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| PREFACE |

Conjugated polymers have attracted much scientific and technological

interest due to their potential use as semiconductors and electro-active materials
in diverse applications such as transistors, photovoltaic devices, nonlinear optical
devices, and polymer light-emitting diodes. The present work involves three
objectives.

* Design of new conjugated polymers using tools of quantum chemistry
and synthesis of the designed polymers by adopting suitable synthetic
strategies.

* [Explore the application of conjugated polymers as active layer in
photovoltaic devices.

* Fabrication and testing of nitroaromatic detectors using fluorescent
conjugated polymers

This thesis is comprised of nine chapters.

The first chapter is an introduction to the current scenario of research on
conjugated polymers and their applications in photovoltaic devices and explosive
detectors. This chapter also gives general introduction on the different types of
theoretical calculations used in the present work.

In the second chapter, electronic structure calculation and synthesis by
Suzuki polycondensation reaction of two phenothiazine/2,1,3-chalcogenadiazole
polymers are described. In addition, suitability of the polymers for photovoltaic
application is investigated by fabricating a linear heterojunction device using
indium sulphide as the n-type material.

In the third chapter, the effect of structural changes of quinoxaline
derivatives on the band gap of phenothiazine/quinoxaline copolymers atre
investigated by theoretical calculation and experimental methods like UV-Visible
absorption spectroscopy and electrochemical methods. The photoactivity of the
polymers are also discussed.

The fourth chapter discusses the electronic structure calculation and
synthesis by direct arylation reaction of copolymers of phenothiazine with 3,4-
dimethoxythiophene, 3,4-ethylenedioxythiophene and 3,4-propylenedioxythiophene.
We have also demonstrated the supetiority of the direct arylation reaction for

synthesizing polymers over Suzuki and Stille polycondensation reaction. The



photovoltaic activity of the polymer is also tested using the I'TO/In,S3/polymer/Ag
heterojunction.

The fifth chapter includes the possibility of tuning the energy levels of the
homopolymer, poly(ProDOT) by introducing the two 2,1,3-chalcogenadiazoles,
2,1,3-benzothiadiazole and benzoselenadiazole unit to the polymer chain. The
design principle is verified by theoretical calculation and the polymers are
synthesized through direct arylation reaction. The photoactivity of the polymers is
also investigated.

In the sixth chapter, the copolymers of ProDOT with four quinoxalines-
unsubstituted, acenaphthylene, phenyl and phenanthrene substituted are
investigated by theoretical and experimental methods. The structural variations by
different substituents on quinoxaline markedly affect the band gap of the
polymers. The photovoltaic activity of all the polymers is tested using the
ITO/In2S3/polymer/ Ag heterojunction.

The seventh chapter presents the synthesis, characterization and
photovoltaic applications of two novel 3.4-propylenedioxythiophene/1-alkyl-
1,2,4-triazole copolymers with cross conjugated frame work structure. The
theoretically determined frontier energy levels and energy gap were correlated
with experimentally determined optical and electrochemical results. The stacking
property of the polymers in thin film is also studied. The photoactivity of the
polymers in the linear heterojunctions is investigated.

In the eighth chapter, we have investigated the optical and
electrochemical properties of MEH PPV, MEH PPV with six and ten carbon
alkyl spacer, and use of the polymers for detecting the presence of nitroaromatics.
The MEH PPV with six carbon and ten carbon spacer showed recyclable
sensitivity towards nitroaromatics like nitrobenzene, 4-nitrotoluene and 24-
dinitrotoluene. The effects of interfering compounds are also studied.

The conclusions drawn from each part of the work and references are
given to the end of each chapter. The summary and outlook of the work done are

presented as the final chapter.
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1.1. Introduction

Most organic polymers are insulators and are used to isolate metallic
conductors from other conducting materials. The research on conducting
polymers began in 1970s, when films of polyacetylene were found to
exhibit profound increase in electrical conductivity when exposed to
halogen vapor®. In 2000, three scientists, Alan Heeger, Alan MacDiarmid,
and Hideki Shirakawa, founders of the conjugated conducting polymer
chemistry, won the Nobel Prize in chemistry for their discovery. After their
pioneering work, serveral conjugated polymers were developed including
polythiophene, polypyrrole, poly(paraphenylene), polyaniline,
poly(phenylene vinylene), polyfluorene etc?. These initial discoveries have

led to a modern class of organic materials with the conductivity of classical
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inorganic systems. But they retain the interesting properties of the plastics
like mechanical flexibility and low production costs.

