dominant p-type character (un = 0.92 cm? V1 s?) in top-gate
bottom-contact devices.*® Recently, Gao et al. synthesized a donor acceptor
polymer PDPP-4FTVT, consisting of fluorinated thiophene units in the polymer
chain.®® Electron and hole mobilities of 4.19 and 3.4 cm? Vst respectively have
been reported for this polymer, which are the highest mobilities for polymers
synthesized via DAP. Fewer NDI polymers synthesized via DAP in OFETSs have
been studied in OFETs compared to DPP polymers, though some significant
contributions towards n-type polymers have been made. For example, Sommer’s
group achieved electron mobility as high as 3 cm? Vs for an NDI-bithiophene
polymer®” (PNDIT2), which was comparable to the mobility of the same type of

polymers synthesized via Stille coupling.

In recent years, DPP-based polymer solar cells have been optimized to
exhibit PCEs approaching 10%. However, very few of these polymers have been
synthesized by DAP.% In a recent report, Guérette et al. reported the synthesis of
a phenanthridone-based random terpolymer, P3 by DAP that exhibited PCEs as
high as 6.3%.%° Several TPD polymers synthesized by DAP-1% have also been
used to fabricate solar cells however the PCEs obtained are moderate compared
to the ones obtained from Stille polymerization.?°1%® Farinola and coworkers
recently published a comparative study of the synthesis and OPV characteristics
of a benzodithiophene-alt-TPD polymer (Ponap, Figure 1.3) synthesized by
DAP and Stille polymerization.%* Higher molecular weights were obtained from
the DAP protocol (12 kDa vs. 10 kDa from Stille polymerization) and the PCEs
for the polymer made by DAP were also found to be higher in various fabrication

conditions.

Facchetti, Marks, and coworkers reported a series of high-performance
D-A alternating copolymers synthesized through a robust synthetic scheme of
DAP using Pd2dbas/P(0-MeOCgH4)z as the catalyst/ligand pair and 2,2-
diethylhexanoic acid (denoted as DEHA) as the additive.®® The bulkier nature of
DEHA compared to pivalic acid, a more commonly used acidic derivative in

DAP, played a crucial role to improve the C-H selectivity while not
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Figure 1.3 Structures of polymers synthesized by direct arylation polymerization for
applications in OFETs and OSCs.

compromising the C-H reactivity. PBDTT-FTTE synthesized under the
optimized condition of DAP showed a remarkably high PCE of 8.19% in bulk
heterojunction (BHJ) photovoltaic devices, which is not only comparable to the
PCE (8.24%) obtained for its Stille counterpart but also the highest reported for
a DAP copolymer. Very recently, Wang and coworkers reported the direct
arylation synthesis of PPDT2FBT-1%° (Figure 1.3) — a fluorinated polymer
containing benzothiadiazole and alkoxy substituted benzene which exhibits tight
interchain packing owing to strong intramolecular non-covalent interactions.

Power conversion efficiencies up to 7.3% were obtained from PPDT2FBT-1
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based devices which are comparable to the performance of a similar polymer
synthesized by Stille polymerization.%® These results cleared the prejudice that
DAP produces conjugated polymers with inferior structural quality and device
performances compared to those synthesized via conventional Suzuki or Stille

polymerizations.

1.4.2 Scope of direct arylation for efficient synthesis of high-performance

linear polymers

Despite the recent advances in optimizing direct arylation conditions to
produce high molecular weight polymers with performances comparable to their
counterparts synthesized by conventional coupling reactions, the majority of
benchmark polymers applied in BHJ organic solar cells have been synthesized
by Stille coupling. For instance, a new acceptor molecule — benzo[1,2-c:4,5-
c']dithiophene-4,8-dione (BDTD) has been recently employed, most notably by
Hou’s!?7110 and Sun’s'**1!3 groups to synthesize wide bandgap donor-acceptor
polymers via Stille polymerization. BDTD-based polymers have been reported
to yield power conversion efficiencies as high as 14%, which is among the
highest values ever reported (Figure 1.4a).*° The fused benzodithiophene core
of BDTD results in planar polymer chains which enhance n—n stacking in
polymer films while the wide bandgap of polymer provides deeper highest

molecular orbital energy levels which are crucial for high open circuit voltages.

Another example of a core extended acceptor molecule that has
demonstrated high performance in organic electronics is naphtho[2,3-b:6,7-
b'ldithiophenediimides (NDTTI). Synthesis of a,B-unsubstituted NDTI was first
reported by Takimiya’s group by annulation of thiophene on 1,4,5,8-
naphthalenediimide.!** Like BDTD, NDTI’s fused structure enhances rigid
packing necessary for charge transport. Moreover, the LUMO levels of NDTI-
based donor-acceptor polymers and triads have been found to remain constant
around -4 eV over a wide range of donors which has facilitated the fabrication of
several high-performance air-stable OFETs (Figure 1.4a).1°>1! From a synthetic

standpoint, unsubstituted o-position on NDTI allows the expansion of the
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Figure 1.4 a) Examples of benchmark NDTI- and BDTD-based polymers reported in
the literature. b) Schematic representation of the direct arylation scheme used to

synthesise NDTI- and BDTD-based polymers in this thesis.

conjugated backbone either by pre-functionalization with reactive nucleophiles

or by direct C-H activation.

In this thesis, we apply the chemistry of direct arylation to high
performance building blocks such as NDTI and BDTD to synthesize new

materials for optoelectronics (Figure 1.4b). Details of experiments highlighting
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the optimization reactions and electro-optical characterizations of NDTI and
BDTD based polymers is presented in Chapter 2 and 3 respectively. Device
performance of BDTD-based polymers in BHJ organic solar cells is also
presented. These results demonstrate that rational optimization of reaction
conditions in DAP is a cost-effective and eco-friendly synthetic approach that
can lead to high-quality polymers with large molecular weights, minimal

structural defects, and thus high performances in optoelectronic devices.

1.5 Direct arylation as a synthetic tool for 2D/3D conjugated porous

polymers (CPPs)
1.5.1 Recent progress in the synthesis of CPPs by direct arylation

Conjugated porous polymers (CPPs)*¢-" are a class of organic polymers
characterized by large specific surface area, remarkable chemical stability and
excellent electronic properties that have found applications in gas storage and
catalysis.*64" 118 Electrochemical properties of CPPs can be tuned by proper
selection of monomers from a vast library of n-blocks, but the synthetic approach
to these polymers has been limited to conventional coupling reactions.!*® Direct
arylation, which has only recently been studied in the context of CPPs, allows for
the facile synthesis of porous networks by reacting non-functionalized, C-H

active monomers with multi-halogenated heteroaryls.

Han and coworkers published the first report of the CPPs synthesized by
direct arylation polymerization.'?® 1,2,4,5-tetrafluorobenzene was used to
synthesize  polymers  with  1,3,5-tribromobenzene  and  tetrakis(4-
bromophenyl)methane under DAP conditions optimized by Kanbara.”® The
resulting polymers FPOP-1 and FPOP-2 (Scheme 1.6), showed Brunauer-
Emmet-Teller (BET) surface areas of 1170 and 1020 m? g%, respectively, which
remain the highest values of BET specific surface areas for polymers synthesized
by DAP till date. Feng and coworkers synthesized a polymer, FPSBF with
2,2',7,7'-Tetrabromo-9,9’-spirobifluorene under Kanbara’s conditions which

exhibited a surface area of 700 m? g% 12! Recently, Koizumi’s group used higher
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catalyst loading and an extended reaction time to obtain a polymer CMP1 that

exhibited BET surface area of 258 m? g1.122
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Scheme 1.6 Structures of conjugated porous polymers synthesized by direct arylation.

Very recently, Wang’s group reported the synthesis of narrow bandgap
CPPs via DAP involving thiophene-based monomers. Specifically, porous
homopolymers®® — NTU-CMPs (Scheme 1.6) were obtained via a facile one-step
DAP involving 8,11-dibromodithieno[3,2-a:2',3'-c]phenazine as a single
monomer building block under the catalytic condition with Pd.dbas and P(o-
MeOCgHa4)3 as the catalyst-ligand pair that was previously optimized in the C-H
activation of benzo[1,2-b:4,5-b']dithiophene.®® Conjugated polymer networks
with a narrow bandgap of 1.5 eV and hierarchical porous structures were

obtained.

Applications of conjugated porous polymers broadly include gas storage,
heterogeneous catalysis and energy storage owing to their high microporosity,
large interfacial area, tunable electronic structure, and distinct morphology. A
comprehensive discussion of design strategies and application of CPPs in the

aforementioned areas is presented in reviews by Jiang*’ and Antonietti.!!® The
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first synthesis of CPPs via DAP!? (reported by Liu et al.) exhibited high BET
surface areas greater than 1000 m? g which are comparable to values of
polymers obtained by conventional coupling reactions. FPOP-1 and FPOP-2
showed moderate values for uptake of carbon dioxide and hydrogen while a
methane uptake capacity of 3.3 % (by weight) was obtained for FPOP-2 which
is higher than several highly porous materials. FPOP-2 also exhibited impressive
toluene adsorption (10.6 mmol g) due to strong host-guest interactions. Sorption
properties of polymers reported by Koizumi'?? were also tested. However, the
BET surface area, as well as CO; adsorption were much lower compared to
benchmark polymers.t?® Application of CPPs as heterogeneous catalysts for
organic syntheses either by encapsulation of metal co-catalysts in their pores or
post-synthetic modification of polymer structure has also been extensively
studied.'?* Conjugated porous polymers allow for the rational design of organic
catalysts by selection of appropriate building blocks, thereby providing greater
control on the optoelectronic properties. These features make CPPs promising

alternatives to inorganic catalysts (e.g. platinum) that have been the standard.'?>
126

1.5.2 Limitations of conventional synthesis and scope of direct arylation as a

greener alternative for synthesizing new CPPs

Despite the versatile applications of CPPs in CO; capture, energy storage,
and catalysis, these polymers have been most commonly synthesized under
thermally and chemically harsh reaction conditions which are often energy
intensive and require corrosive reagents. For instance, the majority of thiophene-
based CPPs reported in the literature have been synthesized by conventional C-
C coupling reactions such as ferric chloride catalyzed oxidative coupling,®® 2"-
181 “and Sonogashira-Hagihara polymerization.’3>3* Despite its moderate
reaction conditions, the oxidative coupling has been reported to yield chlorinated
polymers'? with residual iron salts.!3® whereas Sonogashira polymerization
requires pre-functionalization of C-H bonds with toxic and flammable reagents
like organosilanes and is limited to monomers containing terminal ethynyl

groups. Triazine-containing CPPs are another class of nitrogen-rich porous
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material have been promising for versatile applications in catalysis and gas
storage. 36137 However, ionothermal™®®  and  solvothermalt39-140
cyclotrimerization of aryl nitriles has been used most commonly for the synthesis
of triazine frameworks.*" 14! lonothermal reactions require high temperatures and
stoichiometric amounts of ZnCl, which are difficult to remove from the polymer
while solvothermal reactions are carried out in highly corrosive ‘superacids’ such

as triflic acid.

We have been exploring a “greener” C-C coupling approach so called
direct arylation polymerization (DAP) for facile synthesis of a broad scope of =-
conjugated small molecules, linear donor-acceptor alternating copolymers, and
2D/3D networks. In contrast to Suzuki coupling and Stille coupling, DAP does
not require tedious pre-activation of C-H bonds in arene monomers and does not
involve flammable organometallic agents such as butyl lithium and highly toxic
stannyl agents that are often used in Stille coupling. Nevertheless, DAP has been
rarely used for the synthesis of triazine-containing 2D/3D networks as a new type

of m-conjugated porous polymers.

1.6 Research objectives

DAP has only recently emerged as a promising synthetic technique for
conjugated polymers owing to the high products yields that are obtainable with
minimal monomer functionalization. Significant progress in terms of reaction
optimization for high yields and developing a DAP synthesized library of highly

functional polymers has been done in the last five years alone.”>°
In this thesis,

1) we aim to, synthesize new linear using rationally selected n-conjugated
building blocks. Polymers containing naphthodithiophenediimide (NDTI) NDTI
and benzodithiophenedione (BDTD, refer Figure 1.4) have consistently shown
high-performance in OFETs and OSCs but their synthesis has been carried out
exclusively by conventional coupling reactions such like Stille and Suzuki
coupling. The planar structure of NDTI and BDTD monomers leads to the

efficient packing of polymer chains which consequently enhances charge
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transport. Moreover, BDTD has been reported to form wide bandgap polymers
with deep HOMO levels which are crucial for increasing Voc in OSCs whereas
NDTI-based small molecules and polymers!* have been reported to possess low
lying LUMO levels necessary for fabricating air-stable OFETs. Despite their
excellent structural and electrochemical properties, NDTI- and BDTD-based
polymers have never been synthesized by direct arylation. In this thesis, we use
pre-optimized direct arylation conditions®® to synthesize a series of NDTI- and
BDTD-based polymers and investigate their structural, optical and
electrochemical properties. OFET and OSC device characterization of BDTD
polymers is also presented. These results signify that direct arylation is a facile
alternative to conventional reactions for obtaining high-performance polymers as
it allows for the incorporation of a wide variety of tunable building blocks in the
polymer backbone while overcoming the need for tedious preactivation with

toxic reagents.

2) We also aim to extend the scope of direct arylation from synthesis of
conjugated linear polymers to conjugated 2D/3D porous networks. Much like,
linear conjugated polymers, the vast majority of conjugated porous polymers
(CPPs) have been synthesized by conventional reactions which either require
preactivation of monomers (eg. Suzuki coupling) or are limited to monomers
containing specific functional groups (eg. Sonogashira-Hagihara coupling,
Schiff-base condensation). In fact, direct arylation has been used to synthesize
CPPs only recently. In this thesis, we present a systematic approach towards the
direct arylation synthesis of a library of CPPs with good control on structural,
optical, morphological and surface properties. We present the first example of
thienothiadiazole-based narrow bandgap CPPs synthesized by direct arylation.
Although previously reported CPPs synthesized by direct arylation showed
specific surface areas as high as 1170 m? g*,*?° their wide bandgaps limited light
absorption in visible and near infrared (NIR) regions which is crucial for
polymers used in energy conversion as well as other light harvesting applications.
We further investigate the structure-function relationships in CPPs by
synthesizing a series of polymers from thiophene-flanked monomers with active
C-H bonds. Finally, we use 2,4,6-(tri-2-thienyl)-1,3,5-triazine (TTT) to
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synthesize a series of triazine based polymers. Although triazine-based functional
materials have been used in a wide variety of applications due to their high
electron deficiency, planar structure, and high nitrogen content, they have been
commonly synthesized under chemically harsh conditions. In this thesis, we
present the first report of triazine-based CPPs synthesized by direct arylation and
demonstrate their application in photocatalysis. Excellent control on morphology
and porosity can be obtained by controlling the monomer ratio. These results
suggest direct arylation is an efficient tool to synthesise robust CPPs that can
incorporate a wide array of monomers and their intrinsic functionality in the

polymer network.
1.7 Organization of the thesis

This thesis presents experiments carried out in five research projects
connected with a unifying theme: direct arylation polymerization (DAP). DAP
presents as an environmentally benign and economically feasible alternative to
conventional cross-coupling reactions for the synthesis of conjugated polymers.
In this thesis, we introduce the concept of conjugated polymers and highlight the
need for a sustainable alternative synthetic route such as direct arylation. In the
subsequent chapters, we present the experimental results of the synthesis and
characterization of novel conjugated linear and network polymers and

demonstrate their potential applications.

Chapter 1 provides a brief introduction to conjugated polymers and the
various techniques utilized for the design and synthesis of these polymers.
Subsequently, the chemistry of direct arylation is introduced and a brief review
of linear and 2D/3D polymers synthesized by direct arylation is presented.
Finally, the importance of direct arylation in the context of functional conjugated

polymers is discussed and scope for new research is highlighted.

In  Chapter 2, direct arylation is used to synthesize
naphthodithiophenediimide (NDTI) based polymers. NDTI as a new electron-
accepting building block has been used to synthesize narrow bandgap small

molecules and polymers for ambi-polar organic field-effect transistors and
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organic solar cells. Herein, the first application of direct arylation coupling to
synthesize a series of NDTI based small molecules and polymers is presented.
The regioselectivity is examined in the direct arylation coupling of NDTI with 2-
bromo-9,9 dihexylfluorene. Two NDTI-based narrow bandgap polymers, one
with benzothiadiazole and the other with 9,9-dioctylfluorene, are synthesized via
direct arylation polymerization. The chemical structures and optoelectronic

properties of these molecules and polymers are characterized.

In Chapter 3, direct arylation is applied to another electron-accepting
building block — benzo[1,2-c:4,5-c']dithiophene-4,8-dione (BDTD). Donor-
acceptor (D-A) alternating copolymers consisting BDTD have demonstrated
outstanding performances in OSCs but the synthesis of these polymers has been
largely limited to Stille-coupling based polycondensations. Herein, a direct
arylation route to a series of wide bandgap D-A copolymers with a common
acceptor building block of BDTD is reported. Structure-property relationship in
these polymers is characterized and the device performances of these polymers
in both thin-film OFETs and bulk-heterojunction OSCs involving BDTD-based
polymers as the electron donors and fullerene derivatives as the electron

acceptors are studied.

In Chapter 4, direct arylation is used to synthesize narrow bandgap small
molecules and conjugated porous polymers (CPPs) from thiophene-flanked
thienothiadiazole (TTD). TTD-based small molecules serve as a model reaction
for the polymerization of TTD with multi-brominated monomers. Morphologies,
porosities and optoelectronic properties of the resulting polymers are studied. The
synthetic protocol of direct arylation polymerization and the structure—property
relationship established in these narrow bandgaps conjugated porous polymers
will be important for rational material design towards applications such as gas

separation/storage and photocatalysis.

In Chapter 5, a series of CPPs containing thiophene-flanked monomers
are synthesized. Building blocks containing bithiophene, benzothiadiazole and
diketopyrrolopyrrole are incorporated in the porous polymer structure by

polymerization with tri- and tetra-brominated monomers under direct arylation
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conditions like those used to synthesize TTD-based CPPs. Effect of monomer
size and geometry on the porosity, morphology and optical properties of CPPs is
studied.

Chapter 6 presents the direct arylation synthesis of triazine containing
CPPs is presented. Previous synthetic approaches such as the ionothermal and
solvothermal cyclotrimerization of aryl nitriles to these CPPs are limited to
monomers that are stable against high temperatures (> 400 °C) or strong acids.
Herein, a milder direct arylation approachtowards a new series of robust triazine-
core polymers by coupling 2,4,6-(tri-2-thienyl)-1,3,5-triazine (TTT) with multi-
brominated monomers of varying geometries. The direct C—H activation of TTT
enables the facile incorporation of the triazine unit into multidimensional
polymeric structures while the choice of comonomers gives good synthetic
control of the morphologies, porosities and optoelectronic properties of triazine-
core CPPs. The resulting triazine-core polymers were used to catalyse the photo-

oxidation of benzylamines.

Finally, a conclusion to the experimental work carried out in this thesis is
presented in Chapter 7. Limitations of direct arylation in terms of scalability and
economy of reaction conditions are discussed. To overcome these challenges, an
outlook for the future of direct arylation as a greener alternative for synthesizing

conjugated linear and 2D/3D polymers is proposed
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2. Synthesis and characterization of
naphthodithiophenediimide small molecules and

polymers by direct arylation

2.1 Introduction

Among the various m-conjugated building blocks utilized for organic
optoelectronic devices, naphthalene diimide (NDI) is one of the most widely
studied electron-accepting species in the rylene diimide family.1 Core-extended
NDI derivatives®* have found great potential as building blocks for high electron
mobility n-type®”’ as well as ambi-polar thin film transistors (TFTs).® In
particular, a new core-expanded NDI derivative called naphtho[2,3-b:6,7-b]-
dithiophenediimide (NDTI) was recently reported by Takimiya and co-workers.®
NDTI provides several advantages over other core-extended NDI derivatives: (i)
the fused thiophene groups improve the planarity of the molecule as opposed to
flanked thiophenes that form an out of plane angle with the NDI core,° (ii) the
rigidity and overall long range ordering is conducive to extensive p-orbital

overlap which consequently facilitates charge transport.

Most of the reported NDI-based small molecules and polymers have been
synthesized through conventional coupling methods such as Suzuki coupling and
Stille coupling, both of which involve tedious C-H pre-activation using
organometallic reagents that suffer from high flammability (e.g., butyllithium),
high toxicity (e.g., stannyl reagents) and poor stability. To that end, C—H direct
arylation has emerged as a new efficient and green method that enables the facile
synthesis of p-conjugated molecules and polymers in fewer steps, without the
need for C-H bond pre-activation or involvement of toxic stannyl reagents.
Although C-H direct arylation has been extensively studied in the organometallic
community for the synthesis of a variety of organic small molecules for

applications such as pharmaceutics,!**® its application to synthesis of -
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conjugated systems (both small molecules and polymers) with tunable

optoelectronic properties has until recently not attracted much attention. 423

To date, a variety of n-conjugated small molecules,?2> homopolymers?®-
28 and donor—acceptor copolymers?®34 have been synthesized using C—H direct
arylation coupling. For example, Sommer and co-workers recently reported the
synthesis of donor—acceptor—donor (D—A-D) type NDI building blocks and
polymers using highly efficient direct arylation routes.>3¢ Moreover, core
expansion on the lateral edges of NDI derivatives for fine tuning of electrical and
optical properties can now be realized by the activation of the C—H bond of
simple unsubstituted heteroaryls such as thiophene.®” More recently, a NDI-
tetrafluorobenzene polymer (P(ThNDIThF4)) was synthesized by direct
arylation polymerization (DAP) and the polymer showed an electron mobility as
high as 1.3 cm? V! st in top-gate, bottom contact field effect transistors.® To the
best of our knowledge, C—H direct arylation coupling has never been used in the
synthesis of NDTI based polymers and small molecules. Recently, we have
reported the synthesis of donor—acceptor (D—A) type copolymers via direct-
arylation cross coupling polycondensation.?®3%: 3 We found that in the high-
boiling-point, non-polar aromatic solvent 1,2-dimethylbenzene (o-xylene),
Pd.dbas/(0-MeOCeH4)3P, potassium carbonate and pivalic acid as an additive,

serves as an efficient catalyst system to obtain high quality polymers.30-3!

Herein, we present the synthesis and characterization of a novel NDTI
polymer (PNDTI-OF) containing the electron-rich co-monomer unit 9,9-
dioctylfluorene, and an analogous NDTI triad (denoted as NDTI-2HF) with
containing 9,9-dihexylfluorene, by direct arylation. A narrow bandgap polymer
— PNDTI-BTz, consisting of alternating NDTI and benzothiadiazole, which
was synthesized by Stille coupling in an earlier report,3® was also synthesized
under the scheme of DAP.

2.2 Synthesis and structural characterization

In contrast to previous reports of polymerization with NDTI where

conventional coupling methods such as Suzuki coupling and Stille coupling were
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utilized to obtain high molecular weight polymers, we investigated the previously
devised DAP route using the NDTI monomer to synthesize small molecule
derivatives and polymers.® NDTI-based small molecules were obtained from a
one-pot direct arylation of C20-NDT]1 (0.1 M) and BrHF (molar ratio = 1:10). A
mixture of mono-(denoted as NDTI-HF) and bi- (denoted as NDTI-2HF)
substituted products was obtained with yields of 25% and 10%, respectively,
which can be attributed to the relatively low reactivity of the NDTI molecule

under these direct arylation conditions (Scheme 2.1).
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Scheme 2.1 Synthesis of NDTI-2HF and NDTI-HF via direct arylation.

Increasing the concentration of C20-NDT]1 to 0.2 M improved the yield
of NDTI-2HF to 45% and NDTI-HF to 30%, while 10% of C20-NDTI remained
unreacted. Although no significant formation of by-products was observed from
the activation of the B-H in the NDTI monomer, the presence of unreacted
monomers is an indication of the relatively low reactivity of the a-H under these
reaction conditions. In addition, the homo-coupling of (BrHF) is a possible side
reaction that might also contribute to the relatively low yield of NDTI-2HF. The
!H NMR spectra (Figure 2.1) of both products (NDTI-HF and NDTI-2HF)
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show a clear peak at 9.15 ppm which could be assigned to the B-proton of the
annulated thiophenes. All other peaks could be assigned to protons from the
NDTI core and fluorene moieties. The broad peaks in the aromatic region of the
'H NMR spectra (Figure 2.1) of NDTI-HF and NDTI-2HF as well as some
other NDTI based small molecules reported by Takimiya and co-workers*0-4
might have originated from inter-molecular aggregation in the solvent at room
temperature Such broadening is more serious in the *H NMR spectra of the NDTI
copolymers. as discussed later. The chemical structures of these two products

were further confirmed by mass spectroscopy.
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Figure 2.1'H NMR (300 MHz) spectra showing the range of aromatic protons in A)
NDTI-HF and B) NDTI-2HF.

DAP between C20-NDT1 and DBrBTz or DBrOF (Scheme 2.2) resulted
in the formation of PNDTI-OF and PNDTI-BTz in moderate yields. Gel
permeation chromatography (GPC) traces of NDTI polymers are presented in
Figure 2.2. PNDTI-BTz synthesized yielded low molecular weight polymers as
compared to the Suzuki coupling product (M, = 7.2 kDa) and Stille coupling
product (Mn = 14.4 kDa) reported by Takimiya’s group.® It is speculated that an
aromatically stabilized closed-shell structure hinders the deprotonation of NDTI

by the carboxylate additive from the NDTI-palladium transition state, thereby
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Scheme 2.2 Synthesis of PDNTI-OF and PNDTI-BTz via direct arylation.

Table 2.1 Summary of the synthesis of NDTI-based small molecules and polymers.

Species? Entry Concentration (M) Yield (%) M, (kDa) PDI

1 0.1 10 -
NDTI-2HF ° -

2 0.2 45 -

3 0.1 50°¢ 3.6° 1.53
PNDTI-OF c c

A 0.2 50 5.2 1.6

384 7.2¢ 2.16

PNDTI-BTz 5 0.1 45°¢ 3.3° 1.54

@ All reactions were carried out at 120 °C for 24 hours. ® Molecular weight was verified
by mass spectroscopy. ¢ Results from the hexane fraction. ¢ Results the chloroform

fraction

rendering the a-carbon inert, which is the target site for aryl-aryl coupling. The
relatively low reactivity does not favour the formation of high molecular weight
polymers. In effect, the products obtained by DAP at 0.1 M of C20-NDT]1 were
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Figure 2.2 GPC (Rl and UV) traces of a) PNDTI-OF (Entry 3), B) PNDTI-OF (Entry
4 - Hexane), C) PNDTI-OF (Entry 4 - CF) and D) PNDTI-BTz at 80° C with chloroform

as the eluent.

mainly oligomers. In an attempt to obtain higher molecular weight products,
PNDTI-OF was synthesized at a higher concentration (0.2 M). It was observed
that increasing the concentration afforded higher molecular weight polymers (Mn
= 7.21 kDa, Table 2.1-Entry 4) from the chloroform fraction as opposed to the
previous run at 0.1 M (Table 2.1-Entry 3) where polymeric products could only
be obtained from the hexane fraction. The GPC traces of PNDTI-OFs from
entries 3 and 4 (Figure 2.2a-c), show unimodal peaks with relatively narrow
polydispersity indices. Furthermore, comparison of the hexane fractions showed
that, although the yield remained unchanged for Entries 3 and 4, the molecular
weight slightly increased to 5.16 kDa for Entry 4. The *H NMR spectra of all
polymers containing fluorene show broad peaks in the aromatic range in C2D2Cly

at 373 K (Figure 2.3-2.5), whereas the protons from the polymer backbone and
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Figure 2.3™H NMR spectra of the hexane fraction of PNDTI-OF synthesized at a
concentration of 0.1 M (300 MHz, C2D2Cls4, 373 K).
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Figure 2.5*H NMR spectra of the chloroform fraction of PNDTI-OF synthesized at a
concentration of 0.2 M (300 MHz, C2D2Cly, 373 K).
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Figure 2.6"H NMR spectra of the hexane fraction of PNDTI-BTz synthesized at a
concentration of 0.1 M (300 MHz, C2D>Cls, 373 K).
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NDT]I end-group could still be assigned. In contrast, no discernible peaks could
be identified from the *H NMR spectrum of PNDTI-BTz (Figure 2.6), even in
C2D2Cl4 at 373 K. A similar phenomenon was also reported in the NDTI-based

polymers previously synthesized via Stille coupling.®

2.3 Thermal properties
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Figure 2.7 Thermogravimetric analysis plots (A, B) of NDTI-based A) small molecules
and B) polymers. Differential scanning calorimetry profiles of C) NDTI-HF and D)
NDTI-2HF.

Thermo-gravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were used to study the thermal properties of NDTI based
small molecules. Both NDTI-HF (Tq = 239.6 °C) and NDTI-2HF (T4 = 217.5
°C) showed degradation temperatures (corresponding to 5% weight loss) below
250 °C, which is reasonable for small molecules (Figure 2.7a). The DSC curves
shows that NDTI-HF undergoes phase transition at approximately 107 °C in the

second endothermic cycle (Figure 2.7¢). On the contrary, no phase transition
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could be observed for NDTI-2HF. Hexane fraction of PNDTI-OF obtained in
entry 4 and PNDTI-BTz obtained in entry 5 were also studied of by TGA.
Degradation temperatures of 205 °C and 152 °C were observed for PNDTI-OF
and PNDTI-BTz respectively (Figure 2.7b).

2.4 Optical and electrochemical characterizations

The optical properties of small molecules and polymers were studied in
solutions and in films. All materials showed strong absorption over the visible
range. Upon the addition of fluorene groups to the NDTI moiety, a significant
red-shift in absorption maximas was observed from C20-NDTI to NDTI-HF to
NDTI-2HF (Figure 2.8a). This bathochromatic shift can also be seen in the
fluorescence spectra of NDTI-HF and NDTI-2HF as the maximum emission
shifts from 641 to 655 nm. Moreover, conjugation with the fluorene units leads
to enhancement of the intensity of the intermolecular charge-transfer (ICT) bands
of NDTI core compared to the bands from n—= interaction. It is interesting to note
that the absorption edge of NDTI-2HF in thin films shifts bathochromatically by
90 nm in comparison to its absorption in solution (Figure 2.8b). A more
significant bathochromatic shift was observed in thin films of NDTI-HF, which

suggests strong J-type aggregation in the solid states of these small molecules.

Band-gaps of the NDTI-based small molecules were calculated using
absorption onset wavelengths of drop-cast thin films (Figure 2.8). As expected,
NDTI-HF (Aonset = 719 nm, Eg = 1.7 eV) showed a slightly larger bandgap than
NDTI-2HF (Aonset = 752 nm, Eq = 1.65 eV). The bandgap of NDTI-2HF is
smaller than other NDT] triads reported by Takimiya and co-workers.*%4! Energy
levels of the small molecules were calculated from their optical bandgap and the
oxidation onsets obtained from cyclic voltammetry (Figure 2.9). NDTI-HF and
NDTI-2HF exhibit multiple reduction peaks which can be attributed to reduction
of the NDTI core. These reversible peaks can be clearly observed in the cyclic
voltammogram of C20-NDT]I. The electron-donating effect of the fluorene units
was evident from the negative shift of the reduction onsets in NDTI-2HF when
compared to C20-NDTI (Figure 2.2). As expected, the electron affinity or the

reducibility of the small molecule decreased with the addition of the fluorene
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Figure 2.8 UV-Vis spectroscopy of NDTI small molecules in A) chloroform solutions
and B) films.

Table 2.2 Electrochemical and optical properties of NDTI small molecules and

polymers.
Eox ™™ Enomo Ered®™ ELumo Nedge ™ E,™

Species

(V)® (ev)°® (V)® (ev)© (nm) (eVv)

NDTI-

e 161  -6.01 -0.90 434 752 165
NDTI-HE 166  -6.06 -0.97 434 719 172
PNDTI- 433 572 -0.87 412 775 1.6

OF
PNDTI- 118 558 0.79 401 790 157

BTz

2V vs Ag/AgCl. P Empirically calculated from Enomo (eV) = 4.4 - Eo’™. © Estimated
from ELumo = Eromo - E¢™™. @ Estimated from absorption edge in thin films. ¢ Polymer
synthesized in entry 3.

units (Table 2.2). UV-vis absorption spectra of PNDTI-OFs synthesized by
DAP are presented in Figure 2.10. As expected, the absorption edges of the
polymers red shift with increasing molecular weight (Table 2.1-Entry 4
(chloroform) > Table 2.1-Entry 4 (Hexane) > Table 2.1-Entry 3). In addition, all
PNDTI-OFs have longer absorption wavelengths than their triad analogue,
NDTI-2HF. PNDTI-OFs
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Figure 2.9 Cyclic Voltammograms of A) C20-NDT]I, B) NDTI-HF and D) NDTI-2HF.

synthesized at 0.2 M (Table 2.1-Entry 4) have absorption extending beyond 800
nm in film. This can be explained as a direct result of the longer conjugation
length in these polymers as compared to PNDTI-OF (Table 2.1-Entry 3). UV-
vis absorption spectra of PNDTI-BTz (Figure 2.9) were compared with those of
PNDTI-OF (Entry 1). PNDTI-OF and PNDTI-BTz exhibited a strong
absorption between 700 and 400 nm with a maximum absorption at 640 and 542
nm, respectively. Moreover, the absorption tail of PNDTI-BTz (750 nm) was
more red shifted than that of PNDTI-OF (725 nm). NDTI-based copolymers
synthesized at a concentration of 0.1 M (Table 2.1-Entries 3 and 5) were used
for comparison of their electrochemical properties. PNDTI-BTz (Aonset = 790
nm) was found to have the lowest band gap of 1.57 eV. This is slightly higher
than the same polymer reported by Takimiya and co-workers*® owing to the
higher molecular weight and conjugation length. Although LUMO levels of
NDTI moieties remain relatively unaffected by comonomers as demonstrated by

Takimiya and co-workers,34! the narrow band gap can be explained by the
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presence of benzothiadiazole units in the polymer backbone that facilitate
planarity and hence good r-orbital overlap. PNDTI-OF was found to have a
band-gap of 1.6 eV (Aonset = 775 nm) which is comparable to that of PNDTI-BTz.
Based on the same rationale, the HOMO level of PNDTI-OF can be expected to
be elevated without significant change in the LUMO energy (Table 2.2).
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Figure 2.10 UV-Vis spectroscopy of NDTI-based polymers in A) chloroform solutions
and B) thin films.
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Figure 2.11 Cyclic Voltammograms of NDTI-based polymers.
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HOMO and LUMO energy levels were calculated from the oxidation
onset of the materials in cyclic voltammograms (Figure 2.11) and the optical
band gap from thin films. PNDTI-OF and PNDTI-BTz show strong oxidation
and reduction peaks, respectively, in the range of -2 to 2 V. HOMO and LUMO
estimated for PNDTI-OF from its oxidation onset were -5.72 and -4.12 eV,
respectively. These values were consistent with the energy levels of reported
NDTI polymers with electron-rich co-monomers.*®* Moreover, the LUMO level
of PNDTI-OF was slightly higher than that of NDTI (ELumo = -3.95 eV)°
indicating the invariant nature of LUMO levels in NDTI polymers. DFT
calculations of similar triads***! have proved that the LUMO levels are generally
localized over the NDT]I core as opposed to the entire structure or the side groups.
However, the electron-donating effect of fluorene units in the polymer backbone
contributes to the elevation of the HUMO level. This effect is highly suppressed
in NDTI-2HF (Enomo = -6 eV) whose HOMO level is only marginally higher
than that of NDTI (Enomo = -6.05 eV). This can be attributed to the smaller
conjugation length of NDTI-2HF and reduced contribution of electron-rich
fluorenes as compared to PNDTI-OF. Nonetheless, the HOMO-LUMO levels
of PNDTI-OF and NDTI-2HF show promise for good ambi-polar behaviour as
has previously been demonstrated for D—A-D type NDTI polymers®® and

triads.*0-41
2.5 Conclusion

In summary, direct arylation coupling of NDTI systems was
demonstrated by synthesizing both small-molecule derivatives and polymers. In
particular, a new D-A-D triad consisting of NDTI as the core flanked with 9,9-
dihexylfluorene was synthesized. The electrochemical and optical properties of
these materials show great promise for applications in optoelectronics. Moreover,
with further optimization of the reaction conditions, direct arylation in NDTI
systems can yield functional building blocks and high molecular weight
polymers. Hence, DAP provides the advantage of being a facile synthetic

procedure for synthesis of high-performance n- and p-type polymers.
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2.6 Experimental section
2.6.1 Materials and methods

All solvents used are of reagent grade unless stated otherwise. 9,9-
Dioctyl-2,7 dibromofluorene (DBrOF), 4,7-dibromo-2,1,3-benzothiadiazole
(DBrBT) were of commercial grade and used as received without further
purification. All reactions were performed under a nitrogen atmosphere. 2-
Bromo-9,9-dihexyl-9H-fluorene  (BrHF)*? and  N,N-Di(2-octyl)dodecyl-
4,5,9,10-naphtho[2,3-b:6,7-b"]dithiophenediimide (C20-NDTI)® were
synthesized according to reported procedures. Gel permeation chromatography
was performed on an Agilent 1260 Infinity system at 80 °C/ 55 bar, with
polystyrenes as the reference standard and chloroform as an eluent. Nuclear
magnetic resonance spectra were recorded on a Bruker AV 300 spectrometer in
CDCls at room temperature with TMS as internal reference; chemical shifts (3)
were reported in parts per million. Optical properties were studied in chloroform
solutions of materials (unless mentioned otherwise) and drop-cast thin films. UV-
Vis absorption spectra were recorded on a Shimadzu spectrometer model UV-
2450. Emission spectra were recorded on a PerkinElmer LS55 fluorescence
spectrometer. Cyclic voltammograms (CVs) were recorded on an CHI
Electrochemical Analyzer Model 660D at room temperature in acetonitrile
containing 0.1 M tetrabutylammonium hexafluorophosphate (BusNPFs) as a
supporting electrolyte at a scan rate of 100 mV/s. Glassy carbon was used as
working electrodes; counter electrodes were made of Pt, and the reference
electrode was Ag/AgCl. All the potentials were calibrated with the standard
ferrocene/ferrocenium redox couple. Thermo-gravimetric analysis and
differential scanning calorimetry were performed on a Pyris Diamond TGA
(Perkin Elmer) and Mettler Toledo 822e DSC respectively, at a heating rate of
10°C/ min under nitrogen. Mass spectroscopy was performed on a ABI 4800
Proteomics Analyzer MALDI TOF/TOF mass spectrometer (Applied

Biosystems).
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2.6.2 Synthesis of 5,11-bis(9,9-dihexyl-9H-fluoren-2-yl)-N,N"-Bis(2-
octyldodecyl)-4,5,9,10-naphtho[2,3-b:6,7-b']dithiophene-4,5,9,10-diimide
(NDTI-2HF)

To a microwave vial charged with a stirring bar, C20-NDTI (50 mg,
0.053 mmol), 1-bromo-9,9-dihexyl-9H-fluorene (0.53 mmol), Pdz(dba)s (2.7
umol, 2.4 mg), (0-MeOCgH4)3P (5 umol, 1.7 mg), K2COs (0.2 mmol, 36.8 mg)
and pivalic acid (0.025 mmol, 2.5 mg) were added. o-xylene (0.3 mL) was added
to the vial inside a glove box and sealed with a rubber cap. The vial was then
placed in an oil-bath pre-heated to 120 °C in 24 hours. After cooling to room
temperature, the reaction mixture was diluted with chloroform and extracted with
aq. NaCl. The extract was dried over MgSO. and filtered over vacuum to obtain
crude product mixture. The product mixture was purified by column
chromatography (20% v/v DCM-Hexane) to give NDTI-2HF in 45% yield (38.3
mg) and NDTI-HF in 30% yield (20 mg).

NDTI-2HF. 'H NMR (CDCls, 300 MHz) & ppm: 9.21 (s, 2H), 7.98-7.35
(m, 14H), 4.36 (m, 4H), 2.14 (m, 10H), 1.43-0.77 (m, 120H). EI MS m/z (%):
1604 (M*, 100), 1060 (16), 855 (26).

NDTI-HF. 'H NMR (CDCls, 300 MHz) & ppm: 9.19 (s, 1H), 8.9 (d, 1H,
J=6Hz),8.03 (d, 1H, J = 6 Hz), 7.88-7.38 (m, 7H), 4.27 (m, 4H), 2.14 (m, 6H),
1.43- 0.77 (m, 98H). EI MS m/z (%): 1271(M", 100), 1378 (27), 1060 (35), 855
(62).

2.6.3 General synthesis procedure for PNDTIs via direct arylation

To a microwave vial charged with a stirring bar, C20-NDTI (50 mg,
0.053 mmol), DBrX (0.053 mmol, as described in Scheme 2), Pdz(dba); (2.7
umol, 2.4 mg), (0-MeOCsHa)3P (5 umol, 1.7 mg), K2CO3 (0.2 mmol, 36.8 mg)
and pivalic acid (0.025 mmol, 2.5 mg) were added. o-xylene (0.5 mL) was added
to the vial inside a glove box and sealed with a rubber cap. The vial was then
placed in an oil-bath pre-heated to 120 °C in 24 hours. After cooling to room
temperature, the reaction mixture was diluted with chloroform and added

dropwise to 100 mL of methanol, filtered through a Soxhlet thimble, and then
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subjected to Soxhlet extraction with methanol, acetone, hexane and chloroform
sequentially. Hexane and chloroform fractions were concentrated and
precipitated in methanol. The precipitates were collected by filtration and dried

under vacuum for one day to obtain the target polymers.
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3. Direct arylation polymerization towards
efficient synthesis of benzo[1,2-c:4,5-¢’]
dithiophene-4,8-dione based donor-acceptor
alternating copolymers for organic optoelectronic

applications

3.1 Introduction

In recent years, organic solar cells (OSCs) employing the bulk
heterojunction (BHJ) architecture — electron donor (polymer or small molecule)
and electron acceptor (fullerene or non-fullerenes) blends as the active layer —
have been able to achieve power conversion efficiencies (PCES) in the range of
10-13%.%° Further improving the performance of OSCs would require
minimizing losses from contributing factors such as open circuit voltage (Voc)
and the short circuit current (Jsc). Since Voc is dependent on the difference
between the highest occupied molecular orbital (HOMO) of the donor and the
lowest occupied molecular orbital (LUMO) of the acceptor,®® developing new
donor polymers with deep HOMO levels and broad absorption bands is a good
strategy to provide the necessary offset between the frontier orbitals of donors
and acceptors. Recently, this strategy has been efficiently employed in a series of
moderate band gap benzo[1,2-c:4,5-c']dithiophene-4,8-dione (BDTD) based
polymers which have shown excellent performance in OSCs (PCE > 9%).% 10-12
In the previous chapter, we used a core-extended naphthalenediimide derivative
— NDTI as an acceptor molecule for its unique structural and electrochemical
properties to synthesize donor-acceptor (D-A) polymers via direct arylation.
Much like NDTI, BDTD is another acceptor molecule with a rigid and planar
structure which enhances interchain packing and is beneficial in tuning the
energy levels of polymers by pairing with appropriate comonomers.*3 However,
majority of BDTD polymers have been synthesized via Stille coupling®-12 14-16

51



which requires tedious pre-functionalization of monomers with highly toxic

organotin intermediates.

In the last decade, an alternative coupling method known as direct
arylation has been extensively developed for a variety of building blocks to
facilitate the direct polymerization of a halogenated (bromo, iodo) and C-H active
aromatic monomers thereby providing a synthetically facile and eco-friendly
alternative to conventional polymerizations.** n-conjugated polymers
synthesized by direct arylation polymerization (DAP) have shown impressive
performance in optoelectronics as well.?> % Recently, Wang and coworkers
reported the direct arylation synthesis of a high performance phenylene-alt-
difluorobenzothiadiazole polymer, PPDT2FBT which gave PCEs upto 7.4%.%
Most notably, Marks and coworkers reported a benzo[1,2-b;4,5-b’]dithiophene-
alt-fluorothieno[3,4-b]thiophene polymer, PBDTT-FTTE synthesized by DAP
which showed PCEs as high as 8.4% - the highest for polymers synthesized by
DAP.# Structure and OPV performance of PBDTT-FTTE were comparable to
its Stille counterpart thereby reinforcing DAP as a promising alternative to
conventional coupling reactions. Nonetheless, direct arylation has not been used

to synthesize BDTD based polymers so far.

To bridge the gap between high performance OSCs and sustainable
synthesis of photovoltaic polymers, here we present a one-step synthetic scheme
of direct arylation polymerization between dibrominated BDTD (Scheme 1) as
one electron accepting monomer (A) and three respective thiophene-based
electron-donating monomers (D) to synthesize a series of D-A alternating
copolymers. To the best of our knowledge, this is the first instance of BDTD-
based polymers synthesized by DAP. We have systematically characterized these
polymers (P1-3) including their chemical structures, optical properties, thermal
properties, electrochemical properties, charge-carrier mobilities in thin-film field
effect transistors, and their performances as electron donors in bulk
heterojunction solar cell devices using a fullerene derivative, PC71BM, as the
electron partner. Although these polymers only showed moderate performances

in the optoelectronic devices, we believe that the “greener” feature of the
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synthetic chemistry involved in the polymer synthesis and the structure-property
relationship gained from this study will be useful for future design and synthesis
of other high-performance semiconducting polymers for a variety of

optoelectronic applications.
3.2 Polymer synthesis and structural characterization

The synthetic route to the three donor-acceptor linear polymers reported
in this study is shown in Scheme 3.1. Polymers are composed of a common
acceptor unit, benzo[1,2-c:4,5-c"]dithiophene-4,8-dione (BDTD), which, owing
to its planar structures imparts a rigid backbone to the polymer. BDTD-based
polymers have consistently shown stellar performance in OSCs (PCEs > 8%),
which makes it an attractive acceptor molecule for designing new high-
performance polymers by direct arylation.® 1011 1316 4849 BDTD was
polymerized with a thiophene-fused donor, 4,8-bis((2-ethylhexyl)oxy)benzo[1,2-
b:4,5-bdithiophene (M1), and two thiophene-flanked donors, 2,2'-(2,5-bis((2-
ethylhexyl)oxy)-1,4-phenylene)dithiophene (M2) and 3,3"-dioctyl-
2,2"5'2".5" 2"-quaterthiophene (M3) to give polymers P1, P2 and P3
respectively. It should be noted that a similar analogue of P1 containing n-hexyl
side chains on BDTD was previously reported by Aso and coworkers! via Stille
coupling for application in organic solar cells. However, the polymer suffered
from low short circuit current and poor PCE. Polymers P2 and P3 both consist
of thiophene-flanked donor groups (M2 and M3) as opposed to thiophene-fused
structure of M1, which enhances the flexibility of the polymer chains due to their
non-rigid structure. These structural differences have been especially highlighted
in previous reports'> ¢ of BDTD-quarterthiophene polymers which are

analogues of P3.

A preliminary optimization for the direct arylation of BDTD with C-H
active donors was carried out by testing two direct arylation conditions using
Pd2(dba)s and Hermann’s catalyst, respectively, on the synthesis of P1 and P2
(Table 3.1). Both these conditions have been previously optimized for the C-H
activation of thiophene-flanked monomers 2® 50 and have been used for

synthesizing a variety of linear*”>° and 2D/3D conjugated®®-? networks. P1
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C4Hs CoH
CoHgw 470 22165y ~CyHy Pd,dba (5 mol%), (o-

S, MeOCgH,4)3P (10 mol%),
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o-xylene (0.2 M), 120 °C, 24 h
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H
i C H/( 817
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Scheme 3.1 Synthesis of donor-acceptor polymers via direct arylation polymerization.

Table 3.1 Reaction conditions and characteristics of BDTD polymers

t Mn M
Polymer  Entry [Pd]2 Base Yield® PDI¢
(h) (kDa)¢  (kDa)®
38% 320 477 149
1 Pdz(dba)s K2COs3 24 (57%) (9.4) (194)  (2.04)
P1
Hermann’s 36% 41.7 125.0 3.0
catalystd €0 5100 97)  (225) (231)
86% 160 265 165
3 Pdo(dba)s  KoCOs 24 7000 (30) (51) (167)
P2
Hermann’s 61% 16.0 25.0 1.57
catalyst ~ C%C9 2 3gey  (67)  (93)  (14)
0
P3 5 Pdydba); KiCOs 24 ?6)/:’ 2307 534 279

2 Ligand: (0-MeOCsH.)sP, Solvent: o-xylene, Temperature: 120 °C. °® Yield from the
chloroform fraction. Number in parentheses corresponds to yield of the hexane fraction.
¢ GPC of the chloroform fraction measured in THF at 25 °C. Numbers in parentheses
corresponds to the molecular weights and PDI of the hexane fraction. ¢ Solvent: Toluene.
¢ Data for hexane fraction was not recorded. © GPC was carried out in 1,3,5-

trichlorobenzene at 150 °C.

was obtained in relatively low yields from both conditions since majority of

products were obtained as oligomers in the hexane fraction (Figure 3.1a and
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3.1c). Although a higher molecular weight polymer could be obtained by using
Hermann’s catalyst (Mn = 42 kDa, PDI = 3.0, Figure 3.1d), P1 obtained from
Pdz(dba)s (Mn = 32 kDa, PDI = 1.49, Figure 3.1b) was considered to be of higher
quality due to its narrower dispersity and shorter reaction time. In contrast, P2
obtained from Pd>(dba)z and Hermann’s catalyst had similar molecular weights
(Mn = 16 kDa, Figure 3.2b and 3.2d) despite the longer reaction time for the
latter condition. Moreover, the yield of P2 obtained by using Pd2(dba)s (Entry 3)
was 86% compared to 61% from Hermann’s catalyst (Entry 4). Based on the
molecular weights and yields for P1 and P2 obtained from these trials we deemed
Pdz(dba)z a more suitable catalyst than Hermann’s catalyst for BDTD-based
polymers. Subsequently, a DAP protocol using Pdz(dba)z as the catalyst gave P3
with a number-average molecular weight (M) of 23 kDa (Figure 3.3) in 86%

yield. It should be noted that the molecular weight of P3 was measured in 1,3,5-

a) . b)
1.0+ |Hexane fraction 1.0 Chloroform fraction
Rl Trace Rl Trace
—— UV Trace (550 nm| | —— UV Trace (550 nm)
2 0.8 208
‘a ‘n
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2 2
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Figure 3.1 GPC traces of hexane (a, ¢) and chloroform fractions (b, d) of polymer P1

synthesized using Pd»(dba)s (a, b) Hermann’s catalyst (¢, d) measured in THF at 25 °C.
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Figure 3.2 GPC traces of hexane (a, ¢) and chloroform fractions (b, d) of polymer P2
synthesized using Pd.(dba)s (a, b) Hermann’s catalyst (¢, d) measured in THF at 25 °C.
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Figure 3.3 GPC traces of polymer P3 synthesized using Pdz(dba); measure in 1,3,5-

trichlorobenzene at 150 °C.
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Figure 3.4 Comparison of *H-NMR spectra of the monomer a) BDTD with polymers b)
P1, c) P2 and d) P3. Spectra of monomers were measured in CDCl3 at room temperature

while the spectra of polymers were measured in C,D,Cl4 at 100 °C.

trichlorobenzene at 150 °C due to its poor solubility in THF at room temperature.
Only polymers synthesized using Pdx(dba)s were used for further

characterization.