This type of organic polymers are called synthetic metals®*. They
are semiconductors in their neutral state and exhibit increased conductivity
upon oxidation or reduction. As a result, they have received considerable
technological interest, leading to their current applications in sensors,
organic field effect transistors (OFETSs), organic photovoltaic (OPV)
devices, electrochromic devices, and organic light emitting-diodes
(OLEDs)*”. In addition to this, organic polymers which are used as active
layers in such electronic devices has led to the realistic promise of flexible
electronics in the near future®>*% One advantage of utilizing conjugated
polymers for technological applications is the ability to tune the material
properties at the molecular level. This is typically accomplished through
synthetic modification of the monomeric units, the combination of
dissimilar units to make copolymeric systems. This thesis work envisages
the two applications of conjugated polymers, in photovoltaic devices and in
nitroaromatic detectors. In the first part of the present work, we have tried
to design novel polymers for photovoltaic applications with the aid of
quantum chemical tools. The design of polymers with appropriate
properties before synthesis can eliminate the less effective materials before
synthesis. This can in turn reduce the production cost. The second part of
the thesis includes the design and synthesis of crosslinked MEH PPV for
the detection of nitroaromatics.

This introductory chapter describes the fundamental concepts and
terminology used in photovoltaic and chemosensor technology. This
chapter includes four sections. The first section, illustrates the common
photovoltaic architectures and superiority of inverted heterojunction

devices. In the next section, strategies for engineering the polymers for
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photovoltaic devices and common reaction pathways for obtaining the
polymers are included. In the third section, the use of quantum chemical
tools for designing the active layer polymers are described. Special
emphasis is given to the use of Density Functional Theory. In the final
section, the use of amplified quenching of fluorescence of polymers as a
technique for transduction of signals in the detection of nitroaromatics and

the associated molecular wire concept are explained.
1.2. Organic Photovoltaic Devices

1.2.1. History and importance of photovoltaic devices

Becquerel was the first to recognize photovoltaic effect in 1839,
when he shined light onto an AgClI electrode in an electrolyte solution and a
light induced voltage was observed®. Forty-four years later, Fritts created
the first device made from Selenium wafers with a power conversion
efficiency (PCE) of approximately 1%'. In 1954, Bell Laboratories
improved the efficiency of a Si cell to 6%". Today, standard solar panels
based on multicrystalline silicon have power conversion efficiencies around
15%. However, the requirement for heavy investment in semiconductor
processing technologies of the silicon-based solar cells has limited their
popularization. Therefore, it became increasingly important to find a new
technology which could utilize inexpensive materials as well as fabrication
methods to collect solar energy. In 1986, the first organic thin-film solar
cell with reasonable efficiency (approximately 1%) was created and
reported by Tang®. Advantages of organic photovoltaic devices over

conventional solar cells are

a. Organic materials can be easily made via various synthetic

pathways.
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b. Structure tuning by introducing different functionalizations, organic
compounds can fulfill the requirements of an efficient photovoltaic
device. For example, broad absorption spectra, suitable energy
levels, and self-organization abilities facilitate efficient exciton and

charge transport.

c. Most organic compounds can be dissolved in common organic
solvents. They can be processed not only via vacuum
evaporation/sublimation, but also by means of other low-cost
manufacturing technologies, such as roll-to roll or inkjet printing,
drop-casting, spin- or dip-coating, doctor-blading, and other

solution casts.

d. In thin films, organic polymers have shown high absorption
coefficients, which allow organic solar cells to be efficient in thin

films and under low sunlight irradiation.

e. Solar cells based on organic materials are structurally flexible.
Organic solar cells have a much larger application potential than
conventional solar cells. They can be used not only as electricity
providers on roof tops, like common inorganic solar cells, but can
also be used for decoration in fashion windows, toys, and chargers

for mobile phones or laptops.
1.2.2. Operating principles

The process of conversion of light into electricity by an organic
solar cell can be schematically described by the following figure 1. For the
working of a solar cell we need a donor and an acceptor joined together to
form p-n junction as in the figure 1. In the first step, absorption of a photon

leading to the formation of excitons (electron-hole pair) occur. In the
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second step, excitons diffuse towards the donor-acceptor interface, where
they get dissociated in to free charges. In the final step the free charges are
transported towards the respective electrodes with the aid of internal

electric field, which generates photocurrent and photovoltage.

Max L,

"=

Figure 1: Working mechanism for donor-acceptor heterojunction solar cells
1.2.3. Characterization of a photovoltaic device

The current-voltage characteristics of a solar cell in the dark and
under illumination are shown in figure 2. In the dark, there is no current
flowing, until the contacts start to inject at forward bias for voltages larger
than the open circuit voltage. In the fourth quadrant, the device generates
power under light irradiation. At maximum power point (MPP), the product

of current and voltage is the largest.