Structures of all polymers were characterized by *H-NMR spectroscopy
in C2D2Cl4 at 100 °C (Figure 3.4). Peaks from BDTD in the polymer backbone
were observed around 3.4 ppm and 1.8 ppm and are denoted by ‘*’ and ‘#’,
respectively. Weak peaks at 3.25 ppm in the spectra of P2 (Figure 3.4c) and P3
(Figure 3.4d) were assigned to the alkyl protons of the terminal BDTD group.
However, no such end-group peaks could be observed for P1 (Figure 3.4b). The
peak at 8.43 ppm (denoted by 2) in the spectrum of P1 is assigned to the [3-carbon
of M1 in the polymer backbone. In the spectrum of P2, peaks denoted by 2 and
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3 (Figure 3.4c) correspond to the thiophene protons of M2 while peak 4
corresponds to the phenyl proton. Several smaller peaks can also be observed in
the aromatic region of P2 which can be attributed to the donor end-groups. For a
detailed analysis of these peaks, the aromatic regions of the NMR spectra of
polymer P2 and monomer M2 were compared (Figure 3.5a). Peaks 1’ (7.55

ppm), 2’ (7.15 ppm) and 3’ (7.38 ppm) were assigned to the protons of the chain-
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Figure 3.5 End-group analysis of NMR spectra of a) P2 and b) P3. Donor end-group
assignment was carried out comparing the NMR spectra of P2 (red) and P3 (blue) with

spectra of M1 and M2 respectively.
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end thiophene, while peak 4’ (7.34 ppm) corresponds to the phenyl-proton of the
donor end-group. The peaks at 8.01 ppm and 7.92 ppm were assigned to the

thiophene adjacent to the terminal acceptor group in the polymer backbone.

Similar end-group analysis was carried for P3 by comparing the aromatic
region of its NMR spectrum with that of M3 (Figure 3.5b). Peak 2’ (7.0 ppm),
3’ (7.17 ppm) and 4’ (7.09 ppm) was assigned to the terminal thiophenes of the
donor group based on the position of the analogous protons in M3 while 1’ (7.68

ppm) was assigned to the thiophene adjacent to the terminal BDTD group in P3.
3.3 Optical properties

Optical properties of all polymers were studied by UV-Vis absorption and
fluorescence spectroscopy both in o-dichlorobenzene (DCB) and in chloroform
(CHCIs) solutions (Figure 3.6). Polymers P1 and P2 have similar absorption
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Figure 3.6 UV-vis absorption (solid) and fluorescence emission (dashed) spectra of P1
(black), P2 (red) and P3 (blue) in 0.04 mg/mL a) o-dichlorobenzene (DCB) and b)
chloroform solutions. Temperature dependent ¢) UV-Vis absorption and d) fluorescence

emission spectroscopy of P3 in DCB.

59



a) 1.0 b) 500
P1in 0.04 mg/mL P1in 0.04 mg/mL
0.8 DCB solution 400 4 DCB squ:non
_ 25°C —25°C
3 40°C = 40°Cc
‘E 0.6+ ——50°C < 300 —50°C
H ——60°C £ ——60°C
E 70°C 5 —70°C
S 044 £ 200
2 -
< w
0.2+ 100 -
oo T T T T T T T T o T T T T
350 400 450 500 550 600 650 700 750 800 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)
c) d)
1.8 300
1.6 P2in 0.04 mg/mL P2in 0.04 mg/mL
DCB solution 250 DCB solution
47 —25°C 25°C
3 121 40°C 3 200 40°C
b —s50°C s —50°C
4 & 2 °
g " —y 2 150 o
£ 038 —70°C g —70°C
o P2 £
3 -4
< 06 g 100
0.4+
50
0.2 .
0.0 —— S 0- : ; . :
350 400 450 500 550 600 650 700 750 800 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

Figure 3.7 Temperature dependent UV-Vis absorption (a, ¢) and fluorescence (b, d)
spectra of P1 (a, b) and P2 (c, d) in 0.04 mg/mL 1,2-dichlorobenzene solutions. Inset,
digital images of P1 (a, b) and P2 (c, d) solutions under room (a, ¢) and 365 nm UV light

profiles in both solvents that show strong absorption between 400 and 600 nm
and maxima at 520 nm. Optical bandgaps of P1 and P2 were found to be 1.87 eV
and 1.89 eV, respectively.

The absorption range of P3 in DCB solutions (Figure 3.6a) extends up to
700 nm and a shoulder band, most likely corresponding to J-aggregation, is also
observed at 678 nm which can be attributed to the strong n—n interaction between
polymer chains. In fact, the band at 678 nm, appears to be stronger in chloroform
and chlorobenzene solutions (Figure 3.9a) of P3 of similar concentrations,
implying the presence of aggregation in solution state. Such aggregation in
BDTD based polymers has been observed by Hou and coworkers earlier,*® albeit

only with fluorinated comonomers. To investigate the effect of temperature on
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aggregation, UV-vis absorption and fluorescence spectra of polymers were
recorded while increasing temperature stepwise. The absorption and fluorescence
profiles of P1 and P2 are invariant to temperature (Figure 3.7). From Figure
3.6¢, it can be observed that as temperature increases the vibrionic band in the
absorption spectrum of P3 decreases in intensity till it completely vanishes at 70
°C as intermolecular n—m interactions are completely suppressed. The absorption
edge blue shifts from 725 nm at 25 °C to 625 nm at 70 °C thereby confirming the
band at 678 nm as a J-aggregation band. A similar effect is seen in the
fluorescence spectrum where the shoulder peak at 25 °C merges into a broad
unimodal peak leading to brighter fluorescence of the solution as shown in the
digital images (Figure 3.6d). Temperature dependent optical characterization of
P3 in chlorobenzene (CB) solutions also yielded similar results (Figure 3.8c and
3.8d).
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Figure 3.8 a) UV-Vis absorption (solid) and fluorescence (dashed) spectra of P3 in
chloroform (CF), 1,2-dichlorobenzene (DCB) and chlorobenzene (CB). b) Digital
images of solutions of P3 in various solvents under room light and UV light at room
temperature. ¢) Temperature dependent UV-Vis and d) Fluorescence spectroscopy of P3

in 0.04 mg/mL chlorobenzene solutions.
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Figure 3.9 a) UV-vis absorption spectra of P1 (black), P2 (red) and P3 (blue) thin films
before and after annealing at 150 °C for 10 minutes. b) Cyclic voltammograms of P1,
P2, P3 and ferrocene standard.

Table 3.2 Optical properties of BDTD-based polymers.

}\amax,absSOI )\‘max,em xmax,absf”m EGQOp EOX EHOMO ELUMO
Polymer
(hm@  (m)2  (m)  E€V)® (V) (V)" (V)¢
P1 524 655 570 1.87 13 -5.65 -3.78
P2 507 604 546 1.89 1.22 -5.57 -3.68
P3 533 644 616 1.66 1.03 -5.43 -3.77

@ Measured from spectra in DCB. ° Determined from the absorption edge of UV-Vis
absorption spectra in films. ¢ Calculated using the equation, Exomo = Eox + (4.8 —

EY2kgct). YELumo = Eromo - (Eee™).

Optical absorption of P1-P3 was also studied in film state (Figure 3.9a).
As expected, all polymers exhibit a bathochromic shift of the absorption edge in
film state and the shoulder peak of P3 is seen to be higher in intensity. Annealing
the polymer films at 150 °C did not lead to significant differences in the
absorption spectra of the polymers. The optical characteristics of BDTD

polymers are summarized in Table 3.2.
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Electrochemical properties of polymers were studied by cyclic
voltammetry (Figure 3.9b) and are summarized in Table 3.2. Polymers P1 and
P2 exhibit non-reversible oxidation peaks with onsets at 1.3 V and 1.22 V
respectively while P3 exhibits a quasi-reversible oxidation peak with onset at
1.03 V. The HOMO energy levels calculated from the oxidation onset potentials
were found to be -5.65, -5.57 and -5.43 eV for P1, P2 and P3, respectively. The
relatively higher HOMO level of P3 can be attributed to the strong electron-
donating effect of the quarterthiophene moiety. LUMO levels were determined
from the HOMO energy level and the optical bandgaps and were calculated to be
-3.78 eV, -3.68 eV and -3.77 eV for P1, P2 and P3, respectively. Since the
LUMO energy of all polymers lie in the narrow range of -3.78 and -3.68 eV, it
can be concluded that the LUMO levels are largely determined by BDTD moiety.

3.4 Thermal properties
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Figure 3.10 a) Thermogravimetric analysis of BDTD polymers. Differential scanning

calorimetry of b) P1, ¢) P2 and d) P3 measured under N, at a scan rate of 10 °C min™.
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Thermal properties of BDTD polymers were tested by thermogravimetric
analyses (TGA) and differential scanning calorimetry (DSC) (Figure 3.11). P3
was found to have the highest decomposition temperature (Tq) of 410 °C while
P1 and P2 with Tq at 327 °C and 391 °C, respectively. Differential scanning
calorimetry (DSC) profiles of P1 did not exhibit any thermal transitions,
suggesting its amorphous nature. P2 showed a melting temperature (Tm) of 263
°C and a crystallization temperature (T¢) of 209 °C. While P3 has a similar T as
P2, its Tc was found be higher at 239 °C. These results indicate the semicrystalline
nature of P2 and P3.

3.5 Organic field effect transistors (OFETS) and film morphology

Since the hole mobilities of P1 reported by Aso et. al.** were found to be
only of order 107 cm? V1 s, only polymers P2 and P3 were used to fabricate
OFET devices to examine their performance in devices. Hole mobilities of these
polymers were tested in a bottom-gate/top-contact device architecture and the
results are summarized in Table 3.3. We found that both P2 and P3 showed good
hole mobilities (1.84 x 102 and 2.4 x 10 cm? V1 s, respectively) from as-spun
films. Annealing the devices at 150 °C increased the mobility of polymer P3 by
an order of magnitude to 1.4 x 10°cm? V! s (Figure 3.11g-h). On the contrary,
annealing devices made from P2 led to a slight decrease in hole mobility (Figure
3.12c-d).

Figure 3.12 shows the height and phase images of polymer thin films.
From the AFM images, it can be inferred that the morphology of BDTD-based
polymers is smooth and featureless (Figure 3.12a-c) at room temperature. No
microphase separation is observed in P1 and P3 even after thermal treatment
(Figure 3.13d-f). Morphology of P2 (Figure 3.12e) shows a significant increase
in aggregates after annealing at 150 °C which agrees with the red shift of the
absorption maxima by 20 nm and the appearance of a shoulder band at 605 nm

in UV-Vis absorption spectra of P2 (Figure 3.9a) films measured after annealing
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Figure 3.11 Transfer (a, c, e, g) and output curves (b, d, f, h) of OFET devices fabricated
from - P2 thin films with thermal annealing at 150 °C (a, b), P2 thin films without
thermal annealing (c, d), P3 thin films with thermal annealing at 150 °C (e, f) and P3
thin films without thermal annealing (g, h). Plots were measured at a negative source-
drain bias (Vps = -80 V).
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Table 3.3 OFET characteristics of P2 and P3.

Polymer Teng?gzzirlg(%) un (cm?Vist) Vi (V) On/off ratio
Without annealing 1.8 x 10 -8 10°
" 150 °C 1.7 x 103 -1.2 10°
Without annealing 2.4 x10* 13.7 102
” 150 °C 1.4 x 10 144 10?
a)

Figure 3.12 Tapping mode AFM height images of polymer thin films before (a-c) and
after annealing (d-f) at 150 °C. P1 (a, d), P2 (b, €) and P3 (c, f). The scale of all images
i 10 um x 10 pum.

3.6 Organic solar cells (OSCs)

OSC devices of BDTD polymers were fabricated using an inverted
architecture (ITO/ ZnO/ polymer: PC71:BM (1:1.5, w/w)/ MoOs/ Ag) with
PC71BM as the electron acceptor. Mass ratio of polymer to PC71BM was
maintained at 1:1.5. Devices made from P1 without annealing showed a poor
PCE of 0.3%, while thermal and solvent annealing was found to be detrimental

to P1-based devices (Figure 3.13a, Table 3.4). In comparison, a similar polymer
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with the same conjugated backbone as P1 but different side chains synthesized
by Aso and co-workers'* via Stille coupling was tested in OSCs in a conventional
device architecture using PCs1:BM as the electron acceptor. Their devices showed
a PCE of 0.7% and Vo of 0.87 V, which is better than the P1 devices fabricated
here using an inverted device architecture. P2-based devices also exhibited PCEs
< 1%, though the efficiency could be improved to 1.1% by solvent annealing
(Figure 3.13c).
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Figure 3.13 J-V curves (a, c) of P1/P2:PC, BM devices fabricated under different

processing conditions and their corresponding EQE spectra (b, d).

The J-V and EQE curves of optimal P3-based devices are shown in
Figure 3.14c and 3.14d and the extracted performance parameters are shown in
Table 3.4. Devices fabricated from P3 without thermal annealing or additives
showed PCEs of 1.6% which is similar to the maximum efficiencies of P1 and
P2. However, a higher Jsc value of 6.75 mA cm could be observed. Thermal
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Figure 3.14 a) J-V curves of P3:PC, BM devices fabricated from chlorobenzene
solutions with different processing conditions. b) EQE spectra of the control device and
device treated with DIO. c) J-V curves of P3:PC, BM devices fabricated from o-

dichlorobenzene solutions with and without DIO.

annealing did not change the performance significantly. Addition of 1 vol % 1,8-
diiodooctane (DIO) as an additive to the polymer solution increased the PCE to
3.5% and Jsc to 10.5 mA cm which is best performance obtained for all the
BDTD based polymer in this study. The role of solvent additives in enhancing

OSC performance has been has been the subject of several studies in the past.®®
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Moreover, several additives have also been screened and DIO has been found to
give to promising results in a variety of polymer-fullerene systems.®*% From the
EQE curves, the device with DIO processing presented a stronger photo-response
in the range of 300 to 700 nm,

Table 3.4 OSC data of BDTD polymers fabricated.

Voc Jsc FF PCE
Polymer  Annealing?®  Additive
(V) (mAcm?) (%) (%)
No No 0.35 3.43 30.0 0.3
Annealed at
100 °C (TA) No 0.34 2.09 30.3 0.2
P1
Solvent
Vapour No 028 293 273 0.2
Annealed
(SVA)
No No 0.77 3.83 29.7 0.9
Annealed at
100 °C (TA) No 0.84 3.62 29.0 0.9
P2
Solvent
Vapour No 081 469 30.3 11
Annealed
(SVA)
No
(Control) No 0.72 6.75 34.0 1.6
Annealed at
100 °C (TA) No 0.73 6.50 34.3 1.6
P3 No 1% DIO 0.68 10.16 50.5 35
No 2% DIO 0.68 9.15 49.6 3.1
No ? No 0.71 5.48 334 1.3
No P 1% DIO 0.67 9.29 50.8 3.2

a Devices were fabricated from chlorobenzene solutions. ® Devices were fabricated from

o-dichlorobenzene solutions.

which is the origin of enhanced Jsc. But increasing the DIO loading to 2 vol %

resulted in a slight decrease of the PCE to 3.1%. Hou and co-workers reported
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the device characterization of a BDTD-alt-quarterthiophene polymer (PDPP4T)
which is analogous to P3 with ethylhexyl side chains on the quarterthiophene
unit instead of octyl in P3.%° In an inverted device structure, PCEs up to 6.3%
were obtained from PDPP4T:PC7:BM solar cells when 1% DIO was used as a
solvent additive. Vo values obtained by Hou (0.66 V) are similar to those
obtained from our devices but their Js. (16.06 mA cm™) is significantly higher
which is responsible for the higher efficiency. The difference in Jsc values can be
attributed to the different alkyl side chains in PDPPAT and P3 and their effect on
phase separation in polymer:fullerene blends. In a recent study, Sun and
coworkers reported that moderately bulky branched side chains were ideal for
obtaining high PCEs from BDTD polymer solar cells while long branched side
chains were detrimental due to the excess steric hinderance and reduced n—n
stacking.®® However, no clear comparison of the effect of straight and branched
side chains on device performance was discussed by Sun. P3, containing straight
alkyl chains, exhibits a red shifted absorption maximum in films compared to
PDPPAT. Moreover, unlike PDPPAT, chlorobenzene solutions of P3 (Figure
3.8a) exhibit a distinct band at 675 nm which indicates P3’s strong tendency to
aggregate in solutions. The effect of aggregation on device performance is
observed more clearly when P3 based devices fabricated with and without
solvent additives are compared. In the absence of additives, Jsc values of 6.75 mA
and 6.50 mA were observed for devices fabricated with and without thermal
annealing, respectively, while the addition of 1 vol % DIO increased the Js to
10.16 mA. Although this increase in Jsc can be attributed to the ability of additives
to suppress aggregate formation in polymer:fullerene blends, we hypothesize that
the strong intermolecular attraction in P3 containing straight octyl chains leads
to the formation of large polymer domains which hinder the diffusion of excitons
across the polymer-fullerene interface. A similar phenomenon has been reported
by You and coworkers®” in poly(naphthodithiophene-alt-benzothiadiazole) in
which both monomers had straight alkyl chains. The corresponding solar cells
exhibited low short circuit currents due to formation of large aggregates in films.
Highest efficiency was obtained from a polymer containing ethylhexyl side

chains on both monomers, which exhibited improved nano-scale phase
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separation crucial for charge transport in BHJ solar cells.%8"2 Although these
results provide a convincing rationale for selecting branched side chains over
straight side chains, they may not be a reliable guideline for side-chain
engineering in other polymer systems . For a better understanding of the effect of
side chains on device performance in BDTD-based systems, rigorous
optimizations with a wide range of side chains in specific BDTD polymers is

warranted.
3.7 Conclusion

In conclusion, three BDTD-based polymers were successfully
synthesized by direct arylation and their optoelectronic properties were
characterized. Bandgap of all polymers lies in the moderate to wide bandgap
range. P3 consisting of a quarterthiophene comonomer exhibited strong
aggregation in solution. Polymers P2 and P3 were tested in OFET devices and
hole mobilities up to 1.7 x 10 cm? V't st and 1.4 x 10 cm? V! s respectively
were obtained after thermal annealing. Photovoltaic devices for P1 and P2
showed maximum PCEs of 0.2% and 1.5% when solvent vapour annealing was
employed in an inverted device architecture. Devices made from P3 films also
showed poor performance (PCEs ~ 1.6%) in the absence of additives. Addition
of 1% (wt%) DIO in the active layer, however, led to significant improvement of
PCEs to 3.5%. We expect that, by engineering the side chains in the polymer
backbone and optimizing the nano-morphology of thin films, further
improvement in PCEs can be achieved. This study indicates that, with rational
monomer selection and side chain engineering, direct arylation can be as efficient
as Stille coupling for synthesizing yield high molecular weight and defect-free
BDTD polymers. By eliminating the need for pre-functionalization of C-H bonds
with toxic reagents, direct arylation has the potential to emerge as the eco-
friendly and scalable option for synthesis of photovoltaic polymers.

3.8 Experimental section

3.8.1 Materials and methods
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1,3-dibromo-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c"|dithiophene-4,8-

dione (BDTD) was purchased from Derthon Optoelectronic Materials Science
and Technology. 4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b"]dithiophene
(M1), 2,2'-(2,5-bis((2-ethylhexyl)oxy)-1,4-phenylene)dithiophene (M2)"* and
3,3"-dioctyl-2,2":5',2":5",2""-quaterthiophene (M3)’® were synthesized according
to literature procedure. All solvents were obtained from commercial sources and
used as received unless otherwise specified. All *H-NMR were performed on a
Bruker AV 300 spectrometer with TMS as internal reference; chemical shifts ()
are reported in parts per million. Thermo- gravimetric analyses were performed
on a Pyris Diamond TGA (Perkin Elmer) instrument, at a heating rate of 10 °C
min? under N, atmosphere from 40 °C to 800 °C. Differential scanning
calorimetry (DSC) was carried out in a Mettler Toledo 822e DSC under
nitrogen. The UV-visible absorption spectra were obtained on a UV-visible
spectrophotometer (UV-2450, Shimadzu). Cyclic voltammograms (CVs) were
recorded on an CHI Electrochemical Analyzer Model 660D at room temperature
using 0.1 M tetrabutylammonium hexafluorophosphate as a supporting
electrolyte at a scan rate of 100 mV/s. Glassy carbon was used as working
electrode, platinum wire as counter electrode and silver as the reference
electrode. CVs of P1-P3 were measured in 0.1 M electrolyte solution in CH3CN
by drop-casting a solution of polymers from chloroform on the glassy carbon
electrode. AIll the potentials were calibrated with the standard
ferrocene/ferrocenium redox couple (Fc/Fc™). Atom force microscopy was
carried out on Asylum Research MFP-3D AFM. The thin films of AFM samples
were prepared by spin coating of polymer solutions (10 mg/mL in chlorobenzene)
onto silicon substrates and annealing at 150 °C for 10 min under N. atmosphere.
The OFET devices were then characterized using a Keithley SCS-4200
semiconductor parameter analyser under ambient conditions. The Steady-state
current-voltage (J-V) curves were determined on a Keithley 2400 under AM 1.5
solar simulator from a solar simulator (Enlitech.Inc) calibrated by a silicon
reference cell (Hamamatsu S1133 color, with KG-5 visible fiith). The EQE was
recorded by using an integrated EQE measurement system with Si-photodetector
(Enlitech. Inc).
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3.8.2 General synthetic procedure for polymers via direct arylation

polymerization

A mixture of palladium catalyst, base, phosphine ligand, additive and an
equimolar mixture of BDTD and M1, M2 or M3 was added to a 5 mL microwave
tube charged with a magnetic stir bar. Solvent (1 mL) was added to the mixture
inside a glovebox and the tube was sealed with a septum before. The mixture was
stirred at room temperature for 5 min and then placed in an oil bath pre-heated to
120 °C. After certain reaction time, the vial was cooled to room temperature and
the reaction mixture was poured into cold methanol. The resulting solids were
filtered and subjected to Soxhlet extraction in methanol and hexane sequentially
for the removal of low molecular weight materials and impurities. The remaining
polymer was extracted with chloroform, precipitated again from cold methanol
and dried under vacuum. The detailed reaction conditions for polymers listed in

Table 3.1 are summarized below.

Entry 1. BDTD (155 mg, 0.257 mmol), M1 (115 mg, 0.257 mmol),
Pdz(dba)z (12 mg, 0.012 mmol), P(0-MeOCg¢H4)3 (9 mg, 0.025 mmol), K2COs
(103 mg, 0.747 mmol), PivOH (13 mg, 0.125 mmol) and o-xylene (1.3 mL).

Entry 2: BDTD (100 mg, 0.173 mmol), M1 (74 mg, 0.173 mmol),
Herrmann’s catalyst (6 mg, 0.007 mmol), P(0-MeOCsHa4)3 (5 mg, 0.013 mmol),
Cs2C03 (130 mg, 0.4 mmol), PivOH (5 mg, 0.5 mmol) and toluene (0.8 mL).

Entry 3: BDTD (101 mg, 0.168 mmol), M2 (83 mg, 0.168 mmol),
Pdz(dba)sz (8 mg, 0.008 mmol), P(0-MeOCsHa4)3 (6 mg, 0.017 mmol), K2CO3 (93
mg, 0.67 mmol), PivOH (9 mg, 0.083 mmol) and o-xylene (0.83 mL).

Entry 4: BDTD (101 mg, 0.168 mmol), M2 (83 mg, 0.168 mmol),
Herrmann’s catalyst (4 mg, 0.004 mmol), P(0-MeOCgHa)3 (6 mg, 0.016 mmol),
Cs2C0s3 (343 mg, 0.458 mmol), PivOH (6 mg, 0.06 mmol) and o-xylene (1 mL).