—r I T
i0f —— Dark Current .
— Under illumination

w
T

Current [mA/em = |

ol o0 13y AR
-1.0 -0.5 0.0 0.5
Voltage [V]

Figure 2: Current voltage characteristics of an organic solar cell
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The photovoltaic power conversion efficiency of a solar cell is

determined by the following formula*’

VL, -FF
‘.’l:
Py,
Wocrnd
= =
Vil

Where V. is the open circuit voltage, I is the short circuit current,
FF is the fill factor, and P, is the incident light power density. lmy, and

Vmpp are the current and voltage at the maximum power point.
1.2.3.1.0pen circuit voltage

The maximum possible voltage across a photovoltaic cell is the
voltage across the cell in sunlight when no current is flowing. In organic
solar cells, the open circuit voltage is found to be linearly dependent on the
highest occupied molecular orbital HOMO level of the donor (p-type
semiconductor) and lowest unoccupied molecular orbital LUMO level of

the acceptor'®*®

. Open circuit voltage is also affected by the nano
morphology of the active layer in the polymer fullerene bulk heterojunction

solar cells®.

1.2.3.2.Short circuit current

This is the current that flows through an illuminated solar cell when
there is no external resistance (i.e., when the electrodes are simply
connected or short-circuited). The short-circuit current is the maximum
current that a device is able to produce. Under an external load, the current

will always be less than .
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1.2.3.3.Maximum power point

The points, Iy and Vi on the 1-V curve where the maximum
power is produced is the MPP. Power (P) is the product of current and
voltage (P = 1V) and is illustrated in the figure 2 as the area of the rectangle
formed between a point on the |-V curve and the axes. The maximum
power point is the point on the 1-V curve where the area of the resulting

rectangle is largest.
1.2.3.4.Fill factor

The ratio of a photovoltaic cell’s actual maximum power output to
its theoretical power output if both current and voltage were at their
maxima, lsc and V., respectively is the fill factor. This is a key quantity

used to measure cell performance.
1.2.4. Common photovoltaic architectures

On the basis of device structures, organic polymer based
photovoltaics (OPVs) can be divided into three main categories: bilayer

heterojunction, bulk heterojunction, and inverted heterojunction devices.
1.2.4.1. Bilayer heterojunction devices

The device structure of bilayer heterojunction device is shown in
figure 3. The device is fabricated in sandwich structure, in which the active
layer is located between the ITO and the metal electrode. As shown in
figure 3, the donor layer and acceptor layer are deposited on the ITO coated
glass plate layer by layer. On the top of the active layer, the metal electrode
(silver/aluminium) was coated by vacuum evaporation technique. When
sunlight falls on the device, the donor and acceptor absorbs light and
excitons are generated. These excited species move towards the donor-

acceptor interface. At the interface, they get dissociated to free charges.
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Finally, the free charges move towards the respective electrodes with the
help of internal electric field. The separated layer structure of donor and
acceptor has a small interfacial area limiting the amount of absorbers which
can actually contribute to the photocurrent. The excitons are generated near
the donor-acceptor interface which can be dissociated to the free charge
carriers. The exciton diffusion length is generally much less than the optical
absorption length, which limits the quantum efficiency of such devices.
This technology was first used by Tang by using two-active-layer structure

of perylenedibenzimidazole and copper phthalocyanine™.

o+

[
Light
mmm PEDOT:PSS

mmm Donor
. Acceptor

Figure 3: Schematic representation of bilayer heterojunction devices

1.2.4.2. Bulk heterojunction photovoltaic devices

To improve the efficiency of bilayer heterojunction devices, the
concept of bulk heterojunction was introduced, in which the interfacial area
between the donor and acceptor was increased. In this device, the donor
and acceptor materials are mixed together and excitons can easily access
the donor-acceptor interface and dissociate to free charge carriers®*?
(figure 4). Replacing perylenedibenzimidazole in the bilayer device of
Tang with C60, a power conversion efficiency of 5% was reported by
Forrest et al. in 2005%. Such solar cells have efficiencies approaching 6-

7%%*%°_Even an efficency of 8.13% was reported by Solarmer Energy Inc.
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at the end of 2010%". In these devices, the PEDOT: PSS layer provides an
improved interface between the active layer and the electrode and improves
the performance of the devices.

| Light
mmm PEDOT:PSS
mmm Donor + Acceptor

)

Lt
£

Figure 4: Schematic representation of a bulk heterojunction device

1.2.4.3. Inverted heterojunction photovoltaic devices

In both bilayer and bulk heterojunction devices, the electrons flow
from acceptor to the metal electrode and holes flow from donor to the ITO.
The ITO is capable of collecting both the holes and electrons, because the
work function of 1TO is 4.5 eV - 4.7 eV, in between the HOMO and
LUMO of the conjugated polymers. The polarity of the ITO electrode
depends mainly on the layer top to it. For hole extraction, ITO can be
coated with a high-work-function layer (such as PEDOT:PSS) or covered
by donor materials (such as polymers or metal phthalocyanine). If ITO
electrode is coated by hole blocking materials such as ZnO, TiO,, or
In,S5,223° an inverted solar cell can be processed and ITO can collect
electrons. The advantage of inverted structure is the stability of the cell

when compared to the normal structured cell*®.
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1.3. Molecular Engineering of Conjugated Polymers for

Photovoltaic Applications

The most critical challenge in developing ideal p-type materials is to
design and synthesize a conjugated polymer that simultaneously possesses
good film-forming properties, strong absorption ability, high hole mobility,
and suitable HOMO-LUMO energy levels.