Entry 5: BDTD (80 mg, 0.133 mmol), M3 (73 mg, 0.133 mmol),
Pdz(dba)z (6 mg, 0.007 mmol), P(0-MeOCsHa4)3 (5 mg, 0.013 mmol), K2COs (73
mg, 0.531 mmol), PivOH (7 mg, 0.067 mmol) and o-xylene (0.7 mL).
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3.8.3 OFET fabrication and characterization

Bottom-gate/top-contact organic field effect transistors (OFETS) were
fabricated using heavily doped Si wafer as the bottom gate electrode with 300
nm of SiO layer as the gate dielectric (Ci = 1.08 x 10*° F.cm?, C; is the
capacitance of SiO. dielectric). The substrate was cleaned in acetone and
isopropanol, and dried on the hot plate at 80 °C, followed by treating with plasma
for 15 min. After that, the substrate was immersed in an octadecyltrichlorosilane
(ODTS) solution (Toluene as the solvent) overnight, rinsed with toluene to
remove extra ODTS and dried on the hot plate at 110 °C. The polymers were
dissolved in chlorobenzene at a concentration of 10 mg/mL by stirring for four
days. The polymer films were spin-cast at 2000 rpm and annealed at a designated
temperature for 15 min. Finally, gold electrode with 60 nm was thermally
evaporated in vacuum through a shadow mask with the following dimensions
(length (L) = 200 pum, and channel width (W) = 4.0 mm).

3.8.4 OPV fabrication and characterization

ITO substrates with Sheet Resistance ~ 12 ) were sonicated in acetone
for 10 minutes, then sequentially in detergent, deionized water and isopropyl
alcohol respectively for 15 minutes to clear impurities adhering to the ITO
surface. This was followed by a desiccation at 90 °C lasting overnight in a
vacuum oven. Next, a precursor solution (Zn(Ac)2 solution, 100 mg/mL in 2-
methoxyethanol with 2% ethanolamine) to the ZnO interlayer was spin-coated
onto pre-cleaned and UV-Ozone-treated ITO substrates, and the substrates were
heated at 200 °C for 30 minutes continuously. Polymer and PC7:.BM in a weight
ratio of 1:1.5 were co-dissolved in pure CB solvent such that the total solids
concentration was 30 mg mL™; 1,8-diiodooctane (DIO) was used as an additive.
The active layer solutions were stirred at 80 °C for over 3 hours before spin
coating. The thickness of active layer spin-coated on the top of ZnO was
controlled by the spinning speed from the solutions. Subsequently, 10 nm
molybdenum oxide (MoOs) hole-buffer layer and 100 nm Ag electrode were

deposited by thermal evaporation in vacuum (about 1x10™* Pa) through a defined
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shadow mask. The effective area of device was 4.5 mm? and they were measured

in a closed glove box.
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4. Narrow bandgap thienothiadiazole-based
conjugated porous polymers: from facile direct
arylation polymerization to tunable porosities and

optoelectronic properties

4.1 Introduction

Conjugated porous polymers (CPPs)® integrated with high porosity,
optoelectronic properties and chemical stability are a class of multifunctional
organic materials that have attracted much attention owing to their potential
applications such as gas storage,®® chemosensing,®*? and photocatalysis.!>15 In
Chapters 2 and 3, we synthesized linear conjugated polymers by choosing high-
performance acceptor molecules and polymerizing them with rationally selected
donors, thereby providing good control over the optical and electrochemical
properties of the polymers, which is crucial for application in optoelectronics.
Similar to linear polymers, the design and synthesis of CPPs also follows a
modular approach.'® With careful selection of monomers and polymerization
techniques, tunability over a wide range of physical and chemical properties can
be achieved.r’-?° In particular, bandgap control is crucial in polymers for energy
conversion as well as other light harvesting applications. For instance,
incorporation of strong electron-accepting moieties such as benzothiadiazoles
and weak electron-donating units such as benzenes and fluorenes in conjugated
polymer networks not only reduced the bandgaps, but also improved the
photocatalytic activity compared to pure electron-donating networks.?* A similar
donor-acceptor (D-A) strategy was used recently by Bonillo et al. to finely tune
the bandgap and emission properties of polyphenylene networks by modifying
the monomer ratios of different electron-accepting moieties in a Suzuki—Miyaura

polymerization protocol.??

Much like linear polymers, traditional synthesis of CPPs involving the

aryl C-C bond formation has been carried out by transition-metal catalyzed
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reactions such as Sonogashira—Hagihara coupling,?3-?* Yamamoto coupling,?>-2
Suzuki-Miyaura coupling,’*® 27 and Stille coupling.?® Linker-specific
polycondensation reactions such as Schiff-base condensation?® and imidization3%
31 reactions have also been vastly utilized in the synthesis of CPPs. Most of these
reactions, nevertheless, involve multiple synthetic steps for the functionalization
of comonomers. Moreover, some transition-metal catalyzed reactions such as
Stille coupling result in the formation of toxic byproducts which are detrimental

to the environment.

Direct arylation polymerization (DAP) as an alternative to conventional
polymerization reactions for the synthesis of linear m-conjugated polymers has
attracted increasing attention in the last decade.®?-3” DAP, which involves the
facile one step coupling of aryl bromides with C—H active arenes without pre-
activation of C—H bonds using flammable and/or toxic organometallic reagents,
has enabled the synthesis of a myriad of linear conjugated polymers with qualities
(regioselectivity, molecular weights, etc.) comparable to or even better than those
synthesized by conventional coupling techniques.®®4° However, DAP as a
synthetic tool for conjugated porous polymers has not been investigated until
recently.5%-5! For instance, Liu et al. have reported DAP between 1,2,4,5-
tetrafluorobenzene and two aryl bromides, 1,3,5-tribomobenzene and tetrakis(4-
bromophenyl)methane.®® Although the resulting polymers showed specific
surface areas as high as 1170 m? g1, their wide bandgaps limited light absorption
in visible and near infrared (NIR) regions. More recently, Wang and coworkers
reported a facile one-step DAP using 8,11-dibromodithieno[3,2-a:2',3'-
c]phenazine as a single monomer, resulting in CPPs with a narrow bandgap of
1.5 eV and hierarchical porosity.>* However, the scope of CPPs that could be

synthesized using the facile DAP scheme remains limited.

In this chapter, we extend the scope of direct arylation from synthesis of
conjugated linear polymers to new narrow-bandgap conjugated 2D/3D porous
networks. Herein, we present the synthesis of a series of narrow bandgap

conjugated porous polymers by DAP of 4,6-di(2- thienyl)thieno[3,4-c][1,2,5]
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Scheme 4.1 Synthesis of TTD-based D-A-D triads and CPPs by direct arylation

coupling.

thiadiazole (TTD) with multi-topic aryl bromides. TTD, composed of a strong
electron-accepting core of thienothiadiazole flanked by thiophene groups on both
sides, is a coplanar n-conjugated narrow bandgap monomer. We speculated that
the electron-deficient nature of the thienothiadiazole core could result in effective
cleavage of the acidic C—H bonds in the thiophene groups. To understand the
reactivity and regioselectivity of TTD, C—H direct arylation coupling between
TTD and three mono-brominated reagents (MBr-1-3, Scheme 4.1) was
examined, resulting in three donor-acceptor-donor (D-A-D) triads that are easier
to purify and characterize than CPPs. Then three representative electron
rich/neutral aryl bromides, 1,3,5 tribromobenzene,?9-21 2,2',7,7'-tetrabromo-9,9'-
spirobifluorene®® 52 and tris(4-bromophenyl)amine®->* were used as
comonomers in DAP with TTD. The structure—property relationships of TTD-
based CPPs were studied through systematic characterization using nuclear
magnetic resonance (NMR) spectroscopy, Fourier transform infrared
spectroscopy (FTIR), elemental analysis, electron microscopy, porosity analysis

and UV-Vis-NIR absorption spectroscopy.

4.2 Direct arylation synthesis and structural characterization: from TTD-

based small molecules to conjugated porous polymers (CPPs)

4.2.1 TTD-based small molecules

82



a)
s. [ \ s
\ /" (¢
a b
cocl N ¢ b
J 77 716 15 7.’0'.‘73 72 721 70
)\I A |

g

1.00/
1,02 pue

S,
N7 N d
c
b) cn"a:s s egg
L/ %\ Ta ' 9h

a b
c b d
a
Water
s %y POy
= vd T T T C Nv
.60 750 740 7.30 7.20 g h

62
344

C
i .
H

2181 =0
20 E

185

0.9)
1.00-.
2054

b a
.
—_—
d
€ a . Water
cDcly b
L ot ) ~g ’ T ’
88 89K ]
- - Sl [
[l 7.55 745 735 725 7.15 7.05
ppm ).

d)

Water
CcDCly
L o g ] oy E“z"/
8583 3 88
R “ Rov
8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0 0.
ppm

Figure 4.1 *H-NMR spectra of a) TTD, b) TTD-1, ¢) TTD-2 and d) TTD-3 in CDCls

at 298 K with complete assignment of protons.

83



+})
S
417.0567

626.18347 (target)

100 - —— TTD-1
S 2
—_— =] o~
g ¥ 3 g
- g S
Q 5
] 3
R IS 3
3 3
s
2 40
2
= -
& : 3 s H
20l & =2 &||8 a
8 Eal)s =
r Il_k.l I T N
700 800 200 1000
Mass (m/z)
792.12734 (target)
100 8 —— TTD-2
b) g
2
; -
3
g 80 4 g
@
g o
© w
T 604 ~ =
5 2 g
< o 3
@ 2
'E 40 5
Kt
] -
14 - § 2 e
20 8 2 ] N2
ilE 8 g g3
3 « @ S8
@ g g
2 e
0 'LLIII | |“' L| —h |'Il lln

T M T T T T 1
400 500 600 700 800 900 1000 1100 1200
Mass (m/z)

1083.54494 (target)
P

100 ’ —— TTD-3

1082.5476

80

60 -]

40

Relative abundance (%)

855.0375

204

871.0110
-1 897.9747

|— 833.0579
T— 1060.0411

T 758.3916
T 1162.4501

=]

T T T T M T T
700 900 1000 1100 1200 1300 1400

g

Mass (m/z)

Figure 4.2 Mass spectra ofa) TTD-1, b) TTD-2 and ¢) TTD-3.

The synthetic routes to the TTD-based small molecular D-A-D triads and
CPPs are shown in Scheme 4.1. These triads serve as model compounds for the
respective conjugated polymer networks. A Pd(0) catalyst, Pdx(dba)s, in

combination with (0-MeOCgH4)3P was used in a carboxylate-mediated direct
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arylation coupling to produce TTD-(1-3).% The reaction was carried out at 120
°C for 24 hours. All triads were obtained in high yields — 95% for TTD-1, 80%
for TTD-2 and 83% for TTD-3. *H-NMR spectra of the triads (Figure 4.1) show
the peak from the 3-proton of the TTD core at 7.30 ppm in TTD-1, 7.31 ppm in
TTD-2 and 7.41 ppm in TTD-3, respectively, suggesting good regioselectivity
of TTD under the present reaction conditions. The chemical structures of the
triads were further confirmed by mass spectroscopy (Figure 4.2). The relatively
high reactivity and regioselectivity of TTD observed in these model reactions are

crucial for the following DAP to obtain structurally defined CPPs.

4.2.2 TTD-based conjugated porous polymers (CPPs)

TTD-based near infrared conjugated porous polymers (CPP- (1-3)) were
synthesized using the same reaction conditions as for the synthesis of TTD-1-3
triads, except for the reaction time and monomer ratio. The DAP reaction
condition*® used here was found efficient for the synthesis of benzodithiophene-
based linear polymers and the C—H activation of a variety of thiophene-flanked
acceptor molecules**“® including thienothiadiazole* for the synthesis of donor—
acceptor linear polymers. A molar ratio of 1:1 between C—H and C—Br bonds of
the monomers was maintained, and all the polymerization reactions were carried
out for 48 hours to ensure as complete a reaction as possible. Polymers were
purified by washing thoroughly with organic (methanol, chloroform and THF)
and aqueous solvents (water and diluted HCI) to remove all oligomeric products
as well as any byproducts of DAP. The CPPs obtained here appear as green
powders that are insoluble in common organic solvents such as THF, chloroform,
toluene and chlorobenzene. Characterization of the chemical structures of CPP-
(1-3) was first carried out using FTIR spectroscopy (Figure 4.3). Aband at 1489
cmt in the FTIR spectra of TTD, which is assigned to the symmetric stretch of
the aromatic C=C bond of thiophene, is clearly present in the spectra of all CPPs.
The symmetric C=C stretching bands of their respective aryl bromide
comonomers appear at 1583 cm™ in CPP-1, 1480 cm™ in CPP-2 and 1465 cm™
in CPP-3, respectively. Stretching vibrations of thiophene rings in TTD were

also detected as weak bands in the frequency range between 840 and 860 cm™.
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Figure 4.3 Comparison of FTIR spectra (fingerprint region) of (a) CPP-1, (b) CPP-2
and (c¢) CPP-3 shown in green with TTD (blue) and their respective aryl bromide

comonomers (black).

CPP-2 showed the characteristic stretching bands of aromatic C—N bondsat 1320
cm? (Figure 4.3b). The obvious attenuation of the C—Br stretch band at 1096
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Figure 4.4 C CP/MAS spectra of CPP-1 (a), CPP-2 (b) and CPP-3 (c).

cm in CPP-1 suggests the highly efficient direct arylation reaction and the large
extent of polymerization. In contrast to CPP-1, small peaks at1071 and 1060 cm-
! corresponding to the C—Br stretch band were still observed in CPP-2 and CPP-
3, respectively, suggesting the lower extent of polymerization in the latter two

polymers than the former.

CPP-(1-3) were further characterized by solid state 13C CP/ MAS NMR
spectroscopy to confirm their structures. 13C NMR spectra of all polymers with
complete peak assignments are shown in Figure 4.4. A sharp peak around 156
ppm and a broad peak around 112 ppm, which are assigned to the carbons of the
thienothiadiazole moiety of TTD, are observed in the spectra of all CPPs. In
CPP-1, the broad peaks observed at 141.7 and 135.5 ppm could be attributed to
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the substituted carbons of the TTD (a-carbon) and the phenyl repeating unit,
respectively (Figure 4.4a). In addition, the peaks of unsubstituted carbons (C—
H) of these monomers overlap into a broad peak located at 125.8 ppm. In CPP-
2, the carbon signal from the tertiary amine (C—N) group appears at 145.8 ppm
and overlaps with the signals of the substituted carbons of triphenylamine and
TTD units (Figure 4.4b). Unsubstituted carbons of CPP-2 are assigned to the
broad peak at 128 ppm and its shoulder at 132.6 ppm. In CPP-3, the signals from
the phenyl rings of spirobifluorene appear as broad peaks between 150 and 124
ppm, as shown in Figure 4.4c. The sharp peak at 66.5 ppm is assigned to the
quaternary carbon of spirobifluorene. The ¥C-NMR results discussed above,
which are complementary to the FTIR results, further prove the chemical
structures of the target CPP-1-3 obtained under the present direct arylation

scheme.

Elemental analysis of CPPs showed some inconsistency between the
theoretical (neglecting the contribution of bromide end groups) and experimental
values, which is typical for porous solids and can be attributed to due to the
presence of trace impurities trapped in the pores.>* A better match between the
theoretical and experimental mass percentages was observed in CPP-1 compared
to CPP-2 and CPP-3. These results are consistent with the
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Figure 4.5 a) Powder X-ray diffraction patterns of TTD-based CPP. b) TGA plots of
CPPs recorded under N2 atmosphere at a heating rate of 10 °C/ min.
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FTIR spectra of CPP-2 and CPP-3 (Figure 4.3b and 4.3c) where the appearance

of a weak C—Br band indicates their lower extent of polymerization.

Powder X-ray diffraction (XRD) patterns of all CPPs exhibit broad peaks
in the range 20 = 5 — 60°, indicating the amorphous nature of these polymers
(Figure 4.5a). Thermogravimetric analysis shows that all CPPs (Figure 4.5b)
are stable up to 300 °C under nitrogen atmosphere, a characteristic of the good

thermal stability of such covalent polymer networks.
4.3 Morphology of TTD-based CPPs

Morphologies of CPP-(1-3) were studied by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). From the SEM
image of CPP-1 (Figure 4.6a), dense networks of thin fibres can be observed
most likely due to aggregation of the individual strands. The thickness of the
fibres estimated from the SEM images is ~30 nm. Both CPP-2 and CPP-3 appear
as microspheres with different sizes as seen from their SEM images (Figure 4.6b
and 4.6c). The particles of CPP-3 are approximately twice as large as those of
CPP-2. Moreover, the micro-spheres of CPP-2 have a smooth surface, in
contrast to the granular and relatively rough surface of CPP-3 (Figure 4.6b
inset). While the high-resolution TEM images clearly show the microporous
structures of CPP-2 (Figure 4.6d) and CPP-3 (Figure 4.6f), the microporous
nature is not obvious in CPP-1 (Figure 4.6b), presumably due to its smaller pore
sizes and tighter n—m stacking caused by the relatively small and flat phenyl

repeating unit in CPP-1.
4.4 Surface area and porosity of TTD-based CPPs

Porosities of CPP-1, CPP-2 and CPP-3 were studied in physisorption
experiments using nitrogen as the sorbate molecule. Sorption isotherms of CPPs
measured at 77 K are shown in Figure 4.7. All polymers show a combination of
Type Il and Type IV sorption isotherms according to IUPAC classification. The
uptake of N at relatively low pressures p/po < 0.1 is much lower compared to
previously reported porous organic polymers,* & 16 suggesting the relatively low

microporosity in these polymers. In contrast, a sharp increase of Nz-uptake was
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Figure 4.6 SEM (a, c, €) and TEM (b, d, f) images of CPP-1 (a, b), CPP-2 (c, d) and
CPP-3 (e, f). Magnified SEM images (inset) of a) CPP-1, b) CPP-2 and c) CPP-3.

observed at p/po = 0.9 — 1, an indication of the presence of dominating meso- and
macropores from the interparticular voids in these polymers. A small degree of
hysteresis was observed in the isotherms of CPP-1 in the relatively high-pressure
range (0.5 < p/po < 0.99). This can be explained by the presence of pores with
narrow openings that restrict the access of nitrogen molecules. Alternatively, this

could also be attributed to the swelling of the polymer framework due to the
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Figure 4.7 Nz adsorption—desorption isotherms of CPP-(1-3) measured at 77 K. For

clarity, the isotherms of CPP-1 and CPP-2 were shifted vertically by 50 cm® g%,

respectively.

Table 4.1 N2 adsorption characteristics of CPP-(1-3).

Species  Seet (M° g2 Sorr (M g)®  Vimiero €M’g) ¢ Vi orr (cm® g7)

CPP-1 128.3 95.3 0 0.52
CPP-2 14.2 10.9 0 0.04
CPP-3 20.6 17.2 0 0.08

#Specific surface area calculated from the adsorption branch of the N2 isotherm using
the BET method. ° Specific surface area calculated using the NL-DFT method for slit
pores with equilibrium model. ¢ Micro-pore volume calculated from the adsorption
branch of the Nz isotherm using the t-plot method

dissolution of the adsorbate into the non-porous sections of polymer during the

adsorption cycle.®

Key porosity properties of CPPs are listed in Table 4.1. Among the three
polymers, CPP-1 with fibrillar networks shows the largest Brunauer—-Emmett—
Teller (BET) surface area of 128.3 m? g1, which is significantly higher than those
of the CPP-2 (14.2 m? g!) and CPP-3 (20.63 m? g!) microspheres. Pore size
distribution (PSD) profiles of CPPs were calculated using the NL-DFT method
(Figure 4.8d-f). All CPPs have a broad PSD ranging from 14 A to well beyond
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Figure 4.8 BET specific surface area plots (a-c) and pore size distributions (d-f) of CPP-
1 (a, b), CPP-2 (c, d) and CPP-3 (e, f). Pore size distributions were calculated using the

NL-DFT method of CPPs.

200 A. The structure— porosity relationship that we observed here in CPP-1-3 is

similar to that in previously reported conjugated microporous polymers

(CMPs).19-20,23-24,56-57 Eor instance, the lower surface area of CPP-2 as compared

to CPP-1, which is consistent with the morphologies of these polymers as shown

in the SEM images (Figure 4.7), may be attributed to the larger size of the

triphenylamine moiety. Cooper and co-workers also reported that increasing the

size of monomers in an A2 + B3 synthetic model led to polymers with lower

surface areas.?°
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4.5 Optical properties of TTD-based small molecules and CPPs

Optical properties of TTD-based triads were studied in chlorobenzene by
UV-Vis-NIR absorption spectroscopy (Figure 4.9a). Absorption maxima of all
triads show a significant red shift when compared to the spectrum of TTD, which
is mainly attributed to the donor—acceptor interaction between TTD and its donor
partner. It can be observed that the extent of the redshift is proportional to the
electron donating strength of the donor. Among the three D-A-D triads, TTD-2
— TTD coupled with two triphenylamine moieties, absorbs at the longest
wavelength and has the smallest optical bandgap (Eg °"* = 1.38 eV), whereas
TTD-1 consisting of phenyl groups has the largest optical bandgap (Eq°" = 1.48
eV). The decrease of the bandgap in the order of TTD-2 < TTD-3 < TTD-1 is
consistent with the increasing strength of the electron donating groups
(triphenylamine > fluorene > phenyl) in the triads.
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Figure 4.9 a) UV-Vis-NIR absorption spectra of TTD-(1-3) in chlorobenzene solutions.
b) UV-Vis-NIR absorption spectra of CPP-(1-3) in chlorobenzene dispersions. UV-Vis
spectrum of TTD is plotted for comparison.

Optical properties of CPPs in chlorobenzene dispersions were studied by
UV-Vis-NIR spectroscopy (Figure 4.9b). Compared to the absorption spectra of
the D—A-D triads, all the three polymers (CPP-(1-3)) show a broad absorption
across the visible and the near infrared regions. Despite some light scattering

effect of the polymer dispersions which made it difficult to estimate the
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wavelength of the onset absorption, the band edge absorption peaks of CPP-1-3
at 772,840 and 727 nm, respectively, remain well-resolved. The optical bandgaps
of CPP-1-3 follow the trend of CPP-2 < CPP-1 =~ CPP-3 (Table 4.2). CPP-2
absorbs at the longest wavelength in the NIR region and has the smallest bandgap,
largely attributed to the strong donor—acceptor interactions between
triphenylamine and TTD. The slightly larger bandgap of CPP-3 vs. CPP-1 could
be attributed to its lowest extent of polymerization as reflected from the FTIR

spectrum (Figure 4.3).

Table 4.2 Summary of electrochemical properties of TTD-(1-3) and CPP-(1-3).

_ Eo®™"  Erd™ Ernomo Ewmo  Eg™  Aege  Eo™
Species
V) V) @V V) (V)  (m) (V)
TTD-1 0.74 -0.69 -5.54 -4.11 1.43 838 1.48
TTD-2 0.59 -0.70 -5.39 -4.09 1.30 898 1.38
TTD-3 0.72 -0.67 -5.52 -4.13 1.39 855 1.45
CPP-1 0.68 -0.73 -5.48 -4.07 141 1055°¢ 1.17°
CPP-2 0.65 -0.69 -5.45 -4.11 1.34 - -
CPP-3 0.74 -0.77 -5.54 -4.03 151 943° 1.31°

? Eromo = -(Ea®™® + 4.8). ® ELumo = -(Er®* + 4.8). ¢ Optical bandgaps of CPP-1 and
CPP-3 were determined by a rough estimation of the onset wavelengths. Onset of CPP-
2 is too steep for determination of an onset wavelength.

Electrochemical properties of CPPs vs. TTD-based triads were evaluated
by cyclic voltammetry (CV). While all triads showed reversible oxidation and
quasi-reversible reduction peaks (Figure 4.10a), irreversible oxidation and
reduction peaks were observed in all the three CPPs (Figure 4.10b). Oxidation
and reduction potentials of CPPs provide further insight into their electronic
structures. Oxidation potential (Eox) of CPP-3 at 0.74 V was the highest among
the three CPPs, followed by CPP-1 (Eox °™¢ = 0.68 eV) and CPP-2 (Eox o™t =
0.65 eV). The HOMO levels of CPP-1-3 estimated from the CV results are -
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5.48, -5.45 and -5.54 eV, respectively. A similar trend was observed for the
reduction potential as well, resulting in the LUMO levels which are -4.07, -4.11
and -4.03 eV for CPP-1-3, respectively. These results imply that the extended
conjugation of TTD with an electron-donor led to a cathodic shift of the oxidation
potentials and therefore an increase of their HOMO energy levels. The extent of
the shift is proportional to the strength of the donor. As a consequence, the push—
pull effect between TTD and donor moieties results in a systematic narrowing of
the HOMO-LUMO gaps of CPPs such that the electrochemical bandgaps follow
the order of CPP-2 < CPP-1 < CPP-3 (Table 4.2). The larger bandgap and the
lower HOMO energy level of CPP-3 compared to CPP-1 can be explained by
the lower degree of polymerization in the former. These results are consistent

with the optical bandgaps of these CPP polymers.

While TTD-based linear narrow-bandgap polymers have shown
potential applications for organic NIR photodetectors and field effect
transistors,>®>° we expect that the 2D/3D TTD conjugated porous networks
described above would find applications such as photocatalysis to harvest light

in the NIR region.
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Figure 4.10 Cyclic voltammograms of a) TTD-(1-3) with a 0.1 M solution of BusNPFs
as the supporting electrolyte in dry CH2Cl.. Cyclic voltammograms of b) CPP-(1-3) in
0.1 M solution of BusNPFs in dry CHsCN as the supporting electrolyte.
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Moreover, incorporation of strong acceptor molecules in polymer networks of nt-
conjugated porous polymers have been demonstrated as an efficient strategy for
improving their performance as heterogeneous photocatalysts.?:0-61 TTD-based
polymers with weak electron donors may prevent the fast recombination of

excitons favouring the formation of a triplet state.
4.6 Conclusion

In summary, three narrow bandgap conjugated porous polymers (CPPs)
have been synthesized by direct arylation polymerization of thiophene-flanked
thienothiadiazole (TTD) — a low bandgap electron-accepting building block —
with polytropic aryl bromides of various geometries. Direct arylation coupling
between TTD and a series of mono-brominated aryls resulted in small molecular
D—A-D triads in high yields, suggesting the relatively high reactivity and
regioselectivity of TTD. Under the same polymerization conditions, the
morphologies and porosities of the CPPs were determined by the structure of the
aryl monomers. Specifically, DAP coupling between TTD and 1,3,5-
tribomobenzene resulted in fibrillar networks that showed significantly higher
porosity than the other two CPPs with 2,2'.7,7'-tetrabromo-9,9’-spirobifluorene
and tris(4-bromophenyl)amine as comonomers, respectively. The bandgaps of
the CPPs were determined by the D—A intramolecular charge transfer. Among
the three CPPs, CPP-2 composed of TTD and triphenylamine as repeating units
showed the narrowest bandgap below 1.3 eV due to the largest extent of D-A
charge transfer. These experimental results demonstrate that a rational selection
of monomers enables the synthesis of a series of narrow bandgap conjugated
porous polymers with tunable porosities, morphologies and optoelectronic

properties.
4.7 Experimental section
4.7.1 Materials and methods

1,3,5-tribromobenzene (PBr-1), tris-(4-bromophenyl)amine (PBr-2) and
2,2',7,7-tetrabromo-9,9'-spirobifluorene (PBr-3) were purchased from Sigma

Aldrich. 1-Bromo-4-hexylbenzene (MBr-1) was purchased from Alfa Aesar. 2-
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Bromo-9,9-dioctyl-9H-fluorene®? (MBr-3), 4-bromotriphenylamine®® (MBr-2)
and 4,6-di(2- thienyl)thieno[3,4-c][1,2,5]thiadiazole*® (TTD) were synthesized
according to reported procedures. All solvents were obtained from commercial
sources and used as received unless otherwise specified. *H-NMR was performed
on a Bruker AV 300 spectrometer in deuterated chloroform CDClI3z at room
temperature with TMS as internal reference; chemical shifts (3) are reported in
parts per million. Solid state '*C magic-angle spinning nuclear magnetic
resonance (MAS NMR) spectra were collected by a JEOL ECA 400
spectrometer. FTIR spectra were recorded on a Perkin EImer Spectrum One FTIR
spectrometer. Thermogravimetric analyses were performed on a Pyris Diamond
TGA (Perkin Elmer) instrument, at a heating rate of 10 °C/ min under N2
atmosphere from 40 °C to 700 °C. SEM imaging was carried out using a JEOL
JSM 6701F SEM (Scanning Electron Microscope) operating in scanning mode.
Samples were prepared by depositing dry samples on aluminium stubs using an
adhesive high purity carbon tape. TEM images were obtained using a Carl Zeiss
Libra 120 Plus transmission electron microscope (TEM). Samples were prepared
by depositing polymers from an ethanol dispersion onto a copper grid coated with
ultra-thin carbon film. Nitrogen sorption isotherms were obtained at 77 K using
Quantachrome Instruments Autosorb-iQ (Boynton Beach, Florida USA) with
extra-high pure gases. Surface areas were calculated in the relative pressure (p/po)
range from 0.04 to 0.35 of the adsorption branch. UV-Vis- NIR absorption
spectra were measured on a Cary 5000 UV-Vis-NIR (Varian) spectrometer.
Cyclic voltammograms (CVs) were recorded on an CHI Electrochemical
Analyzer Model 660D at room temperature using 0.1 M tetrabutylammonium
hexafluorophosphate (BusNPFs) as a supporting electrolyte at a scan rate of 100
mV/s. Glassy carbon was used as working electrode, Pt wire as counter electrode
and silver wire as the reference electrode. CVs of CPP-(1-3) were measured in
0.1 M BusNPFs solution in CH3CN by drop-casting a suspension of CPPs in
Nafion on the glassy carbon electrode. CVs of TTD-(1-3) were measured in
solution state by dissolving the small molecules in 0.1 M solution of BusNPFg in
CHxCl, All the potentials were calibrated with the standard

ferrocene/ferrocenium redox couple (Fc/Fc*). Powder X-ray diffraction patterns
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were obtained at 40 kV and 40 mA on a Bruker Advanced D8 XRD using Cu-
Ka radiation (A = 1.5418 A) over 26 range of 5 ° — 60 ° at room temperature.
Elemental analysis was carried out on a Vario EL 11l CHNS Elemental Analyser.
Mass spectroscopy was performed on a ABI 4800 Proteomics Analyzer MALDI
TOF/TOF mass spectrometer (Applied Biosystems)

4.7.2 General synthesis procedure for TTD-Xs via direct arylation coupling

TTD (80 mg, 0.2614 mmol), MBr-1, -2 or -3 (2.61 mmol), Pdz(dba)s
(0.013 mmol, 11.9 mg), (0-MeOCsH4)3P (0.02614, 9.2 mg), KoCO3 (1.045 mmol,
144.3 mg) and PivOH (0.137 mmol, 13.3 mg) were added into a reaction vial
equipped with a magnetic stirring bar. o-xylene (1.3 ml, 0.2 M) was added inside
a glovebox and the vial was sealed. The reaction was carried out for 24 hours in
an oil bath preheated to 120 °C. After completion, the reaction mixture was
diluted with 30 mL chloroform and filtered to remove any insoluble matter.
Solvent was removed under vacuum and the crude product was separated over

silica gel. The pure product was obtained by precipitation in methanol.

TTD-1: MBr-1 = 1-bromo-4-hexylbenzene (629.4 mg). Yield: 110.9 mg
(95%). *H NMR (CDCls, 300 MHz) 6 ppm: 7.57 (d, 4H, J = 8.3 Hz), 7.54 (d, 2H,
J=4.1Hz),7.30(d, 2H, J=4.0 Hz), 7.21 (d, 4H, J = 8.3 Hz), 2.69-2.58 (m, 4H),
1.62 (d, 4H, J=7.9 Hz), 1.62 (s, 12H), 0.89 (t, 6H, J = 6.9 HZz). EI-MS m/z (%):
626 (M*, 93), 605 (10), 568 (8), 499 (13).

TTD-2: MBr-2 = 4-bromotriphenylamine (846.1 mg). Yield: 130.6 mg
(80%). *H NMR (CDCl3, 300 MHz) § ppm: 7.55-7.52 (m, 4H), 7.50 (d, 2H, J =
2.0 Hz), 7.54 (d, 2H, J = 4.1 Hz), 7.31 (d, 2H, J = 2.0 Hz), 7.29 (d, 4H, J = 1.2
Hz), 7.24 (d, 2H, J = 7.9 Hz), 7.16-7.02 (m, 18H). EI-MS m/z (%): 792 (M*,
100), 644 (47), 605 (8), 456 (10).

TTD-3: MBr-3 = 2-bromo-9,9-dioctyl-9H-fluorene (1.22 g). Yield: 121
mg (83%). *H NMR (CDCls, 300 MHZz) § ppm: 7.57 (s, 6H, br), 7.61 (s, 4H, br),
7.42 (d, 2H, J = 3.8 Hz), 7.35 (s, 6H), 2.07-1.92 (m, 8H), 1.22-0.98 (m, 40H),
0.8 (t, 12H,J = 1 Hz), 0.64 (s, 8H). EI-MS m/z (%): 1083 (M*, 100), 1060 (8),
897.97 (6), 855 (21).
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4.7.3 General synthesis procedure for CPP-Xs via direct arylation

polymerization

TTD, PBr-X (C-H:C-Br = 1:1), Pd>(dba)s (5 mol%), (0-MeOC¢H4)3P
(10 mol%), K>CO3 (400 mol%) and PivOH (50 mol%) were added to a reaction
vial charged with a magnetic stirring bar. o-xylene (0.2 M) was added inside a
glovebox and the vial was sealed with a rubber cap. The reaction was carried out
at 120 °C in an oil bath for 48 hours. After cooling to room temperature, the
reaction mixture was diluted with THF and filtered under vacuum. The solids
were washed with methanol, water, dilute HCI and THF and then subjected to
Soxhlet extraction with methanol and THF for 24 hours, respectively. The
residual solids were collected and dried at 100 °C under vacuum to obtain the

final product.

CPP-1: 1,3,5-tribromobenzene (70 mg), TTD (102 mg), Pd2(dba)s (15.27
mg), (0-MeOCsH4)3P (11.74 mg), K.CO3 (184.37 mg), PivOH (17.14 mg) and
o-xylene (1.67 mL). Yield: 110.9 mg (94%). IR (KBr cm): 3059, 1583, 1555,
1491, 1408, 856, 833, 792. Solid state'*C NMR (400 MHz) 6 ppm: 156, 141.7,
135.5, 125.8, 112.3. Elemental Analysis (%) for CssH1sNsS12. Calculated: C,
54.24;H,1.69; N, 7.91; S, 36.16. Found: C, 51.34; H, 1.88; N, 5.89; S, 26.05.

CPP-2: tris(4-bromophenyl)amine (126 mg), TTD (120 mg), Pdz(dba)s
(17.95 mg), (0-MeOCeHa)3P (13.816 mg), K.COs (216.75 mg), PivOH (20.15
mg) and o-xylene (1.96 mL). Yield: 130.6 mg (71%). IR (KBr cm™): 3054, 3021,
1593, 1529, 1480, 1429, 1320, 1266, 847, 829, 792. Solid state'*C NMR (400
MHz) 6 ppm:156, 145.8, 132.6, 128, 112.3. Elemental Analysis (%) for
C72H3sNgS12. Calculated: C, 61.89; H, 2.58; N, 8.02; S, 27.51. Found: C, 58.65;
H, 2.576; N, 6.468; S, 21.09.

CPP-3: 2,2',7,7'-tetrabromo-9,9’-spirobifluorene (1054 mg), TTD
(102.06 mg), Pdz(dba)s (15.27 mg), (0-MeOCgH.)3sP (11.74 mg), K.CO3 (184.37
mg), PivOH (17.14 mg) and o-xylene (1.67 mL). Yield: 121 mg (79%). IR (KBr
cm): 3058, 1636, 1600, 1572, 1527, 1435, 1410, 1249, 1139, 1055, 854, 792.
Solid state'*C NMR (400 MHz) 6 ppm: 156.2, 150, 140.7, 134.3, 127.2, 121.5,
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112.3, 66.5. Elemental Analysis (%) for CagH20N4Sg. Calculated: C, 63.88; H,
2.19; N, 6.08; S, 27.85. Found: C, 57.26; H, 1.98; N, 4.4; S, 19.93.
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5. Thiophene-flanked building blocks for the
synthesis of conjugated porous polymers by direct

arylation polymerization

5.1 Introduction

Incorporating m-conjugated building blocks in the polymer structure has
been explored as an efficient strategy to synthesize functional conjugated porous
polymers (CPPs) with tunable properties. For instance, in the previous chapter
we synthesized three narrow-bandgap (< 1.5 eV) CPPs with varying
morphologies by polymerizing thiophene-flanked thienothiadiazole monomer
(TTD) with polytopic aryl bromides. In a recent study, Cooper and workers
demonstrated excellent control over the bandgap and quantum vyield of
conjugated microporous polymers by varying the stoichiometric ratio of
monomers such as benzothiadiazole and perylenediimide.* In fact, a library of
benzothiadiazole-based CPPs® has been developed for applications ranging from
photocatalysis of a variety of redox reactions®’ including water splitting® to
antimicrobial photodynamic therapy.® Diketopyrrolopyrrole is another
chromophore that has been widely used to develop organic photovoltaic
materials.’® However, very few examples of its incorporation in a porous polymer
network have been reported. Diketopyrrolopyrrole-based CPPs were first
synthesized by Tieke and coworkers by Yamamoto and Sonogashira
polymerization of N-arylated phenyl-flanked DPP.! Owing to their microporous
structure and solid-state fluorescence, Bi et. al. have used phenyl flanked-

diketopyrrolopyrrole-based CPPs for fluorescence ion sensing.*?

Alternating electron-donating and electron-accepting groups in the
polymer chain allows excellent control over its photo-physical properties.
Thiophene-flanked D-A-D monomers which are frequently used in the synthesis
of conjugated linear polymers for organic electronics, are an example of this

strategy.'® A vast library of such monomers has been developed since it combines
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the functional properties of acceptors such as benzothiadiazole or
diketopyrrolopyrrole with the synthetic compatibility of thiophene with various
coupling reactions. Hence, it is imperative to develop a synthetic route for 2D/3D
polymers which allows the facile incorporation of these building-blocks in the

polymer structure.

Nonetheless, majority of the thiophene-based CPPs reported in literature
have been synthesized by conventional C-C coupling reactions such as ferric
chloride catalyzed oxidative coupling***® and Sonogashira-Hagihara
polymerization.2%-?2 Despite its moderate reaction conditions, oxidative coupling
has been reported to yield chlorinated polymers®® with residual iron salts.?
whereas Sonogashira polymerization is limited to monomers containing terminal
ethynyl groups. Moreover, very few thiophene-based CPPs containing functional
n-blocks such as bithiophene,?! benzothiadiazole?* and diketopyrrolopyrrole
have been reported. Direct arylation polymerization (DAP) is an eco-friendly
alternative to conventional coupling reactions since it does not require pre-
functionalization of C-H bonds with toxic and flammable reagents such as
organoboranes and organosilanes which is necessary in Suzuki and Sonogashira
polymerizations.?® Over the past few years, we have used direct arylation for the
synthesis of a broad range of n-conjugated small molecules, linear polymers and
porous polymers.?6-3 Despite its versatility, DAP has not been studied

extensively for the synthesis of thiophene-based CPPs.

In Chapter 4, we presented the direct arylation synthesis of narrow band-
gap conjugated porous polymers containing a thiophene-flanked monomer —
TTD as the C-H active building block.®® By changing the geometry of the
brominated monomer, we observed that polymers with various morphologies and
porosities could be obtained. In this chapter, we extend the library of thiophene-
containing CPPs by polymerizing tri- (A3) and tetra-brominated (A4) aryls with
ditopic (B2) thiophene-flanked monomers — 2,2’-bithiophene (BT), 4,7-
di(thiophen-2 -yl) benzo[c] [1,2,5] thiadiazole (DTBT) and 2,5-bis(2-octyl dodecyl)-
3, 6-di(thiophen-2-yl)-2,5- pyrrolo[3,4-c] pyrrole-1,4(2H, 5H)- dione (DPP). While the

terminal thiophenes provide active C-H bonds for direct arylation polymerization
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(DAP), addition of functional m-blocks such as benzothiadiazole or
diketopyrrolopyrrole between the thiophene units allows us to simultaneously
modify the geometry and electronic structure of the monomers. This modular
design has allowed us to study the effect of thiophene monomers on the
morphology, porosity and optical properties of the CPPs. Bandgaps of thiophene
containing polymers range from 1.51 eV — 2.38 eV. Morphology of BT- and
DTBT-based polymers appears as microspheres under the SEM whereas all

DPP-based polymers appear as layered structures.
5.2 Design and synthesis of thiophene-containing CPPs by direct arylation

5.2.1 Molecular design and synthesis

Pd,(dba)s, (0-MeOQPh)P;

BrBr + H-H + PivOH, K,COy

o-xylene, 120 °C, 48 h

Br’©\5r BT
’ NEN
Br [‘S/ d ,j’l
5
? DTBT
Br’© @Br CuHﬁ
T
-
Br- Br CyoHay / = C—
O o Geg aE cz

Scheme 5.1 Direct arylation synthesis of conjugated porous polymers and a schematic
diagram of the polymer sub-structure. Structures and schematic representations of the
brominated monomers (nodes) and the thiophene-flanked monomers (struts) are

presented in red and blue respectively.

Structures of the brominated (Az and A4) and thiophene (B2) monomers
are presented in Scheme 1. The brominated monomers act as nodes in the CPP
structure which allow a controlled extension of conjugation from each reactive
site while thiophene monomers act as linkers or struts that connect the nodes to
each other. BT is the simplest thiophene monomer while DTBT and 2,5-bis(2-
octyldodecyl)-3,6-di(thiophen-2-yl)-2,5-pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-

106



Room Light UV (365 nm) Room Light UV (365 nm) Room Light UV (365 nm)

P1 P2

Figure 5.1 Digital images of conjugated porous polymers containing thiophene
monomers under room light and UV light (365 nm).

dione DPP are relatively larger monomers due to the benzothiadiazole and
diketopyrrolopyrrole w-block between two thiophene units. Reactive C-H bonds

of thiophene-flanked monomers make them ideal candidates for DAP.

Previously, our group has reported the synthesis of several linear?’-2 32-
36 and porous network?® 393! polymers via C-H activation of thiophene-flanked
monomers including DTBT and DPP. However, in this report polymerization
was carried out using conditions pre-optimized for DTBT.3 C-H:C-Br ratio of
1:1 was maintained and reaction time was increased to 48 hours to ensure
complete polymerization. It is interesting to note that, while all the polymers
precipitated from the reaction media as powders, all DPP-based polymers gelated
within 15 minutes of reaction time. Nonetheless, the reactions were carried out
for 48 hours. We believe that this phenomenon resembles the one observed by
Cooper and coworkers®’ at high monomer concentrations although our polymers
did not disintegrate into powders even after drying. As a result, the final texture
of all DPP-based polymers is hard and granular as opposed to the fine powders

obtained from the synthesis of BT- and DTBT-based polymers (Figure 5.1).
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5.2.2 Structural characterization
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Figure 5.2 Comparison of FT-IR spectra of a) P1, b) P2 and c¢) P3 with their constituent
monomers.

Incorporation of monomers in the polymer network was tested by IR
spectroscopy (Figure 5.2 and Figure 5.3). In all polymers, bands between

1400cm™ and 1600 cm™ are assigned to the C=C stretching vibration from the
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Figure 5.3 Comparison of FT-IR spectra of a) T1, b) T2 ¢) T3, d) S1, e) S2 and f) S3
with their constituent monomers.

aromatic rings occur while the bands between 600 cm™ and 875 cm™* are assigned
to C-H out of plane (oop) bending vibrations. In BT-based polymers, C-S
stretching vibration from thiophene which occurs at 823 cm™ in BT is observed
at 850 cm™ in P1 (Figure 5.2a), at 826 cm™ in T1 (Figure 5.3a) and 815 cm™in
S1 (Figure 5.3d). This difference in position of similar stretching bands between

monomers to polymers can be attributed to the extensive conjugation in
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polymers. The sharp band occurring at 1320 cm™ can be assigned to the C-N
stretch of triphenylamine. In the spectra of DTBT-based polymers — P2, T2 and
S2, the thiophene ring vibration occurs consistently around 830 cm™ while the
band occurring at 1535 cm™ is assigned to the C=N stretch from the
benzothiadiazole moiety. P3 (Figure 5.2c), T3 (Figure 5.3c) and S3 (Figure
5.3f), containing the DPP moiety, exhibit a characteristic band at 1670 cm™
which can be assigned to the C=0 stretch of the carbonyl group. The stretching
vibrations of alkyl chains in DPP occur as distinct bimodal peaks at 1451 cm™
and 1400 cm™ whereas, these vibrations occur as broad peaks around 1430 cm

in the spectra of polymers.

Further analysis of the polymer structure was conducted by solid state 13C
NMR spectroscopy. DPP-based polymers — P3, T3 and S3, owing to their coarse
texture and large grain size, could not be efficiently packed in the rotor and hence
their spectra could not be obtained by magic angle spinning NMR spectroscopy.
NMR spectra of the remaining polymers are presented in Figure 5.4. From the
spectra of polymers P1, T1 and S1 (Figure 5.4a-c), one can see that the peaks of
the BT moiety occur consistently at 135 ppm and 124 ppm which correspond to
the substituted (a, d) and the non-substituted carbons (b, c) respectively of
bithiophene. In the spectra of P2, T2 and S2 (Figure 5.4d-f), the peaks from the
DTBT occur around 140 ppm (b, ¢) and 152 ppm (a), the latter corresponding to
the carbon in the thiadiazole bridge. In P1 (Figure 5.4a), the peak at 143 ppm is
assigned to the substituted carbon (f) from the phenyl monomer while the non-
substituted carbon (e) occurs at 127 ppm. The peaks from the triphenylamine
moiety occur around at 145 ppm and 127 ppm in spectra of T1 and T2 (Figure
5.4b and 5.4e) corresponding to the carbon adjacent to nitrogen and the non-
substituted carbons of triphenylamine respectively. In the spectra of S1 and S2
(Figure 5.4c and 5.4f), most peaks from the spirobifluorene unit occur around
124 ppm and 141 ppm, with the exception of the sp® carbon which occurs at

around 67 ppm.

Thermal stability of the polymers was tested by thermogravimetric

analysis. All polymers can retain 95% of the original mass up to 300 °C
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Figure 5.4 Solid state *C NMR spectra of a) P1, b) T1, ¢) S1, d) P2, e) T2 and f) S2.
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Figure 5.5 TGA plots (a-c) and PXRD patterns (d-f) of BT-based polymers — P1, T1
and S1 (a, d), DTBT-based polymers — P2, T2 and S2 (b, e) and DPP-based polymers —
P3, T3 and S3 (c, f). TGA plot of monomer DPP (c) is also shown for comparison.

(Figure 5.5a-c). Polymers containing the same thiophene monomers exhibit very
similar degradation profiles. Most notable trend is the drastic mass loss in the
profiles of P3, T3 and S3 (Figure 5.5¢) which can be attributed to the degradation
of the long alkyl chains since DPP exhibits a similar trend as well. Even at 700
°C, P1-3, T1-3 and S1-3 do not degrade completely, leaving behind significant
amount (> 40%) of residue which is typical for extended covalent networks.
Powder X-ray diffraction patterns (Figure 5.5d-f) of all polymers exhibit broad
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Figure 5.6 Normalized a) diffuse-reflectance UV-Vis spectroscopy and b) fluorescence
spectroscopy in solid state of BT-based polymers — P1, T1 and S1 and DTBT-based
polymers — P2, T2 and S2. Maximum absorption wavelength was used as the excitation
wavelength (A%). c¢) Normalized UV-Vis-NIR absorption spectra of DPP in o-
dichlorobenzene solution and DPP-based polymers — P3, T3 and S3 in o-
dichlorobenzene. Cyclic voltammetry of BT-based polymers—d) P1, T1and S1, DTBT-
based polymers — e) P2, T2 and S2 and DPP-based polymers — f) P3, T3 and S3.
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Table 5.1 Optical and electrochemical properties of CPPs.

Polymer A et AS™ max E°Pt ¢ E® onset Eromo ELumo
(nm) (nm) (ev)® (V)° (eV)° V)«

P1 520 534 2.38 1.25 -6.05 -3.67
Tl 547 554 2.26 1.05 -5.85 -3.59
S1 540 554 2.29 1.14 -5.94 -3.65
P2 680 691 1.82 0.95 -5.75 -3.93
T2 708 706 1.75 0.62 -5.42 -3.67
S2 675 730 1.84 0.72 -5.52 -3.81
P3 828 - 1.49 1.24 -6.04 -4.55
T3 856 - 144 1.15 -5.95 -4.51
S3 883 - 1.40 1.22 -6.02 -4.62

2 Calculated from the absorption onset. ® Potentials vs. Ag/Ag+ determined by cyclic
voltammetry by using 0.1 M tetrabutylammonium hexafluorophosphate (BusNPFg) in
acetonitrile as the supporting electrolyte. ¢ Enomo = -[E* onset + 4.8] €V. ¢ ELumo = [Eromo
+ E%P o] eV.

peaks at 26 = 20° and 40° which is indicative of their amorphous carbon-based

structures.
5.3 Optical and electrochemical properties

Optical properties of BT-based polymers (P1, T1 and S1) and the DTBT-
based polymers (P2, T2 and S2) were measured by diffuse-reflectance UV-Vis
spectroscopy (Figure 5.6a) and fluorescence spectroscopy in solid state (Figure
5.6b). P1, T1 and S1 show strong absorption between 200 nm and 500 nm and
their bandgaps are found to be in the range of 2.38 - 2.29 eV whereas the
absorption edge of polymers containing benzothiadiazole stretch up to 700 nm
and their bandgaps lie between 1.75 eV and 1.84 eV, which is expected since
bandgap of monomer DTBT is lower than that of BT. A similar trend is observed
in the fluorescence spectra of these polymers, which is evident from the shift of
the emission maximum wavelengths listed in Table 5.1. Optical properties of P3,
T3 and S3 were studied in dispersions of o-dichlorobenzene (Figure 5.6c) rather
than in solid state due to their inability to form compact films. Owing to the

narrow bandgap and extensive conjugation in the polymers, P3, T3 and S3 show
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Figure 5.7 Comparison of non-normalized a) absorption and b) fluorescence spectra of
DPP-based polymers — P3, T3 and S3 (A** = 600 nm) with monomer DPP (A% = 500
nm) in o-dichlorobenzene solutions. Inset shows the magnified fluorescence spectra of
P3, T3 and S3.