1.3.1. Conditions for good p-type material

The magnitude of the band gap and the positions of the HOMO and
LUMO energy levels are the most important characteristics for determining
the optical and electrical properties of a given conjugated polymer. These
in turn greatly influence the ultimate photovoltaic performance. The first
step in the photovoltaic mechanism which converts light energy to
electrical energy in a device involves the absorption of sunlight by the
photoactive material. The wavelength of the maximum photon flux density
of the solar spectrum is located at approximately 700 nm, which
corresponds to a low energy of 1.77 eV (figure 5)*’. To fully exploit the
endless source of solar energy, the absorption spectrum of a conjugated
polymer needs to cover both the red and near infrared ranges to match the
greater part of the terrestrial solar spectrum and hence harvest the
maximum photon flux. It is highly desirable to develop conjugated

polymers with broader absorptions through narrowing their optical band

gap.
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—— Photon flux
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Figure 5: Solar photon flux spectra (AML1.5)

One way to reduce the band gap is by either raising the HOMO level
or lowering the LUMO level of the polymer or by compressing the two
levels closer together simultaneously. Unfortunately, the optical property
associated with light harvesting is not the only one factor under
consideration in  designing new p-type polymers. Following
photoexcitation, the generated exciton diffuses to the D-A interface to
achieve charge separation. To obtain high efficiencies from polymer solar
cells, the properties of the n-type material used should also be taken into
account. It has been demonstrated that the open-circuit voltage in solar cells
with ohmic contacts is linearly dependent on the magnitude of the built-in
potential, defined as the difference between the HOMO level of a p-type
polymer and the LUMO level of an n-type material. The donor with the
lower HOMO level will better reach the theoretically attainable Vi,
whereas reduction in a polymer’s band gap to broaden the absorption
coverage by lifting up the HOMO level will inevitably result in a loss of
Voc. On the other hand, the LUMO level of p-type materials has to be at
least 0.3 eV higher than that level of the acceptor to guarantee the
formation of a downhill driving force for the energetically favorable
electron transfer and overcome the binding energy of the intra-chain
exciton®**°. Lowering the LUMO level of a conjugated polymer to achieve
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a narrow band gap may result in the LUMO level eventually being lower
than that of the acceptor, thus hampering the efficient electron transfer. A
compromise is needed to balance the trade-off between the small band gap
of the donor and the favorable energy HOMO-LUMO relationship between
the donor and acceptor. As a result, the effort to find new p-type polymers
for photovoltaic devices is not solely directed to pursuing low band gaps
but also to controlling the band gap by modulating the HOMO-LUMO
levels to their optimal values.

1.3.2. Tool box for band gap engineering

In order to fulfill the requisite condition of the polymer for
photovoltaic devices, we have to follow some design strategies to fine tune
the band gap and energy levels. This section deals with the important
strategies used for the molecular engineering of conjugated polymers for
photovoltaic applications and are illustrated in figure 6.

Figure 6: Band gap engineering strategies for conjugated polymers
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There are two possible resonance structures for the polyaromatic
conjugated polymers like polyphenylenene and poly(phenylene vinylene).
The first is called the benzenoid form. In this, each phenyl unit maintains
its aromaticity with confined z-electrons. Delocalization of the flowing z-
electrons along the conjugated chain converts double bonds into single
bonds and transforms single bonds into double bonds, leading to a
resonance structure referred to as the quinoid form. Compared to the
benzenoid form, the quinoid form is energetically less stable and hence has
a smaller band gap, because, adopting a quinoid structure requires
destruction of the aromaticity and a loss in the stabilization energy. The
ratio of the aromatic to quinoid population in a polyaromatic conjugated
system can be correlated and represented by a geometrical parameter, bond
length alteration (BLA). This is defined as the average of the difference in
length between adjacent carbon-carbon bonds in a polyene chain. The more
the benzenoid form prevails in the ground state, the larger the BLA value
obtained. As the quinoid contribution increases, the carbon-carbon single
bonds between two adjacent rings adopt more double bond character and
the BLA starts to decrease. The HOMO-LUMO band gap decreases
linearly as a function of the increasing quinoid character with
corresponding decreasing BLA value. A reduction in aromaticity of the
aromatic units in the conjugated main chain allows a greater tendency to
adopt the quinoid form through m-electron delocalization. Benzene rings
with a high degree of aromaticity cause polyphenylene to have a high band
gap of 3.2 eV. By inserting a double bond to dilute the effect of the benzene
rings and reduce the aromaticity, the band gap of poly(phenylene vinylene)
is reduced to 2.4 eV. Furthermore, thiophene has a lower aromaticity than
benzene, so polythiophene is even more likely to adopt a quinoid form, and
consequently, it has a lower band gap of 2.0 eV*:. The most creative way to
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effectively increase the quinoid character of polythiophene is represented
by polyisothianaphthene (PITN). The main chain of PITN tends to favor
the quinoid form to selectively maintain the benzene aromaticity, making
PITN the first well-known conjugated polymer with a narrow band gap as