DPP P3 3 S3

-!-q

-/ h—\-—l-—n\—d—-d\-i.-dh

R~

Figure 5.8 Digital images of (I-r) DPP solution in o-dichlorobenzene, dispersions of P3,
T3 and S3 in o-dichlorobenzene under a) room light and b) UV light (365 nm).c) Digital

images of dispersions after 3 days.
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a strong and broad absorption over the whole visible range as well as the near-
infrared region up to 880 nm — a trend commonly seen in DPP-based linear
polymers. Such red shift of the absorption maximas of P3, T3 and S3 (Figure
5.6¢) compared to the monomer DPP suggests the extended conjugation in the
polymer networks. Fluorescence of the DPP-based polymers (Figure 5.7b) is
drastically quenched compared to the DPP monomer which can be attributed to

the rigid packing and strong n—= interaction of DPP in the polymer.

Electrochemical properties of polymers P1-3, T1-3 and S1-3 were
measured by cyclic voltammetry (Figure 5.6d-f). Highest occupied molecular
orbital (HOMO) energy levels of the polymers lie between -6.05 and -5.42 eV. It
should be noted that the energy levels of the lowest unoccupied molecular orbital
(LUMO) of DPP-based polymers — P3, T3 and S3 are the lowest while those of
BT-based polymers are the highest (Table 5.1) possibly due to the strong electro
withdrawing effect of DPP which results in deeper LUMO levels.

5.4 Morphology

Morphologies of all thiophene-containing CPPs were studied by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). From
the SEM images of BT-containing polymers (Figure 5.9a-c), we observe that all
polymers exhibit non-uniform spherical morphologies. P1 occurs as a dense
cluster of irregular spheres of approximately 500 nm in diameter. TEM image of
P1 (Figure 5.10a) confirms the presence of microspheres. T1 (Figure 5.9b) and
S1 (Figure 5.9c) also exhibit distinct spherical morphologies, however we also
observed fibrillar structures surrounding the microspheres which can be seen
more clearly from their TEM images (Figure 5.10b-c). Moreover, the
microspheres of T1 and S1, with an approximate diameter of 2.5 um and 1.5 um

respectively, are relatively larger than those of P1.

Polymers containing DTBT all exhibit uniform spherical morphologies
abundant with surface defects - P2 (Figure 5.9d) has a rough and irregular
surface, while the microspheres of T2 (Figure 5.9e) and S2 (Figure 5.9f) are
relatively smoother. Like the BT-containing polymers, the larger size of T2 and
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Figure 5.9 SEM images of BT-based polymers —a) P1, b) T1, ¢) S1 and DTBT-based
polymers — d) P2, e) T2, f) S2.

Figure 5.10 TEM images of BT-based polymers —a) P1, b) T1, c) S1 and DTBT-based
polymers — d) P2, e) T2, f) S2.
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Figure 5.11 SEM (a, ¢, €) and TEM (b, d, f) images of DPP-based polymers P3 (a, b),
T3 (c, d) and S3 (e, ).

S2 compared to P2 is apparent in the DTBT containing polymers as well.
Moreover, the microspheres of DTBT-based polymers are larger than their BT-

based counterparts consisting the same node.
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Figure 5.12 a) Energy dispersive X-ray (EDX) spectrum of T3. b) HR-TEM image of
T3 and the EDX mapping of elements c) C, d) O, e) S and d) Pd.
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In contrast to the spherical morphology of BT- and DTBT-based
polymers, DPP-based polymers appear as flat, uncharacteristic monoliths with
smooth surfaces. A very similar morphology was observed for conjugated
microporous polymers containing alkylated thiophene reported by Li and
coworkers which also exhibited flat and ‘wrinkled’ surfaces.?’ SEM images of
P3 (Figure 5.11a), T3 (Figure 5.11c) and S3 (Figure 5.11e) exhibit a discernible
layered structure which was exfoliated into sheets by dispersing the DPP-based
polymers in o-dichlorobenzene (DCB) at 120 °C. After exfoliation, stacks of thin
polymer sheets were observed from the TEM images of T3 (Figure 5.11d) and
S3 (Figure 5.11f). In contrast, dispersing P3 in DCB lead to the formation of thin
irregular strips (Figure 5.11b). We also observed the presence of spherical
nanoparticles in the TEM images of T3 and S3. These particles were presumed
to correspond to residual palladium catalyst from the direct arylation reaction. To
analyze the nanoparticles, energy dispersive X-ray (EDX) mapping of T3 was
carried out (Figure 5.12). In addition to carbon, oxygen and sulfur, the EDX
spectrum as well as mapping (Figure 5.12f) showed the presence of palladium

in T3 which confirmed our hypothesis.
5.5 Porosity and gas adsorption characteristics

Porosities of thiophene-containing polymers were studied by N2
adsorption experiments and the results are summarized in Table 5.2. Figure 5.13
presents the BET adsorption isotherms and BJH pore size distributions of BT and
DTBT based CPPs. Isotherms of P1 and T1 (Figure 5.13a) show negligible gas
uptake in the low-pressure range and a sudden increase in uptake as p/po
approaches 1, which is characteristic of Type Il adsorption. In contrast, the
isotherm of S3 exhibits typical Type Il behavior — moderate uptake in the low-
pressure range followed by a plateau and an increased uptake in high-pressure
range. As a result, the BET surface areas of P1 and T1 are 12 m? gt and 24 m?
g respectively while surface area of S1 is 407 m? g*. P1 and T1 exhibit broad
pore size distributions with peaks centered at 1.8 and 2.2 nm for P1 and 2.6 nm
for T1 while S1 exhibits a unimodal distribution with a relatively larger pore

diameter of 3.9 nm. Both the pore volumes and pore diameters of BT containing
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Figure 5.13 N adsorption isotherms (a, ¢) and BJH pore size distribution (b, d) of BT

based polymers (a, b) and DTBT based polymers (c, d).

polymers follow the trend P1 < T1 < S1 which can be explained by the increasing

size of the nodes (P < T <S).

All DTBT containing polymers show similar adsorption characteristics —

their isotherms exhibit Type 111 behavior (Figure 5.13c) and all polymers have

broad pore size distributions (Figure 5.13d) with pore sizes lying between 1.8

nm and 2.5 nm. BET surface areas of DTBT containing polymers lie in a narrow

range of 15 m? g and 24 m? g and their pore volumes

range form 0.06 — 0.16

cm?® g*. Despite the larger size of the DTBT strut, the pore volumes and pore
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Table 5.2 Adsorption characteristics of thiophene-containing conjugated porous

polymers.
SBET Stangmuir Pore Diameter Pore Volume
POIymer 2 ~1)a 2 -1\ b 3 ~1\C
(m*g™) (m=g™) (nm) (cm*g™)
P1 12 34 1.8,2.2 0.069
T1 24 91 2.0,2.6 0.11
S1 407 535 3.9 0.35
P2 24 46 1.8,2.1,2.6 0.162
T2 15 41 20,24 0.066
S2 22 50 18,25 0.11
P3 10 16 2.5 0.097
T3 0 0 - 0.03
S3 0 0 - 0.048

2 Specific surface area calculated from the adsorption branch of the N isotherm using
the BET method. ® Specific surface area calculated from the adsorption branch of the N

isotherm using the Langmuir method. ¢ Calculated at p/p, = 0.99.
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Figure 5.14 a) N, adsorption isotherms and b) BJH pore size distribution of DPP based
polymers P3, T3 and S3.

sizes of DTBT-based polymers do not increase with monomer size. Ren et. al.
reported the Suzuki polymerization synthesis of T2 and obtained a slightly higher
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BET surface area of 50 m?/g, however did not observe a systematic increase in
porosity when the size of benzothiadiazole-based increased.?* Isotherms of DPP
containing polymers (Figure 5.14a) show very poor gas uptake in the entire
pressure range which results in poor adsorption characteristics. P3 has a BET
surface of 10 m? g-lwhile T3 and S3 were found to be completely non-porous.
Negligible of porosities of P3, T3 and S3 can be attributed to the interpenetration
of long alkyl chains in to the structural unit of the polymer (Scheme 5.1) which

prevents the formation of porous structures.
5.6 Conclusion

In conclusion, a series of conjugated porous polymers were synthesized
by the direct arylation polymerization of tri- and tetra- brominated monomers
with three C-H active, thiophene-flanked monomers containing the bithiophene,
benzothiadiazole and diketopyrrolopyrrole moiety. Optical properties of the
polymers show that the band gaps and energy levels of CPPs can be fine-tuned
by careful selection of thiophene-based monomers. Except for S1 which has a
BET surface of 407 m? g2, all thiophene-containing CPPs poor porosities and
low BET surfaces areas. DPP-containing polymers were found to have interesting
layered structures which could be exfoliated in to thin sheets. Overall, these
results demonstrate the ability of direct arylation to synthesize a broad scope of
thiophene-based conjugated porous polymers without tedious pre-activation of
C-H bonds in arene monomers. Bandgap, porosity and morphology of CPPs can
be controlled by careful selection of monomers, allowing for the synthesis of new
n-conjugated polymers for a variety of applications such as photocatalysis and

beyond.
5.7 Experimental section
5.7.1 Materials and methods

1,3,5-Tribromobenzene (P), tris-(4-bromophenyl)amine (T), 2,2',7,7'-
tetrabromo-9,9' spirobifluorene (S) and 2,2’-bithiophene (BT) were purchased
from Sigma Aldrich. 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (DTBT)*
and  2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)-2,5-pyrrolo[3,4-c]pyrrole-
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1,4(2H,5H)-dione (DPP)*® were prepared according to reported procedures. All
solvents were obtained from commercial sources and used as received unless
otherwise specified. Solid state 3C magic angle spinning nuclear magnetic
resonance (MAS NMR) spectra were collected by a JEOL ECA 400
spectrometer. FT-IR spectra were recorded on a Perkin EImer Spectrum One FT-
IR spectrometer. Thermo- gravimetric analyses were performed on a Pyris
Diamond TGA (Perkin Elmer) instrument, at a heating rate of 10 °C min* under
N2 atmosphere from 40 °C to 700 °C. SEM imaging was carried out using a JEOL
JSM 6701F SEM (Scanning Electron Microscope) operating in scanning mode.
Samples were prepared by depositing dry samples on aluminium stubs using an
adhesive high purity carbon tape. TEM images were obtained using a Carl Zeiss
Libra 120 Plus transmission electron microscope (TEM). Samples were prepared
by depositing polymers from an ethanol dispersion onto a copper grid coated with
ultra-thin carbon film. Nitrogen sorption isotherms were obtained at 77 K using
Quantachrome Instruments Autosorb-6 with extra high purity gases. All samples
were degassed at 110 °C for 16 h in vacuum before analysis. Surface areas were
calculated in the relative pressure (p/po) range from 0.05 to 0.35 of the adsorption
branch. Pore size distribution was obtained by the Barrett—Joyner—Halenda (BJH)
method using the adsorption curve of the isotherm. The total pore volume was
estimated by the amount of nitrogen adsorbed at the relative pressure of 0.99. The
UV-visible absorption spectra were obtained on a UV-visible spectrophotometer
(UV-2450, Shimadzu). Cyclic voltammograms (CVs) were recorded on an CHI
Electrochemical Analyzer Model 660D at room temperature using 0.1 M
tetrabutylammonium hexafluorophosphate (BusNPFg) solution in CH3CN as a
supporting electrolyte at a scan rate of 100 mV/s. Glassy carbon was used as
working electrode, platinum wire as counter electrode and silver as the reference
electrode. Samples were prepared by drop-casting a slurry of polymers in Nafion
on the glassy carbon electrode. All the potentials were calibrated with the
standard ferrocene/ferrocenium redox couple (Fc/Fc+). Powder X-ray diffraction
patterns were obtained at 40 kV and 40 mA on a Bruker Advanced D8 XRD using
Cu-Ka radiation (A = 1.5418 A) over 26 range of 5.0° - 6 0° at room temperature.
Elemental analysis was carried out on a Vario EL 111 CHNS Elemental Analyzer.
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5.7.2 General synthetic scheme for 2-D CPPs.

To a microwave vial charged with a magnetic stirring bar, monomers A
and X (C-H:C-Br = 1:1), Pdx(dba); (5 mol%), (0-MeOCsHa4)sP (10 mol%),
K2CO3 (400 mol%) and PivOH (50 mol%) were added. o-xylene (0.2 M) was
added inside a glove-box and vial was sealed with a rubber cap. The vial was
placed in an oil bath preheated to 120 °C and the reaction was carried out for 48
hours. After cooling to room temperature, the reaction mixture was diluted with
THF and filtered over vacuum. The precipitate was washed with methanol, water,
dil. HCI and THF and then subjected to Soxhlet extraction sequentially with
methanol, chloroform and THF for 24 hours each. The residual solids were

collected and dried at 100 °C under vacuum to obtain the final product.

P1: P (100 mg), BT (79.22 mg), Pd2(dba)s (21.9 mg), (0-MeOCsHa)sP
(16.78 mg), K2CO3 (263.37 mg), PivOH (24.4 mg) and o-xylene (2.4 mL). Yield:
103.6 mg. IR (KBr cm™): 3061, 1587, 1445, 850, 788, 750, 686. Solid state C
NMR (400 MHz) ¢: 141.6, 135.8, 123.8. Elemental Analysis (%) Calculated for
CasH1sSs: C, 67.28; H, 2.8; N, 0.0; S, 29.90. Found: C, 62.43; H, 1.07; N, 0.04;
S, 23.47.

P2: P (50 mg), DTBT (71.6 mg), Pd2(dba)s (10.9 mg), (0-MeOCgH4)3P
(8.39 mg), K2CO3 (131.17 mg), PivOH (12.16 mg) and o-xylene (1.16 mL).
Yield: 77.5 mg. IR (KBr cm™): 3067, 2913, 1587, 1486, 1421, 1559, 832, 801,
753, 696. Solid state 3C NMR (400 MHz) ¢: 152, 143.9, 138.3, 133.8, 127.7,
125, 121.1. Elemental Analysis (%) for CssH24NeSe. Calculated: C, 62.07; H,
2.29; N, 8.05; S, 27.58. Found: C, 55.52; H, 1.36; N, 5.93; S, 20.63.

P3: P (24.33 mg), DPP (100 mg), Pd2(dba)s (5.3 mg), (0-MeOCsH4)3P
(4.08 mg), K-CO3 (64.1 mg), PivOH (5.96 mg) and o-xylene (0.58 mL). Yield:
171.7 mg. IR (KBr cm™): 3081, 2921, 2850, 1670, 1564, 1459, 1394, 805.
Elemental Analysis (%) for C174H264NeOsSe. Calculated: C, 79.45; H, 10.04; N,
3.19; S, 7.31. Found: C, 72.96; H, 6.39; N, 2.85; S, 7.02.

T1: T (153.3 mg), BT (79.22 mg), Pd2(dba)s (21.8 mg), (0-MeOC¢H4)3P
(16.78 mg), K2CO3 (263.37 mg), PivOH (24.4 mg) and o-xylene (2.4 mL). Yield:
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160.5 mg. IR (KBr cm™): 3061, 3024, 1597, 1494, 1318, 826, 789, 729, 692.
Solid state *C NMR (400 MHz) &: 145.1, 142.5, 136.6, 127.2. Elemental
Analysis (%) for CeoH3sN2Se. Calculated: C, 73.77; H, 3.69; N, 2.87; S, 19.67.
Found: C, 70.13; H, 1.70; N, 2.50; S, 15.92.

T2: T (144.8 mg), DTBT (140 mg), Pda2(dba)s (21.2 mg), (0-MeOCeH4)sP
(16.32 mg), K2CO3 (256 mg), PivOH (13.6 mg) and o-xylene (2.36 mL). Yield:
130 mg. IR (KBr cm™): 3022, 1592, 1478, 1440, 1533, 1320, 830, 796, 693. Solid
state 13C NMR (400 MHz) §: 152, 143.9, 138.3, 133.8, 127.7, 125, 121.1. Solid
state 13C NMR (400 MHz) §: 152.2, 147.7, 146.2, 138.9, 137.6, 126.2. Elemental
Analysis (%) for C7sH42NgSg. Calculated: C, 67.92; H, 3.04; N, 8.12; S, 20.89.
Found: C, 63.88; H, 1.64; N, 6.48; S, 15.89.

T3: T (37.2 mg), DPP (100 mg), Pdz(dba)s (5.3 mg), (0-MeOC¢H4)3P
(4.08 mg), KoCO3 (64.1 mg), PivOH (5.96 mg) and o-xylene (0.58 mL). Yield:
218.14 mg. IR (KBr cm): 3098, 2918, 2854, 1662, 1566, 1492, 1320, 832, 728.
Elemental Analysis (%) for Ci19sH282NsO6Se. Calculated: C, 79.72; H, 9.75; N,
3.88; S, 6.64. Found: C, 75.18; H, 6.34; N, 3.41; S, 6.10.

S1: S (150.8 mg), BT (79.22 mg), Pd2(dba)s (21.8 mg), (0-MeOCe¢H4)3P
(16.78 mg), K2CO3 (263.37 mg), PivOH (24.4 mg) and o-xylene (2.4 mL). Yield:
170.9 mg. IR (KBr cm™): 3058, 1604, 1574, 1453, 815, 793, 691. Solid state 3C
NMR (400 MHz) ¢: 150.4, 141, 138.7, 134.7, 66.9. Elemental Analysis (%) for
Ca1H20Ss. Calculated: C, 76.86; H, 3.13; N, 0.0; S, 20.0. Found: C, 70.87; H,
1.12; N, 0.01; S, 15.11.

S2: S (104.63 mg), DTBT (100 mg), Pd>(dba)s (15.16 mg), (o-
MeOCsHa)3P (11.66 mg), K2CO3 (183.17 mg), PivOH (17.018 mg) and o-xylene
(1.65 mL). Yield: 103.5 mg. IR (KBr cm™): 3010, 2840, 1600, 1573, 1445, 1535,
1060, 797, 734, 693, 826. Solid state *C NMR (400 MHz) ¢: 151.6, 149.2, 139.5,
125.5, 65.9. Elemental Analysis (%) for Cs3H24N4Se. Calculated: C, 70.04; H,
2.64; N, 6.16; S, 21.14. Found: C, 64.09; H, 1.49; N, 4.79; S, 16.88.

S3: S (36.63 mg), DPP (100 mg), Pdz(dba)s (5.3 mg), (0-MeOC¢H4)3P
(4.08 mg), K2CO3 (64.1 mg), PivOH (5.96 mg) and o-xylene (0.58 mL). Yield:
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138.7 mg. IR (KBr cm™): 2923, 2851, 1666. 1567, 1439, 1060, 805, 697.
Elemental Analysis (%) for Ci3sH184N4O4S4. Calculated: C, 81.26; H, 9.36; N,
2.85; S, 6.52. Found: C, 73.91; H, 6.018; N, 2.43; S, 5.94.

5.7.3 Sample preparation for UV-Vis-NIR and Infrared spectroscopy of
DPP-based polymers — P3, T3 and S3

Stock solutions for UV-Vis-NIR spectroscopy were prepared by
dispersing 2 mg of DPP polymers in 4 mL o-dichlorobenzene and stirring at 120
°C for 24 hours under N2 atmosphere. Samples for infrared spectroscopy were
prepared by mixing DPP polymers with small amounts of KBr in chloroform and
stirring at 80 °C under N2 atmosphere. After 24 hours the solvent was evaporated,
and the samples were dried at 80 °C under vacuum. The dried solids were used

directly for analysis.
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6. “Greener” and modular synthesis of triazine-
based conjugated porous polymers via direct
arylation polymerization: structure-function

relationship and photocatalytic application

6.1 Introduction

Conjugated porous polymers (CPPs) represent an emerging type of
multifunctional materials that combine microporosity and high surface areas with
n-extended conjugation, making them ideal for versatile applications such as gas
adsorption and separation,'2 catalysis® and energy storage*®. CPPs have been
largely synthesized by traditional transition-metal catalyzed reactions and a few
linker-specific polycondensation reactions.™ 8° Hence, a modular synthetic tool
that allows facile incorporation of versatile building blocks with diverse chemical
functionalities in the polymer network is highly desired.® From the synthesis of
narrow bandgap CPPs in Chapter 4 and the construction of a series of thiophene-
containing polymers in Chapter 5, we have established that direct arylation is one
such synthetic tool for the efficient synthesis of CPPs. The use of thiophene-
flanked building blocks has also been demonstrated as an effective strategy to
incorporate a variety of functional monomers, which has allowed us to tune the

optical, morphological and surface area characteristics of the resultant polymers.

Recently, 1,3,5-triazine-containing n-conjugated systems have been used
as functional materials in a wide variety of applications due to their high electron
deficiency, planar structure and more importantly, their high nitrogen content.
Nitrogen doping has been demonstrated to enhance the supercapacitance of
energy storage materials by improving the electrochemically active surfaces. %12
Recently, a covalent triazine framework (CTF) was used as a bipolar electrode in
a sodium ion battery to achieve high specific energy densities up to 500 W h kg*
over 7000 cycles.'® Triazine-based porous organic polymers are also ideal

candidates for selective CO> separation owing to the strong dipole-quadrupole
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interactions between nitrogen and CO..'**® Porous nature and high electron
affinity of triazine-based polymers make them efficient and inexpensive redox
active catalysts for key reactions such as water splitting and some selective

oxidation reactions.1%

Despite the versatile applications of triazine-containing polymers in CO-
capture,’ energy storage® and catalysis,!’ these polymers have been most
commonly synthesized under thermally and chemically harsh reaction conditions
which are often energy intensive and require corrosive reagents. For instance,
ionothermal® and solvothermal'®2° cyclotrimerization of aryl nitriles has been
used most commonly for the synthesis of triazine frameworks.® ?* lonothermal
reactions require high temperatures and stoichiometric amounts of ZnCl, which
are difficult to remove from the polymer while solvothermal reactions are carried
out in highly corrosive ‘superacids’ such as triflic acid. Other conventional C-C
coupling reactions such as Sonogashira polymerization have also been reported
by Cooper and co-workers for the synthesis of triazine-based CPPs, but such
reaction schemes are limited to only ethynyl-containing monomers.?> Recently
Hayashi et. al. reported the synthesis of triazine-containing CPPs via direct
arylation coupling between 2,4,6-tris(4-bromophenyl)-1,3,5-triazine and two
fluoroarenes  (1,2,4,5-tetrafluorobenzene  and  1,3,5-trifluorobenzene),
respectively. The resulting polymers showed moderate capacities for CO> uptake,
albeit neither the optical and morphological characterization nor the

photocatalytic applications of these polymers have been reported.?®

We have been exploring a “greener” C-C coupling approach so called
direct arylation polymerization (DAP) for facile synthesis of a broad scope of =-
conjugated small molecules, linear donor-acceptor alternating copolymers, and
2D/3D networks.?*33 In contrast to Suzuki coupling and Stille coupling, DAP
does not require tedious pre-activation of C-H bonds in arene monomers, and
does not involve flammable organometallic agents such as butyl lithium and
highly toxic stannyl agents that are often used in Stille coupling. Nevertheless,
DAP has been rarely used for synthesis of triazine-containing 2D/3D networks

as a new type of m-conjugated porous polymers.
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Scheme 6.1 Triazine-based conjugated porous polymers synthesized by direct arylation
polymerization (DAP) with different monomers and stoichiometric ratios under a
general reaction condition: Pdz(dba); (5 mol %), (0-MeOCsH.)sP (10 mol %), PivOH
(0.5 eq), KoCOs (3 eq), o-xylene (0.2 M), 120 °C, 48 h.

In this chapter, we present the synthesis and characterization of a new
series of triazine-core polymers (Scheme 6.1) through direct arylation
polymerization of 2,4,6-(tri-2-thienyl)-1,3,5-triazine (TTT) (As type) and multi-
topic brominated monomers (Bz and B4 type). TTT is a star-shaped molecule
consisting of a triazine core and three thiophene groups on the 2, 4 and 6 positions
which provide the active C-H bonds for direct arylation. Much like TTD (Chapter
4), BT, DTBT and DPP (Chapter 5), the functional unit of TTT — triazine is
flanked by thiophene moieties which make triazine more accessible via direct
arylation. The planarity of TTT also promotes the extended m-conjugation in
CPPs.®* We expected to establish a structure-function relationship of these
triazine-containing CPPs by rational choice of the monomers and examination of

the following two effects: 1) The effect of the different geometries and electronic
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structures of aryl bromides; 2) The effect of varying the molar ratio of a given
aryl bromide on the properties of the resultant polymers. Morphology of the CPPs
is greatly influenced by the monomers and varies from nanofiber bundles to
featureless aggregates. The BET specific surface areas of the polymers range
from 43 to 222 m? g’. We also found that the optical and electrochemical
properties could be tuned by rational selection of monomers, but the band
structures remained invariant within the same family of polymers irrespective of
the monomer ratio used. Triazine-based CPPs were used as catalysts for the
visible-light catalysed oxidation of benzylamine. Polymers containing the
highest fraction of triazine units showed the highest conversion (99% for P4-1)

at relatively lower catalyst loadings and reaction times as short as 5 hours.
6.2 Molecular design of building blocks and synthesis of CPPs

As mentioned in Introduction, we chose 2,4,6-(tri-2-thienyl)-1,3,5-
triazine (TTT) as the essential monomer to introduce the triazine moiety in the
multidimensional polymeric network, due to the presence of reactive C-H bonds
in the thiophene units. The inherent planarity of TTT promotes donor-acceptor
interaction between thiophene and triazine and consequently enhances -
conjugation in the polymer network.3* Due to the relatively poor reactivity of aryl
chlorides under certain conditions of direct arylation,*® we synthesized TTT
via an established route of Stille coupling®* using cyanuric chloride and 2-
(tributylstannyl)thiophene instead of direct arylation. At the same time we note
that TTT can be also synthesized through other routes such as the
cyclotrimerization of 2-thiophenecarbonitrile in the presence of triflic acid.*’-3®
Tritopic (M1, M2 and M4) and tetratopic (M3) aryl bromides were used as
comonomers for TTT in the direct arylation scheme. Their extended aromatic
structures are most suited for the formation of rigid polymer networks.!
Moreover, these aryl bromides have been successfully employed in the synthesis

of several conjugated microporous polymers.?? 3°

A schematic presentation of the network structures of triazine CPPs, in
particular P1-, P2- and P4-type CPPs, is given in Scheme 6.1. It should be noted

that the actual conformation of the polymer network may be different due to the
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Figure 6.1 Digital images of pristine polymers under room light and UV (365 nm) light

(left column); after washing with 10% (w/v) HCI (center column) and after washing with

water and methanol (right column).
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lack of long-range order in CPPs, particularly for P3 due to the twisted

configuration in the spirobifluorene unit.

Direct arylation synthesis for triazine-core CPPs was carried out using
reaction conditions that were optimized for benzo[1,2-b:4,5-b’]dithiophene-
based linear polymers®® and have been used for synthesizing a variety of linear?*
28-30.32 and 2D/3D conjugated networks.?> 2" Pd,(dba)s/(0- MeOCgHa)sP was used
as the catalyst/ligand system together with pivalic acid as a proton shuttle*® and
K2COs as the base. More details of the polymerizations are described in the
Experimental section. All the polymers were obtained as insoluble solids that
precipitated out of the reaction media. Washing with 10% (w/v) HCI caused color
change of the polymers which could be reversed by washing with water and
methanol (Figure 6.1). Such pH-responsive color change could be attributed to
the protonation of the triazine ring which leads to a bathochromic shift of the
absorption edge.** Two series of triazine polymers were synthesized by varying
the ratio of the C-H and C-Br bonds. In the PX-1 series, a molar ratio of C-H:C-
Br = 1:1 is maintained between TTT and the corresponding brominated
comonomer (X-Br) whereas the ratio is increased to 1.5:1 in the PX-1.5 series.
Effect of varying monomer ratio is evident from the elemental analyses of the
polymers. For instance, increasing the C-H:C-Br ratio from 1:1 to 1.5:1 results in
an expected increase in the nitrogen content from 8.6% in P1-1 to 9.6% in P1-
1.5.

6.3 Structural characterization of CPPs

Incorporation of monomers in the polymer networks was confirmed by
FTIR spectroscopy. Stretching vibrations around 1500, 1370 and 800 cm™ were
observed in IR spectra of all polymers (Figure 6.2) which are characteristic of
the triazine moiety in TTT. Characteristic bands of thiophene in TTT can also
be seen at 1030, 860 and 712 cm™ in the spectra of all polymers, but at a slightly
smaller wavenumber due to extended conjugation in the polymers. Attenuation
of the aromatic C-Br band occurring in the IR spectra of polymers suggest the
high degree of polymerization after the direct arylation cross-coupling. Effect of

varying monomer ratios was not evident from the FTIR spectra of PX-1 and PX-
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Figure 6.2 Comparison of the fingerprint region of FTIR spectra of a) P1, b) P2, c) P3

and d) P4 type triazine-core CPPs (blue) and their constituent monomers.

1.5 polymers since the intensity of the characteristic triazine bands (green dotted

line) are comparable.
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Peaks marked with * correspond to spinning sidebands.

CPPs synthesized with a C-H:C-Br ratio of 1:1, i.e. P1-1, P2-1, P3-1 and
P4-1 were chosen as representative polymers for structural analysis by solid-state
CP/MAS C-NMR spectroscopy (Figure 6.3). The peak corresponding to the
carbon in the triazine ring appears consistently at 167 ppm in all polymers. The
thiophene-C adjacent to the triazine ring appears between 148 and 151 ppm while

the peak corresponding to the a-carbon of the trithienyltriazine (TTT) unit
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appears between 139 and 141 ppm. The peak of a-carbon of the phenyl unit in
P1-1 (Figure 6.3a) appears at 134 ppm while the peak of non-substituted carbons
(2,4,6- positions) in the phenyl unit overlaps with the peak of non-substituted 3-
carbon of the trithienyltriazine unit at 126.7 ppm. The peak of the C-N carbon in
the triphenylamine unit of P2-1 (Figure 6.3b) appears at 146 ppm and the peak
of the a-carbon overlaps with the a-carbon of the TTT unit at 140 ppm. In the
NMR spectrum of P3-1 (Figure 6.3c), the peak at 65 ppm can be assigned to the
sp? carbon of the spirobifluorene moiety while the broad peak between 120 and
140 ppm is assigned to the remaining carbons of spirobifluorene. Peaks from both
triazine units in the spectrum of P4-1 were also successfully assigned (Figure
6.3d). These NMR spectra, together with the FTIR spectra (Figure 6.2) described
earlier, confirm the chemical structures of the resulting target polymers.

6.4 Thermal properties

Thermal stability of the polymers synthesized above was tested by
thermogravimetric analyses (Figure 6.4a-d). All the polymers are stable up to
350 °C after which significant mass loss (> 5%) occurs. Even at 700 °C, triazine-
core CPPs retain more than 50% mass, indicating very high thermal stability
which is characteristic of such covalently linked conjugated networks. The
powder X-ray diffraction (PXRD) patterns of triazine CPPs (Figure 6.4e-h) show
broad peaks in the range of 26 = 10° — 25° which indicates their amorphous
nature. Interestingly, sharp peaks at 28° and 40° were observed in the PXRD
patterns of P4-1. These peaks could correspond to the ordered arrangement of

two adjacent two-dimensional polymer domains.*?
6.5 Morphological characterization of CPPs

We studied morphologies of P1-P4 polymers with scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The effect of
monomer ratio on the morphologies is most significant for triazine CPPs
containing phenyl (P1-1, P1-1.5) and triphenylamine (P2-1, P2-1.5) groups. For
instance, P1-1 (Figure 6.5a) exhibits short and irregular fibres with an
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Figure 6.4 TGA plots (a-d) and powder X-ray diffraction patterns (e-h) of triazine
polymers synthesized by direct arylation.

approximate width of 20-30 nm that are clearly visible from the TEM image
(Figure 6.5b). In contrast, fibres of P1-1.5 (Figure 6.5¢) are longer and thinner

(~15 nm) than those of P1-1 and seem to be well dispersed. Interestingly, one
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SEM TEM SEM TEM

Figure 6.5 SEM (column 1 and 3) and TEM (column 2 and 4) images of P1-1 (a, b),
P1-1.5 (c, d), P2-1 (e, ), P2-1.5 (g, h), P3-1 (i, j), P3-1.5 (k, I), P4-1 (m, n) and P4-1.5
(0, p).

can see some tiny spherical nanoparticles with an average diameter around 5 nm,
which are well dispersed in the polymeric matrices of P1-1.5 (Figure 6.5d).
Similar nanoparticles can also be observed in TEM micrographs of P2-1 (Figure
6.5f), P2-1.5 (Figure 6.5h) and P3-1 (Figure 6.5j). These nanoparticles
presumably correspond to the residual palladium (Pd) catalyst from the DAP

reaction. A similar result was reported by both Cooper’s group*®® and Yu’s
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group”? where residual Pd from Suzuki polycondensation was quantified and the

metallic particles in the TEM were attributed to Pd.

P2-1 (Figure 6.5e) under SEM appears as an aggregation of short, flat
and non-uniform strips approximately 100 nm thick. In comparison, P2-1.5
(Figure 6.50) exists as an entwined network of relatively thin and uniform fibres.
Moreover, each individual fibre of P2-1.5 appears to be composed of even
thinner thread-like structures (~20 nm) bundled together (Figure 6.5h). The
evolution of P2-1.5 nano-fibres was also studied as a function of reaction time

and is detailed in the next section.

The effect of monomer ratio is negligible in polymers containing
spirobifluorene units (Figure 6.5i and 6.5k) - which appear as irregular semi-
spheroids with uneven surfaces and microscopic pores. P4-1 appears as non-
uniform aggregates of particles with no characteristic morphology. It is
interesting to note that, even though P1, P2 and P4 polymers have been
synthesized from As+Bgz type building blocks, only P1 (P1-1, P1-1.5) and P2
(P2-1, P2-1.5) polymers show distinct fibre like morphologies. Hence, it is
difficult to predict the morphology based on the geometry of the monomers alone.

6.6 Morphological evolution of P2-1.5 and effect of reaction solvent

Morphology of P2-1.5 was found to be an intricate network of relatively
uniform nano-fibers. Such morphology has been rarely observed for amorphous
conjugated polymer networks synthesized by Pd-catalyzed polycondensation
reactions. To investigate the formation of these fibers, P2-1.5 was synthesized
with various reaction times and the morphology of the polymers thus obtained
was monitored by SEM. Figure 6.6 shows the SEM images of P2-1.5 synthesized
under similar reaction conditions as reported earlier but with different reaction
periods. From the SEM images, it is evident that the length and uniformity of the
fibers increases as the reaction time is increased. P2-1.5 synthesized for 3 hours
(Figure 6.6a) contains short fibers mixed with some featureless irregular
domains. No significant change of the morphology was observed when the

reaction time was increased from 3 to 6 hours (Figure 6.6b). One can observe
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24 hours

Figure 6.6 SEM images of P2-1.5 synthesized at reaction times of a) 3, b) 6, c) 18, d)
24 and e) 30 hours. f) SEM image of P2-1.5 obtained after a complete reaction time of
48 hours (same as Figure 6.5g).

relatively longer fibers in P2-1.5 synthesized over 18 hours (Figure 6.6¢) than
that obtained after 3 hours, accompanied by some featureless structures. After 24
hours, the average length of the fibers slightly increases as compared to P2-1.5
synthesized after 18 hours. After 30 hours, the fibers obtained are uniform in

shape and the individual fibers are distinguishable.

To understand the effect of reaction medium on the morphology of P2-
1.5, polymerization was also carried out in chloroform (CF), tetrahydrofuran
(THF) and o-dichlorobenzene (DCB) as the reaction media respectively.
Reactions in CF and THF were carried at 80 °C whereas the reaction in DCB was
carried out at 120 °C. All other reaction conditions were kept the same. P2-
15 CF (Figure 6.7a) and P2-1.5 THF (Figure 6.7b) show fiber-like
morphologies similar to P2-1.5 synthesized in o-xylene (Figure 6.5g). Moreover,
the FTIR spectra of P2-1.5_CF (Figure 6.7d) and P2-1.5 THF (Figure 6.7¢)
did not show any sign of unreacted C-Br bonds. These results suggest that the
morphology of P2-1.5 remains uninfluenced over a small range of solvent
polarity and even reaction temperature. In contrast, P2-1.5 DCB exhibits an
uncharacteristic morphology without nanoscale features (Figure 6.7c). This
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could be a result of the undesired activation of C-Cl bonds of DCB under direct

arylation conditions which alters the chemical structure and the resulting

morphology of the polymer. To examine this hypothesis, a test reaction between

TTT and DCBs was carried out by excluding M2 from the synthesis of P2-

1.5 _DCB while keeping other conditions the same. After 24 hours, three highly
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Figure 6.7 SEM images (a-c) and FTIR spectra (d-e) of P2-1.5 synthesized in
chloroform (a, d), tetrahydrofuran (b, €) and dichlorobenzene (c, f).
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Figure 6.8 TLC results of TTT-DCB coupling reaction after 24 hours under 254 nm
(left) and 365 nm (right) UV light.
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fluorescent spots were observed on the TLC (Figure 6.8), which were assigned
as mono-, di-, and tri-coupled products of TTT and DCB. These results indicate
that TTT-DCB side reactions are indeed possible in the synthesis of P2-
1.5 DCB.

6.7 Gas Sorption and Porosity

Polymer surface areas and pore size distributions were measured by
nitrogen adsorption and desorption at 77.3 K. All polymers exhibited a Type Il
adsorption isotherm and a broad pore size distribution. A summary of gas
adsorption characteristics of triazine polymers is presented in Table 6.1.
Polymers P1-1 and P1-1.5 showed similar adsorption behaviour in the low-
pressure region (Figure 6.9a). A sudden rise in gas uptake is observed for both
P1-1 and P1-1.5 which is characteristic of Type Il behaviour. However, a higher
volume is adsorbed by P1-1.5 than P1-1 at p/po ~ 0.99. Pore size distribution of
P1-1 (Figure 6.9b) suggests small populations of mesopores and micropores. In
contrast, the distribution in P1-1.5 is relatively narrower and focused in the
mesopore region. Unlike P1 polymers, the adsorption isotherms of P2-1 and P2-
1.5 (Figure 6.9c) are significantly different. P2-1 exhibits a steady increase in
gas uptake as the relative pressure increases in the adsorption cycle. Strong H3
type hysteresis is observed in the desorption cycle which persists even at
relatively low pressures and ends in an open loop. This could possibly be a
consequence of strong interaction of N2 with the polymer surface or swelling of
the polymers network. A similar trend is observed in P2-1.5 although the
hysteresis is relatively weaker compared to P2-1. Gas uptake of P2-1.5 is also
relatively lower over the entire pressure range. As a result, BET surface area of
P2-1 (195 m? g%) is significantly higher than that of P2-1.5 (43.3 m? g'1). On the
other hand, P2-1.5 exhibits a multimodal distribution over the mesopore range
which extends into the macropore region (Figure 6.9d). Polymers P3-1 and P3-
1.5 both exhibit strong hysteresis in the desorption cycle. Both polymers have
open loop isotherms which are indicative of expansion/swelling of the polymer
network as seen in P2-1. BET surface areas of P3-1 and P3-1.5 are 210 and 162
m? g, respectively. Polymers P4-1 and P4-1.5 exhibit higher gas uptake over
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the entire pressure range compared to other triazine CPPs in this work as is
evident from their isotherms. Both polymers exhibit hysteresis over the entire

pressure range. The desorption profile of P4-1 runs parallel to the adsorption
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Figure 6.9 Comparison of N, adsorption isotherms (a, ¢) and pore size distributions
calculated from BJH desorption model (b, d) of triazine CPPs synthesized in a C-H:C-
Brratio of 1:1 (a, b) and 1:1.5 (c, d). The dark and open circles in a) and c) represent the

adsorption and desorption cycles respectively.

curve, suggesting slit like pores in the polymer that irreversibly expand due to N>
adsorption. P4-1.5 exhibits a distinguishable H4 type hysteresis in the high-
pressure range, indicating pores with narrow openings (ink-bottle shaped) which

require higher energy to be completely vacated in the desorption cycle.
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Table 6.1 Adsorption characteristics of triazine-based CPPs

SAser  SAiwms  TOCSEe  ToulPor

(m?g)* (m? g*)° () (e gy
P1-1 74.9 124 1.7,3.9 0.496
P1-1.5 192.8 514 15,23,31 0.734
P2-1 195 565 1.9,31,51 0.359
P2-1.5 43.3 52.7 16,2.2,3.7 0.367
P3-1 210.6 457 1.2,23,3.7 0.262
P3-1.5 162 100 16,21 0.210
P4-1 162.4 276 3.8 0.372
P4-1.5 222 412 3.9 0.278

2 Specific surface area calculated from the adsorption branch of the N, isotherm using
the BET method. ® Specific surface area calculated from the adsorption branch of the N

isotherm using the Langmuir method. ¢ calculated at p/po = 0.99.

Comparison of the BET specific surface areas of all polymers (Table 6.1)
reveals that changing the monomer ratio does not necessarily lead to an increase
in surface area of the polymer. For instance, BET surface areas of P4-1 and P4-
1.5 are 162 and 222 m? g%, respectively. This contrasts with the trend observed
by Cooper and coworkers, wherein increasing the ratio of ethynyl to bromide
monomers in Sonogashira polymerization schemes led to systematic
improvement in porosity.** We also expected the pore sizes of P1-, P2- and P4-
type CPPs to increase systematically with increasing size of their monomers
(phenyl < triphenylamine < triphenyltriazine) but no apparent increase in pore
size could be observed. In fact, P1- and P2-type polymers show very similar
multi-modal behaviour with significant populations at 2.2 nm whereas the pore
size distribution of P4-type polymers is centred at 3.8 nm. These results, along
with the low surface areas of triazine core CPPs, can be attributed to the

formation of closely packed networks in the direct arylation reaction which leads
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Figure 6.10 BET specific surface area plots of triazine-based CPPs.

to interpenetration of the polymer chains in the pores therefore inhibiting the

accessibility of the microporous structures to sorbents such as N2 gas.
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A facile method for enhancing the porosity of network polymers is the
use of porous silica supports. Recently, Huang and co-workers reported the
cyclotrimerization synthesis of a covalent triazine framework with TTT as the
repeating unit, by coating the monomers on mesoporous silica.*® BET surfaces
areas of 543 m? g were obtained but the surface areas dropped to 57 m? g once
the silica support was removed. Kim et. al. reported that the porosity of
conjugated microporous polymers synthesized by Sonogashira coupling could be
enhanced by choosing ligands with appropriate cone angles.*® This strategy may
not be feasible for direct arylation polymerization since changing the ligand could
render the reaction condition ineffective and optimization of new DAP conditions
with new catalyst/ligand pairs can be tedious. Another potentially effective
strategy to improve the porosity of CPPs would be to choose monomers with

rigid conformations which impart long range order to the polymer network.*
6.8 Optical and Electrochemical properties

The optical properties of triazine CPPs were studied by diffuse-
reflectance UV-vis spectroscopy (Figure 6.11a) and fluorescence spectroscopy
(Figure 6.11b). All triazine polymers show strong absorption between 300 and
500 nm and the optical bandgaps lie between 2.17 and 2.53 eV (Table 6.2). From
the UV-Vis absorption and fluorescence spectra, it is evident that the absorption
edge and emission maxima of triazine polymers synthesized using a C-H:C-Br
ratio of 1:1 do not differ significantly from those synthesized using a ratio of 1.5.
The optical bandgaps of triazine CPPs follow the order P1 > P4 > P3 > P2, which
is consistent with the increasing strength of electron donating groups of the
comonomers described in Scheme 6.1 (M1 < M4 < M3 < M2). Hence, a rational
choice of monomers allows for facile and systematic tuning of the optical
properties of CPPs which are crucial to their application in photocatalysis.
Oxidation potentials and the HOMO/LUMO energy levels of the CPPs were
determined by cyclic voltammetry (Figure 6.12). HOMO levels of CPPs lie in
between -5.51 and -6.32 eV. As expected, the highest HOMO levels were
obtained for P2-1 (-5.51 eV) and P2-1.5 (-5.66 eV) due to the presence of

strongest electron donor — triphenylamine, in the polymer structure.
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6.9 Photocatalytic activity

a) -
------ P1-1.5
] — P21 8
3 -—-P21.5 §
s P3-1 g
Zo0ef{ BTy L P3-1.5 S
d -
< P41 i
2 1 | O T P4-1.5) B ,
4 ]
300 400 500 600 700 800 400 450 500
Wavelength (nm}
c)
LUMO (eV)
=31 33 o
{369 4 —  —— 376 368 359 363
-4 —
2208V, o
5J253eV , 40y 235ev 2.40ev 2H eV 241ev
—
6 551 566
E — ] g . -6.04
622 g3 6.11 6.08 -6.06

79 P11 P15 P21 P2L5 P31 P3-1.5 P41  P415

HOMO (eV)

600

550
Wavelength (nm)

-3.8

— Benzylamine
-5.96

Figure 6.11 a) Diffuse reflectance UV-Vis and b) fluorescence spectra of triazine-based

conjugated porous polymers. ¢) Schematic representation of the HOMO/LUMO energy

levels of triazine-core CPPs. HOMO level of benzylamine and LUMO level of O, are

presented for comparison.

Imine chemistry is integral to synthesis of precursors for N-heterocyclic

compounds and intermediates via non-toxic reagents in the pharmaceutical

industry.*8%° Only few metal-free catalysts have been reported for oxidation of

benzylamine.>*® Moreover, the established mechanism of this reaction makes it

a facile model for demonstration of photocatalytic activity. Here, we examined

the application of the triazine-core CPPs synthesized and characterized above to

catalyse the selective oxidation of benzylamine under light irradiation.
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Table 6.2 Summary of optical and electrochemical properties of triazine-based CPPs.

Nedge™ Ama™ Ee® EoxOmet Eromo ELumo
Polymer

(nm) (nm) (ev)® (V)° (eV)© (ev)“

P1-1 489 495 2.53 1.42 -6.22 -3.69
P1-1.5 498 504 2.48 1.52 -6.32 -3.84
P2-1 563 569 2.20 0.71 -5.51 -3.31
P2-1.5 570 574 217 0.86 -5.66 -3.49
P3-1 527 523 2.35 1.31 -6.11 -3.76
P3-1.5 515 520 240 1.28 -6.08 -3.68
P4-1 500 507 247 1.26 -6.06 -3.59
P4-1.5 514 507 241 1.24 -6.04 -3.63

a Calculated from the absorption onset. ® Potentials vs Ag/Ag* determined by cyclic
voltammetry by using 0.1 M tetrabutylammonium hexafluorophosphate (BusNPFg) in
acetonitrile as the supporting electrolyte. Enomo = - [Eox®™* + 4.8] eV. *ELumo = [Eromo
+ B¢ eV.
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Figure 6.12 Cyclic voltammograms of a) P1-1, b) P1-1.5, ¢) P2-1, d) P2-1.5, e) P3-1,
f) P3-1.5, g) P4-1 and h) P4-1.5.

150



Table 6.3 Photocatalyzed oxidative coupling of benzylamine by triazine-based CPPs.

Photocatalysts, O,, CH,CN

-, )

~_~__NH; hv, r.t. N
Photocatalyst 2 Reaction time (hrs) Conversion °
P4-1 3 68%
P4-1 5 > 99%
P4-1* 5 99%
P4-1.5 5 94%
P3-1 5 88%
P3-1.5 5 86%
P2-1 5 37%
P2-1.5 5 45%
P1-1 5 80%
P1-15 5 55%

aReaction Conditions: 6 mg of polymer and 1 mmol of benzylamine were added to 3 mL
of CH3CN. Mixture was bubbled with O, and irradiated with 20 W white LED light. ®

Conversion was determined by *H-NMR.

with P4-1 as the photocatalyst and a reaction time of 3 hours, the conversion was
found to be 68%. When the reaction time was increased to 5 hours, complete
conversion of benzylamine was achieved although traces of an over oxidised
product, benzaldehyde were observed in the NMR spectrum (Figure 6.13). P4-1
in comparison to reported photocatalysts showed a remarkable photocatalytic
performance of complete conversion at a relatively lower catalyst loading,>®" in
shorter reaction times®® and by using low-power light sources.> Similar reaction
conditions were used for photocatalysis trials with P4-1.5 and the remaining (P3,
P2 and P1 type) polymers. Among all the polymers tested here as the
photocatalyst, P4-1 and P4-1.5 give the highest conversion (> 90%). Stability of
P4-1 was tested by recycling the catalyst over 5 photocatalytic cycles.
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Conversion upto 80% could be obtained from the 5" cycle, indicating the good

reusability of P4-1 in the photocatalytic reaction (Figure 6.14d).
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Figure 6.13 'H-NMR (300 MHz, CDClIs) spectra of the crude product mixture at
different reaction times for the photocatalysis of benzylamine using P4-1 as the photo-

catalyst.
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the polymers tested here as the photocatalyst, P4-1 and P4-1.5 give the highest
conversion (> 90%). Stability of P4-1 was tested by recycling the catalyst over 5
photocatalytic cycles. Conversion upto 80% could be obtained from the 5™ cycle,
indicating the good reusability of P4-1 in the photocatalytic reaction (Figure
6.14d).

We observed that triazine-core CPPs consisting similar building blocks
gave similar conversion for benzylamine irrespective of the monomer ratio.
Exceptions to this trend were P1-1 and P1-1.5 which gave conversions of 80%
and 55%, respectively. No correlation between the performance of triazine-based
CPPs as catalysts and their specific surface area could be found from our
experiments (Figure 6.14a). For instance, P2-1 with specific surface area of 195

m? g* gave a poor conversion value of 37% which is significantly lower than
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those achieved by polymers such as P1-1 (51%, Sger = 75 m? g1) with smaller

BET surface areas.