low as 1 eV. %4

Molecular modification used to impose steric or electronic effects on
conjugated main chains affords various useful strategies for reducing the
band gap. Planarization between adjacent aromatic units allows parallel x-
orbital interactions to extend conjugation and facilitate delocalization. This
in turn leads to a decrease in the BLA and reduction of the band gap. One
way to control the rotational disorder due to steric hindrance is to tie and
rigidify two adjacent aromatic units through covalent chemical bonding.
This effect has been well demonstrated in a series of polymers by the work
of Roncali et al*. For example, P1, where the bithiophene repeating unit is
rigidified and bridged by the sp® carbon of a ketal group, exhibits a
remarkably low band gap of 1.2 eV **. Extension of the bridged system

from bithiophene to terthiophene for P2 further decreases the band gap to

1.1 eV
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Substituents directly attached to the aromatic unit in the main chain
represent another effective way of perturbing the molecular orbitals through
either inductive or mesomeric effects. In general, electron-donating groups

raise the HOMO energy, while electron-withdrawing groups lower the



An Introduction to st-Conjugated Polymers and their Applications

LUMO energy, resulting in a decreased band gap. For example, poly(3,4-
ethylenedioxythiophene) (P3) with direct attachment of electron-donating
alkoxy groups has a band gap of 1.5 eV, which is about 0.5 eV lower than
that of the parent polythiophene.* For P4, the dual effects of electron-
donating amino groups and electron-withdrawing nitro groups on the
neighboring thiophene units results in a dramatically reduced band gap of

1.1 eV due to its high degree of zwitterionic and quinoid character®’.
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A more powerful strategy in designing low band gap conjugated
polymers is to alternate a conjugated electron rich donor (D) unit and an
electron-deficient acceptor (A) unit in the same polymer backbone. The
reduction in the band gap is illustrated in a simpler way by introducing the
concept of hybridization of the molecular orbitals between the donor and
acceptor in the D-A polymer. As shown in the figure 7, the HOMO of the
donor segment will interact with the HOMO of the acceptor segment to
yield two new HOMOs for the D-A polymer. Similarly, the LUMO of the
donor will interact with that of the acceptor to produce two new LUMOs of
the D-A polymer. After the electrons redistribute themselves from their

original non interacting orbitals to the new hybridized orbitals of the
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polymer, a higher lying HOMO and a lower lying LUMO are formed. This
leads to a narrowing of the optical band gap.

LRI

Donor Acceptor
Figure 7: Orbital interactions of donor and acceptor units in a D-A
conjugated polymer

The copolymer P5 with alternating electron-rich thiophene and
electron-deficient quinoxaline moieties exhibits a band gap of 1.7 eV*®, The
degree of band gap reduction is strongly dependent on the strength of donor
and acceptor segments embedded in the conjugated polymer. A good
choice of the donor-acceptor combination allows for tuning the band gap to
the desired magnitude. With a stronger donor of pyrrole and a stronger
acceptor of benzothiadiazole, copolymer P6 shows a very low band gap of
1.1 eV in comparison with P5. Such a low band gap was also attributed to
the presence of intramolecular hydrogen bonding, which results in

conformational planarization assisted by supramolecular interaction®.
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In addition to this design strategies for tuning the energy levels and
band gap, the polymer must possess solubility in common organic solvents.

This is achieved by introducing alkyl side chains to the polymer backbone.
1.4. Routes for Synthesis of Conjugated Polymers

There are several synthetic strategies available for the formation of a
single bond between two unsaturated carbons. In addition to

I°>*2 or chemical oxidative polymerizations™, transition-

electrochemica
metal-catalyzed cross-coupling reactions provide a particularly powerful
synthetic strategy for Csp?-Csp® and Csp-Csp® bond formation®*. The cross-
coupling reaction involves a transition-metal-catalyzed oxidative addition
reaction across the C-X bond of an electrophile followed by transmetalation
with a main group organometallic nucleophile, which again is followed by
a reductive elimination step leading to the carbon-carbon bond formation
(figure 8). The most commonly employed transition-metal catalysts are
nickel or palladium based complexes. The organometallic nucleophiles can
be Grignard reagents (Kumada-Corriu)>, stannyl (Stille)*®, boron reagents
(Suzuki-Miyaura)®” or copper (Sonogashira)®. Thus, conjugation lengths
can be extended through consecutive transformations in the catalytic cycle.