The superior performance of P4-1 and P4-1.5 can be attributed to the
higher content of pyridinic nitrogen in the polymer structure, arising from the
triazine rings in both constituent monomers. Similar enhancement of the
photocatalytic activity has been observed in N-doped graphene quantum dots in
the coupling of primary amines.*® In addition, the potentials of the HOMO and
LUMO levels of triazine CPPs relative to the energy potentials of benzylamine
play the most crucial role in determining the photocatalytic performance. From
previous reports,®> > % it is known that the photo-oxidation of benzylamines
proceeds by the formation of an excited state, CPP*, which in turn reduces
molecular oxygen into its photo-generated active species — superoxide radical
(O27) and singlet oxygen (*O,) leaving behind CPP*. Benzylamine is oxidized by
CPP* to form a cationic intermediate and thereby regenerating CPP. Energy
levels of triazine CPPs calculated by cyclic voltammetry are shown in Table 6.2.
The LUMO levels of all polymers are higher than that of oxygen (-3.8 eV).%°
Therefore, photo-generated electron transfer from CPP* to O is possible. Except
for P2-1 and P2-1.5, the HOMO levels of all polymers are lower than that of
benzylamine (Figure 6.14b), which implies that the oxidation of benzylamine is
feasible. Therefore, the low conversion of P2-1 and P2-1.5 can be mainly
attributed to their higher HOMO level (lower oxidation potential) with respect to
benzylamine which inhibits the oxidation reaction.

To analyse the effect of residual palladium (Pd) on the photocatalytic
activity of triazine-based CPPs, we employed inductively coupled plasma-optical
emission spectroscopy (ICP-OES) to measure the palladium content of CPPs that
gave the highest (P4-1) and lowest (P2-1) conversion in the photo-oxidation of
benzylamine (Table 6.3). We also treated P4-1 with NH4sOH (28% in water) and
ethylenediamine-tetraacetic acid (EDTA) according to a reported procedure® to
lower the Pd content and the purified polymer was labelled P4-1*. The mean Pd
content in P4-1 and P2-1 was found to be 2.7 + 0.18 ppm and 4.0 = 0.01 ppm,
respectively, while the purified polymer P4-1* exhibited a Pd content of 1.5 +
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0.01 ppm. Moreover, the photocatalytic activity of purified polymer P4-1* was
similar to that of P4-1 (Table 6.3), implying insignificant effect of the residual
Pd on the photocatalytic activity of the CPPs.

6.10 Conclusion

In summary, a series of triazine-based conjugated porous polymers were
synthesized by direct arylation polymerization of 2,4,6-tri(2-thienyl)-1,3,5-
triazine with tri- and tetra- brominated aryls using two C-H:C-Br ratios — 1:1 and
1.5:1. Optical properties of the polymers show that rational choice of monomers
can be effective in systematically tuning the optical absorption of the polymers.
Morphology of the polymers was found to vary with the choice and the molar
ratio of the comonomers. In particular, P2-1.5 exhibits an intricate morphology
that evolves from non-uniform fibrillar structures to well-defined but bundled
nano-fibres over the course of the reaction. Selective oxidation of benzylamine
was used as a model reaction to demonstrate the photocatalytic activity of
triazine-core CPPs. Conversions up to 99% were obtained when P4-1 was used
with relatively small catalyst loadings than organic photocatalysts reported in
literature. Overall, these results demonstrate the ability of direct arylation
coupling to synthesize robust, amorphous and nitrogen-rich conjugated porous
polymers which can be used as redox active photocatalysts by reacting nitrogen
containing building blocks with polytopic aryls. This modular approach towards
the synthesis of CPPs offers much space to tune their optoelectrochemical
properties and porosities that determine their performances as organic

photocatalysts.
6.11 Experimental Section
6.11.1 Materials and Methods

1,3,5-Tribromobenzene (M1), tris-(4-bromophenyl)amine (M2) and
2,2',7,7'-tetrabromo-9,9'- spirobifluorene (M3) were purchased from Sigma
Aldrich.  2,4,6-tri(thiophen-2-yl)-1,3,5-triazine  (TTT)** and 2,4,6-tri(4-
bromophenyl)-1,3,5-triazine (M4)%? were synthesized according to literature

procedure. All solvents were obtained from commercial sources and used as
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received unless otherwise specified. *H-NMR was performed on a Bruker AV
300 spectrometer in deuterated chloroform (CDCl3) at room temperature with
TMS as internal reference; chemical shifts (5) are reported in parts per million.
Solid state *3C magic-angle spinning nuclear magnetic resonance (MAS NMR)
spectra were collected by a JEOL ECA 400 spectrometer. FTIR spectra were
recorded on a Perkin Elmer Spectrum One FTIR spectrometer. Thermo-
gravimetric analyses were performed on a Pyris Diamond TGA (Perkin Elmer)
instrument, at a heating rate of 10 °C min' under N atmosphere from 40 °C to
700 °C. SEM imaging was carried out using a JEOL JSM 6701F SEM (Scanning
Electron Microscope) operating in scanning mode. Samples were prepared by
depositing dry samples on aluminium stubs using an adhesive high purity carbon
tape. TEM images were obtained using a Carl Zeiss Libra 120 Plus transmission
electron microscope (TEM). Samples were prepared by depositing polymers
from an ethanol dispersion onto a copper grid coated with ultra-thin carbon film.
Nitrogen sorption isotherms were obtained at 77 K using Quantachrome
Instruments Autosorb-6 with extra-high purity gases. All samples were degassed
at 110 °C for 16 h in vacuum before analysis. Surface areas were calculated in
the relative pressure (p/po) range from 0.05 to 0.35 of the adsorption branch. Pore
size distribution was obtained by the Barrett-Joyner—Halenda (BJH) method
using the adsorption curve of the isotherm. The total pore volume was estimated
by the amount of nitrogen adsorbed at the relative pressure of 0.99. The UV-
visible absorption spectra were obtained on a UV-visible spectrophotometer
(UV-2450, Shimadzu). Cyclic voltammograms (CVs) were recorded on an CHI
Electrochemical Analyzer Model 660D at room temperature using 0.1 M
tetrabutylammonium hexafluorophosphate (BusNPFg) solution in CH3CN as a
supporting electrolyte at a scan rate of 100 mV/s. Glassy carbon was used as
working electrode, platinum wire as counter electrode and silver as the reference
electrode. Samples were prepared by drop-casting a slurry of polymers in Nafion
on the glassy carbon electrode. All the potentials were calibrated with the
standard ferrocene/ferrocenium redox couple (Fc/Fc*). Powder X-ray diffraction
patterns were obtained at 40 kV and 40 mA on a Bruker Advanced D8 XRD using
Cu-Ka radiation (A = 1.5418 A) over 26 range of 5.0° - 60° at room temperature.
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Elemental analysis was carried out on a Vario EL 111 CHNS Elemental Analyzer.
Palladium content was measured by inductively coupled plasma-optical emission
spectrometer ICP-OES using Prodigy High Dispersion ICP. Samples were
prepared by digesting the 10 mg of polymers in a solution of HNO3z (70 %)/HCI
(37 %) (2.5/0.5 v/v) at 120 °C for 2 days.®®

6.11.2 General synthetic procedure of triazine based CPPs — PX-1

Measured quantities of TTT and MX (C-H : C-Br = 1:1), Pdx(dba)s (5
mol %), (0-MeOCgH4)3P (10 mol %), K2CO3 (400 mol %) and PivOH (50 mol%)
were added to a reaction vial charged with a magnetic stirring bar. o-xylene (0.2
M w.r.t. TTT) was added inside a glove-box and vial was sealed with a rubber
cap. The reaction was carried out at 120 °C in an oil bath for 48 hours. After
cooling to room temperature, the reaction mixture was diluted with THF and
filtered under vacuum. The precipitates were washed with excess THF followed
by 10% (w/v) HCI, water and finally methanol to remove soluble by-products.
The precipitates were then subjected to Soxhlet extraction with chloroform and
THF sequentially for 24 hrs with each solvent. The residual solids were collected
and dried at 100 °C under vacuum to obtain the final product. PX-1.5 was
synthesized using the same synthetic procedure with a molar ratio of C-H:C-Br

= 1.5:1 maintained between the corresponding two monomers.

P1-1 (65.5 mg, 53%): M1 (96.2 mg, 0.305 mmol), TTT (100 mg, 0.306
mmol), Pdz(dba)z (13.9 mg), (0-MeOCgHa)3P (10.8 mg), K-.CO3 (168.5 mg),
PivOH (15.8 mg) and o-xylene (1.52 mL). IR (KBr, cm™): 3075, 1537, 1500,
1466, 1373, 1032, 800, 776, 707 Solid state *C NMR (400 MHz) ¢ ppm: 167,
148, 140.5, 134, 130.5, 126.7. Elemental Analysis (%) Calculated for C21HgN3Sa:
C,63.2;H,2.3; N, 10.5; S, 24.1. Found: C, 59.5; H, 1.2; N, 8.6; S, 19.6.

P1-1.5 (110 mg, 90%) was synthesized using the same synthetic
procedure with 64 mg (0.203 mmol) of M1. IR (KBr, cm™): 3075, 1537, 1500,
1466, 1373, 1032, 800, 776, 707. Elemental Analysis (%) Calculated for
CassH12N4sSss: C, 61; H, 2.1; N, 11.2; S, 25.7. Found: C, 59.5; H, 1.3; N, 9.6;
S, 21.9.
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P2-1 (155 mg, 89%): M2 (147.39 mg, 0.305 mmol), TTT (100 mg, 0.306
mmol), Pdz(dba)z (13.9 mg), (0-MeOCgHa)3P (10.8 mg), K-.CO3 (168.5 mg),
PivOH (15.8 mg) and o-xylene (1.52 mL). IR (KBr, cm™): 3025, 1594, 1537,
1439, 1500, 1368, 1316, 1037, 798, 770, 702. Solid state 3C NMR (400 MHz) &
ppm: 167, 148, 146, 140, 126, 122. Elemental Analysis (%) Calculated for
Ca3H1sN4Ss: C, 70.0; H, 3.2; N, 9.9; S, 17.0. Found: C, 66.7; H, 1.4; N, 8.3; S,
14.3.

P2-1.5 (134 mg, 75%) was synthesized using the same synthetic
procedure with 97.9 mg (0.203 mmol) of M2. IR (KBr, cm™): 3025, 1594, 1537,
1422, 1500, 1368, 1316, 1037, 798, 770, 702. Elemental Analysis (%) Calculated
for Cs05H21Ns5S45: C, 66.8; H, 2.9; N, 10.6; S, 19.8. Found: C, 66.7; H, 1.6; N,
9.0; S, 16.4.

P3-1 (141 mg, 83%): M3 (144.91 mg, 0.229 mmol), TTT (100 mg, 0.306
mmol), Pdz(dba)z (13.9 mg), (0-MeOCgHa)3P (10.8 mg), K-.CO3 (168.5 mg),
PivOH (15.8 mg) and o-xylene (1.52 mL). IR (KBr, cm™): 3063, 1500, 1436,
1373, 1039, 774, 713, 803. Solid state 13C NMR (400 MHz) 6 ppm: 168, 150.5,
140.5, 134, 126.5, 120, 65. Elemental Analysis (%) Calculated for C13sHsoN12S12:
C,72.6;H,27;N,75;S,17.2. Found: C, 66.5; H, 1.5; N, 6.0; S, 13.6.

P3-1.5 (115 mg, 67%) was synthesized using the same synthetic
procedure with 96.3 mg (0.152 mmol) of M3. IR (KBr, cm™): 3063, 1500, 1436,
1373,1039, 774, 713, 803. Elemental Analysis (%) Calculated for C16sH72N18S1s:
C,68.8; H, 2.5; N, 838; S, 20.0. Found: C, 65; H, 1.3; N, 7.0; S, 15.8.

P4-1 (205 mg, 71%): M4 (250 mg, 0.457 mmol), TTT (150 mg, 0.457
mmol), Pdz(dba)z (21 mg), (0-MeOCesHa4)3P (16 mg), K.CO3 (252 mg), PivOH
(23.3 mg) and o-xylene (2.3 mL). IR (KBr, cm™): 3074, 1603, 1576, 1447, 1500,
1364, 1039, 796, 773, 713. Solid state 3C NMR (400 MHz) § ppm: 170, 168,
149.5, 135.5, 128, 124. Elemental Analysis (%) Calculated for C3sH1sNsS3: C,
68.6; H, 2.9; N, 13.3; S, 15.2. Found: C, 65.4; H, 1.5; N, 11.1; S, 12.7.

P4-1.5 (245 mg, 85 %) was synthesized using the same synthetic
procedure with 167 mg (0.306 mmol) of M4. IR (KBr, cm™): 3074, 1603, 1576,
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1447, 1500, 1364, 1039, 796, 773, 713. Elemental Analysis (%) Calculated for
Ca3sH21N75S45: C, 66; H, 2.7; N, 13.3; S, 18.2. Found: C, 63.2; H, 1.3; N, 11.5;
S, 16.0.

6.11.3 General procedure for photocatalyzed oxidative coupling of

benzylamine

A 15 cm pyrex tube (1 cm dia.) was charged with 107 mg (1 mmol)
benzylamine, 6 mg photocatalyst and 3 mL CH3CN. The tube was sealed with a
rubber septum and oxygen was bubbled into the solution at 1 atm. The tube was
placed in a water bath and irradiated with 20W white LED lights for 5 hours. To
test the stability of the photocatalyst, the polymers were recycled by first diluting
the reaction mixture with THF and sonicating the solution for 5 minutes. The
solution was then centrifuged at 8000 rpm for 8 minutes after which the solvent
was decanted. This process was repeated three times to ensure removal of all
reactants and products. The catalyst was then dried at 60° C and reused for the

next cycle.

6.11.4 Calculation of conversion of benzylamine from 'H-NMR spectra

NH; CPP N
2 + 0, @_// + NH; + H,0,
hv

A B

The above reaction can be reduced to the following:
2A-> B

For a *H-NMR spectrum of a mixture of two compounds A and B, the molar

ratio of A to B (n4/ng) can be written as

ng _ (Integralof A)/Ng _
np - (Integral of B)/Np -

Where, na and ng are the moles of A and B in the product mixture,

while Na and Ng are the number of protons represented by the peaks chosen.
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Conversion (C) of A is defined as the ratio of moles of A reacted (nf) to the

initial number of moles of A in the reaction (n3).
Therefore, C = nf/nf

Since 2 moles of A react to give one mole of B,
nR = 2ng,andnd = 2nz + n,

2
Hence, C = —"2

2ng+ny

Conversion % =

2
C% = ——— %100
o o
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7. Summary and outlook

7.1 Summary

In this thesis, we have applied direct arylation polymerization to various
n-conjugated building blocks to synthesize new linear polymers and conjugated
porous polymers. Although the monomers chosen in this research work had been
used in literature to synthesize high-performance materials for optoelectronic and
photocatalytic applications, their synthesis involved tedious prefunctionalization
and harsh chemical conditions. By using pre-optimized direct arylation
conditions, we were able to incorporate these monomers in conjugated polymer
systems and study their structure-function relationships. Detailed structural,
optical and electrochemical characterization of all polymers was carried out.
Moreover, we have also studied the morphology and surface area characteristics
of conjugated porous polymers. Selected polymers were tested for optoelectronic
and photocatalytic application and their performances were found to be

comparable to materials synthesized through conventional coupling reactions.

We have demonstrated direct arylation coupling of a new acceptor
molecule — naphthothiophenediimide (NDTI) by synthesizing small molecules
and linear polymers using Pdx(dba); and (o-MeOCsH4)3P as the catalyst-ligand
pair (Chapter 2). A donor-acceptor-donor (D-A-D) triad containing 9.,9-
dihexylfluorene as the donor was synthesized to test the regioselectivity of
NDTI. Alternating polymers with fluorene and benzothiadiazole were also
synthesized and their structural, optical and electrochemical characterization was
presented. Although, the C-H activation of NDTI was successful under these
preoptimized conditions, it should be noted that the molecular weights of
PNDTI-OF and PBDTI-BTz obtained via DAP were lower than that of NDTI-
based polymers synthesized by Stille and Suzuki coupling. To address the poor
reactivity of NDTI, we propose a systematic and rigorous optimization of direct

arylation reaction conditions with different catalyst-ligand pairs. Polymers
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obtained from each trial should be tested for structural defects such as B-coupling

to ensure the regioselectivity of NDTI.

In another linear polymer system, we used direct arylation to synthesize
three polymers containing the new acceptor molecule — BDTD (Chapter 3).
Molecular weights of BDTD-based polymers with benzodithiophene (P1) and
quarterthiophene (P3) moieties were larger than their Stille coupling
counterparts. OFET fabricated P3 showed mobilities up to 1.4 x 10 cm? V! 57!
devices Photovoltaic devices for P1 and P2 showed maximum PCEs of 0.22%
and 1.15% when solvent vapour annealing was employed in an inverted device
architecture. P3 devices also showed poor PCEs in the absence of additives
(1.6%). However, addition of 1% DIO improved the PCE to 3.5%. We attributed
the lower PCE of P3 compared to an analogous polymer reported by Hou and co-
workers, to the straight alkyl chains of P3 which led to strong aggregation in thin
films. To confirm this hypothesis, an analogue of P3 containing ethylhexyl side
chains should be synthesized and devices performances of the two polymers
should be compared. Since BDTD-based polymers have consistently exhibited
PCEs over 10%, a systematic study of the effect of chain length on device
characteristic would be beneficial. To this end, a series of BDTD-
quarterthiophene polymers with both straight and branched alkyl chains of
varying lengths should be synthesized by DAP and the effect of chain length on
Voc and Jsc should be studied.

In this thesis, we have also demonstrated direct arylation as an efficient
synthetic tool for conjugated porous polymers (CPPs). Thiophene-flanked
monomers containing active C-H bonds were reacted with tri- and tetra-
brominated aryls to give a series of conjugated polymers. In Chapter 4, we used
a narrow bandgap electron-accepting building block - thiophene-flanked
thienothiadiazole (TTD), to synthesize three narrow bandgap CPPs by
polymerizing with 1,35-tribromobenzene (CPP-1), tetrakis-4-
bromophenylamine (CPP-2) and 2,2',7,7'-tetrabromo-9,9'-spirobifluorene
(CPP-3). Morphologies and porosities of the polymers were determined by the
geometry of the monomer. CPP-2 showed the narrowest bandgap below 1.3 eV
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due to the largest extent of D-A charge transfer between TTD and

triphenylamine. These experimental results demonstrated that a rational selection
of monomers enables the synthesis of a series of narrow bandgap conjugated
porous polymers with tunable porosities, morphologies and optoelectronic

properties.

Next, we expanded the library of CPPs synthesized by direct arylation by
choosing three thiophene-flanked monomers - 2,2° -bithiophene (BT), 4,7-
di(thiophen-2-yl) benzo[c][1,2,5] thiadiazole (DTBT) and 2,5-bis(2-
octyldodecyl)-3,6-di(thiophen- 2-yl)-2,5-pyrrolo [3,4-c]pyrrole-1,4 (2H, 5H)-
dione (DPP) (Chapter 5). These monomers were reacted with polytopic aryl
bromides under direct arylation conditions similar to those used for TTD-based
polymers and structure-function relationships of the resulting polymers were
studied. All polymers exhibited poor specific surface areas except S3 which had
a BET surface area of 407 m? g”'. Optical properties of the polymers showed that
the band gaps and energy levels of CPPs can be fine-tuned by careful selection
of thiophene-based monomers. DPP-based polymers exhibited layered structures
which were exfoliated into thin sheets by dispersing the polymers in o-
dichlorobenzene. These results demonstrate that bandgap, porosity and
morphology of CPPs can be controlled by careful selection of monomers,
allowing for the synthesis of new m-conjugated polymers for a variety of
applications. In particular, the sheet-like morphology of DPP-based polymers
such as T3 make them potential candidates for optoelectronic materials. An
extended 2D donor-acceptor polymer network assembled in a layered structure
provides the ideal morphology for inter-molecular charge transfer while the
dispersibility of DPP-based polymers in organic solvents makes the otherwise

insoluble CPP solution processable.

Lastly, we synthesized triazine-based CPPs by reacting 2,4,6-tri(2-
thienyl)-1,3,5-triazine (TTT) with tri- and tetra-brominated monomers using two
C-H:C-Br ratios - 1:1 and 1.5:1 (Chapter 6). Morphology of the polymers was
found to vary with the choice and the molar ratio of the comonomers. In

particular, P2-1.5 exhibited an intricate morphology that evolved from non-
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uniform fibrillar structures to well-defined but bundled nano-fibres over the
course of the reaction. Selective oxidation of benzylamine was used as a model
reaction to demonstrate the photocatalytic activity of triazine-core CPPs.
Conversions up to 99% were obtained when P4-1 was used with relatively small
catalyst loadings than organic photocatalysts reported in literature. Overall, these
results demonstrate the ability of direct arylation coupling to synthesize robust,
amorphous and nitrogen-rich conjugated porous polymers which can be used as

redox active photocatalysts by reacting nitrogen containing building blocks with
polytopic aryls.

In summary, we have demonstrated that direct arylation is a facile and
atom-efficient alternative to conventional coupling reactions for incorporating a

wide variety of building blocks in linear (1D) and network (2D/3D) conjugated
polymers.

7.2 Outlook

It is evident that direct C-H arylation coupling has been established as a
mainstream synthetic technique for conjugated small molecules and polymers.
Comparison of structural and optical properties reveals that polymeric products
of direct arylation are comparable with those synthesized by conventional
reactions.!” Circumvention of tedious synthetic steps and absence of toxic
organometallic byproducts make direct arylation a lucrative alternative to Stille

and Suzuki coupling reactions.

Nevertheless, some challenges remain in improving this synthetic
technique. Two decades after its first report, direct arylation has been established

by various researchers as an efficient, defect-free®'*

and broadly applicable C-C
coupling reaction but a promising demonstration of its commercial applicability
is yet to be seen. To become the synthetic tool of choice for photovoltaic
materials, a seamless integration of direct arylation chemistry in the roll-to-roll
device fabrication pipeline is crucial. This implies that the research focus should

shift from new material development in one pot reactions and reaction

optimization, to adapting the synthesis of existing high-performance materials
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for large-scale continuous processes. Leclerc’s group reported the first
application of continuous flow method to DAP by synthesizing an isoindigo-al/t-
ethylenedioxythiophene polymer which showed moderate performance in solar
cells (PCE = 3%)."> Further development of the direct arylation protocol to

facilitate continuous flow production is expected.

Typically, direct arylation reactions are catalyzed by expensive palladium
catalysts in the presence of phosphine ligands, bases and aromatic solvents under
inert conditions. For instance, Pd2(dba);/P(0-MeOC¢Ha4)3 as the catalyst-ligand
system and nonpolar (e.g. toluene, o-xylene) solvents as the reaction media has
been proven to be highly efficient in synthesis of a broad range of well-defined
D-A alternating copolymers.'®!” Use of greener alternatives to aromatic solvents
has already been demonstrated!®!® but very few alternatives to palladium
catalysts are known. Hence, development of relatively cheaper transition metal
alternatives to palladium would greatly benefit the cost and scalability of direct

arylation.

There is no doubt that DAP will continue growing as a promising,
economic, and eco-friendly tool for the synthesis of a broad range of high
performance m-conjugated polymers with tunable structures and properties for

optoelectronic applications and beyond.
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APPENDIX

LIST OF ABBREVIATIONS AND ACRONYMS

(0-MeoCeH4)3P tris(o-methoxyphenyl)phosphine

AFM atomic force microscopy

BDTD benzo[1,2-c:4,5-c'|dithiophene-4,8-dione

BET Brunauer-Emmet-Teller

BHJ bulk heterojunction

BT 2,2'-bithiophene

BusNPFs tetrabutylammonium hexafluorophosphate

CF chloroform

CP cross polarization

CPP conjugated porous polymers

CVv cyclic voltammetry

D-A donor-acceptor

DAP direct arylation polymerization

DCB o-dichlorobenzene

DIO 1,8-diiodooctane

DPP 3,6-di(thiophen-2-yl)-2,5-pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione

DSC differential scanning calorimetry

DTBT 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole

EDX energy-dispersive X-ray

EI-MS electron ionization mass spectroscopy

Fc/Fc* ferrocene/ferrocenium redox couple

FF fill factor

FL fluorescence

FTIR Fourier-Transform infrared

GPC gel permeation chromatography

Hermann’s Catalyst  trans-Bis(acetato)bis[o-(di-0-

tolylphosphino)benzyl]dipalladium(ll)
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HOMO
ICP
ITO
Jsc
LUMO
m/z
M
MAS
Mn

Mw
NDTI
NIR
NMR
OFET
OPV
0osC
p/Po
PCE
Pd(dba)s
PDI
PivOH
PSD
PXRD
SEM

t

Te

Td
TEM
TGA
THF
Tm

highest occupied molecular orbital
inductively coupled plasma

indium tin oxide

short circuit current

lowest unoccupied molecular orbital
mass-to-charge ratio

parent molecular ion
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