The application of these reactions in conjugated polymer chemistry is

illustrated using some recent literature.
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Figure 8: Catalytic cycle of transition-metal catalyzed reactions
1.4.1. Kumada-Corriu reaction

Ni or Pd catalyzed cross-coupling reaction of Grignard reagents with
alkyl, vinyl or aryl halides is named Kumada cross-coupling reaction.
McCullough used this reaction to synthesise head—tail regioregular poly(3-
hexyl thiophene) as shown in Scheme 1 **®°. The regioregular
polymerization of 3-alkylthiophene can be achieved by selective lithiation
of 2-bromo-3-alkylthiophene with lithium diisopropylamide followed by
transmetallation using magnesium bromide to yield the organomagnesium
intermediate. The use of a Ni(dppp)Cl, catalyst for the polymerization of
this intermediate gives the corresponding poly(3-alkylthiophene) with over

90% head-tail regioselectivity.
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Scheme 1: Synthesis of poly(3-hexylthiophene) by Kumada reaction
McCullough reported another method for the synthesis of regioregular
poly(3-alkylthiophene)s by Grignard metathesis (GRIM). Treatment of 2,5-
dibromo-3-hexylthiophene with a variety of alkyl Grignard reagents resulted in
two metalated regioisomers. Introduction of a catalytic amount of Ni(dppp)Cl.
to this isomeric mixture afforded poly(3-hexylthiophene), which contained

greater than 95% regioregularity (scheme 2).5%6?

R R
RMgX ;
Brﬂ\Br — . Bng/©\Br+ BT/Q\MgBr] Ni(dppp)Cl 7\

S S

P8

Scheme 2: Synthesis of regioregular poly(3-hexylthiophene) by
GRIM method

1.4.2. Stille cross-coupling reaction

Stille coupling is more suitable for thiophene-containing polymers
using monomers with stannyl groups on the thiophene ring. For example,
Li et al synthesized phenothaizine/thiophene copolymer by utilizing the
Stille  cross-coupling  reaction.  They  used  3,7-dibromo-10-
octylphenothiazine and distannyl derivative of thiophene as monomers and
Pd(PPhs), as the catalyst (scheme 3)%.

C8H17 CgHa7
/@\ Pd(PPh3)4 N
N S Br Toluene Reflux S S
\ /T,
P9

Scheme 3: Synthesis of P9 by Stille reaction
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Similar reaction was used by Hou et al to copolymerize ethylhexyl
substituted 4H-cyclopenta[2,1-b:3,4-b"]dithiophene and 2,1,3-

benzoselenadiazole (scheme 4)%.

.Se
N

N
. PA(PPhs)s
[N U + Br B~
MesSn™ g s~ SnMeg Toluene

Scheme 4: Synthesis of P10 by Stille reaction

1.4.3. Suzuki-Miyaura coupling reaction

Suzuki coupling is more widely used for preparing benzene-containing
polymers with boronic groups on the benzene ring of the monomer. Cheng
et al used this method to synthesize didecyloxyphenylene based alternating
D-A copolymers with thienopyrazine, 2,1,3-benzothiadiazole, quinoxaline,
pyridyl and 4,7-dithien-2-yl-2,1,3-benzothiadiazole as acceptors (scheme
5). Photovoltaic device was fabricated using a blend of these polymers and

PCBM and showed 0.4-0.41% efficiency®.

Cy0H210

C10H2Q
Q 0 K,CO5/Toluene
B Bl +  Br—X-Br - x+
S o Pd(PPhs), n
OC1oH21

OCioH21

.
7/ \ .S 7N\ .S
N/ N N N N/ \N N N
\ \
S N/ s \
P11 P12 P13 P14 P15

\

A

X

Scheme 5: Synthesis of dialkoxyphenylene based D-A copolymers by
Suzuki reaction (P11-P15)
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1.4.4. Sonogashira reaction

Raja et al synthesized two thienopyrazine based low-band gap
poly(heteroarylene ethynylene)s for photovoltaic devices, by palladium
catalysed Sonogashira reaction (scheme 6). The polymers showed about

2% efficiency under illumination®.
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Scheme 6: Synthesis of poly(heteroarylene ethynylene) based copolymers
by Sonogashira reaction

1.4.5. Heck reaction

Huo et al synthesized alternating copolymers of electron-rich
arylamine/dialkoxyphenylene and electron-deficient 2,1,3-benzothiadiazole
using palladium acetate as catalyst by Heck reaction. They studied the
photovoltaic properties of the copolymers by fabricating the bulk

heterojunction device®’.
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Scheme 7: Synthesis of P18 and P19 by Heck reaction
1.4.6. Yamamoto reaction

Nickel-mediated Yamamoto dehalogenation coupling reactions also
provide a pathway for carrying out self-polymerizaiton of single
monomers. Li et al in 2006 synthesized soluble polycarbazole by
Yamamoto reaction using Ni(COD), as the catalyst (scheme 8). They also

studied the photovoltaic properties of the polycarbazole with PCBM as

acceptor®,
_ >
N N n
C12H25\H bpy,DMF ClZHZS\H
CioHos CioHos

P20
Scheme 8: Synthesis of polycarbazole by Yamamoto reaction
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1.4.7. Knoevenagel condensation

This reaction is useful in the synthesis of vinylene containing
conjugated polymers via the carbon-carbon double bond formation between
two respective monomers. Reynolds et al. reported the synthesis of a range
of CN-PPV derivatives containing dioxythiophene moieties in the main
chain (scheme 9)®*"°. These donor-acceptor conjugated polymers possess
narrow band gaps of about 1.5-1.8 eV and good solubilities in common

organic solvents.

RO OR
P

o_ © CN

P21

Scheme 9: Synthesis of 3,4-propylenedioxythiophene/cynovinylene
copolymer by Knoevenagel condensation

In addition to Knoevenagel condensation, Gilch polymerization
route provides another way to synthesize vinylene containing polymers.
This involves the reaction of a,a’-dihalo-p-xylene with excess of base to
obtain conjugated PPV through a one-pot straight forward elimination-

polymerization-elimination three step procedure (scheme 10)"*"2,

045_/_/ O}H 0—5_/_/
Q (CH,0), Br\_Q_\ Excess t-BuOk
HBr \
Br THF

MeO MeO MeO

P22
Scheme 10: Synthesis of MEH PPV by Gilch polymerization route

The details of the Gilch polymerization mechanism can be seen in

scheme 11. The first step of this mechanism involves the deprotonation of
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the most acidic hydrogen by the basic oxygen of the tert-butoxide (t-
BuOK). This creates a resonance-stabilized carbanion that then attacks the
benzylic hydrogens of other monomer molecules in a SN, reaction, causing
the bromine to leave and thus connecting the two molecules. The presence
of excess base then causes an E; reaction to occur, forming the vinyl bonds

present within the polymer backbone.

Scheme 11: Mechanism of Gilch polymerization route

1.5.Theoretical Calculation of Electronic Structure of

Conjugated Polymers

The most important task of conjugated polymer research is to find a
suitable member of a polymer group which possesses optimal property for
the photovoltaic applications. Normally, polymers are synthesized and their
properties are measured. On the basis of the results, polymers with
appropriate properties only are used for fabricating devices. This procedure
is obviously very expensive and it may happen that the polymer family
does not consist of those polymers which have optimal properties for the

prescribed purpose. A much less expensive and safe procedure is to
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calculate the electronic structure with a good approximation using tools of
qguantum chemistry and eliminate unsuitable materials before synthesis.
Though such calculations require large CPU time, they certainly are orders
of magnitude cheaper than the conventional experimental approach.
Theoretical studies will help to establish the relationships between the
structure and the electronic properties of conjugated polymers. Hence it
contributes to a better understanding of the structural variables and help to
realize strategies for band gap control. This section provides the details of
theoretical tools available for calculating the properties of the conjugated

polymers.

There are two categories of theoretical approaches available to
calculate the electronic and structural properties of conjugated polymers.
The first approach is called the molecular or oligomer method. A number of
researchers have used oligomers to extrapolate band gaps of conjugated
polymers’"". The key feature of this method is to investigate the physical
properties of the oligomers as a function of gradually increasing size, until

convergence is reached. The properties of polymers can be extrapolated.

The second approach is based on the standard solid state methods
using Born-Karman periodic boundary condition, Bloch functions, and
translational symmetry called periodic boundary condition approach (PBC).
The PBC-DFT method was implemented in the Gaussian 03" and G 09"
quantum chemical codes. The PBC model in the G 03 and G 09 package is

80,81

based on Gaussian type orbitals (GTOs)®*®!. Bloch functions® were

employed to transform GTOs into “crystal orbitals” for calculating the
periodic boundary condition systems®*®

demonstrated the use of PBC-DFT method to generate the optimized

. Recently, Wang et al. have

geometry and electronic structure of single-walled carbon nano-tubes®’. To
get a better fit with experiments, hybrid exchange correlation functionals
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are widely used in the PBC/DFT formalism. Widely used hybrid DFT
methods include Becke’s three parameter®® hybrid functional using the
Lee-Yang-Parr (LYP)*® correlation functional (B3LYP). The good
agreement between B3LYP and experimental band gaps for
semiconducting polymers has also been demonstrated recently in the
theoretical study of periodic organic polymers by Janesko®™. Recently,
electronic properties of vinylene-linked heterocyclic conducting polymers
were calculated using density functional theory method in periodic
boundary condition approach®. Recently introduced Heyd-Scuseria-
Ernzerhof (HSE) functional®® incorporates a screened Hartree-Fock
interaction, more computationally efficient than traditional hybrid
functionals like B3LYP. HSEO06 computed band gaps are comparable to
that calculated using B3LYP®. In the present work, we have used both
B3LYP and HSEO6 combined with 6-31G basis set to calculate the
properties of the conjugated polymers.
1.6.Chemical Sensors Based on Amplified Quenching of
Fluorescence

Conjugated polymer has emerged as one of the most important
classes of transduction materials, which readily transform a chemical signal
in to easily measurable electrical and optical events. This section of the
chapter is concerned with fluorescence based methods of conjugated
polymers as transduction medium. The interest in conjugated polymer as
sensory material is due to their ability to produce signal gain in response to
interaction with analytes and so they are called as amplifying fluorescent
polymers. The amplification sensitivity of the conjugated polymer is due to
its ability to transport the excitons. The utility of conjugated polymers for
fluorescence based sensing was first demonstrated by Timothy Swager
from MIT*% . In this work, they have demonstrated the high sensitivity of
conjugated polymer based sensor over single fluorophore sensor by
introducing the concept of “molecular wire” (figure 9a). The signal is
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amplified due to the fact that the polymer needs only a small fraction of
receptor sites to be occupied to affect complete quenching. In the case of
monomeric indicator, every receptor must be occupied for complete
quenching (figure 9a). The origin of this result can be explained using the
band diagram of the conjugated polymer (figure 9b).When the conjugated
polymer absorbs light, excitons are generated and migrate along the
polymer backbone. Analyte binding will produce trapping sites, whereby
the excitation is deactivated by electron transfer quenching.

a. Traditional fluorescent chemosensor
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Figure 9: a. Comparison of fluorescence quenching for isolated
chromophore with that of chromophore connected in series. c.
Band diagram illustrating the mechanism by which the
molecular wire receptor assembly produces an enhancement in
fluorescence chemosensory response
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The amplified quenching of fluorescence was used for the detection
of explosives like 2,4,6-trinitrotoluene (TNT) and 2,4-dinitrotoluene (DNT)
in 1998 by Yang and Swager®®. To facilitate binding of TNT and DNT, as
well as create a stable emissive thin film of a poly-(phenylene ethynylene),
Yang and Swager developed a series of porous polymers utilizing a rigid,
shape persistent iptycene group. The porous structure served to prevent
direct interactions between the polymer backbones, which generally led to
quenching, and to create a structure that behaved as a *“sponge” for
electron-poor =-electron accepting analytes. Harnessing this design
principles, they had synthesized polymers P23-25 and iptycene free

polymer P26 was also synthesized for comparison.

Cavities
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Figure 10: Conceptual drawing of rigid, shape-persistent iptycene
containing polymers and resulting porous structure
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P25 P26

Absorption and fluorescence emission spectra were recorded as
films while exposed to equilibrium vapor pressures of various analytes. For
polymer P23, it was observed that TNT and DNT significantly quenched
the fluorescence by an electron-transfer mechanism. Thin films of P23
displayed a sizeable quenching within seconds of exposure to 10 ppb of
TNT vapor, thereby demonstrating the extraordinary sensitivity imparted
by energy migration. Films of P23-P25 displayed selectivities towards
electron-poor analytes that were consistent with their electronic structure
and size-exclusion characteristics. They did systematic studies on a large
number of analytes to demonstrate the extraordinary sensitivity imparted by

energy migration.

Swager’s group has reported several sensitivity-enhancing
improvements to the TNT-sensing material. Amplification of quenching
depends strongly on how many binding sites each exciton can visit. One
potential way to improve this quantity is to increase the fluorescence
lifetime of the sensing material. If each exciton has a longer time before it
decays intrinsically to the ground state, excitons may be able to sample
more locations within the polymer film. Swager reported a series of PPEs
that incorporated triphenylene moieties into the backbone of a conjugated

polymer, such as P27%". Relative to the more traditional phenylene based
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PPEs, the authors found that the triphenylene-containing PPEs had longer

excited-state lifetimes.

R=2-ethylhexyl
P27

Also in 2001, Yamaguchi and Swager reported dibenzochrysene
based PPEs such as P28 that had excited-state lifetimes between 1 ns and 3
ns (corresponding phenylene-based materials have sub-nanosecond
lifetimes)®. Sensing experiments with these polymers showed that they had

higher sensitivity to TNT than polymers such as P23 and P27.

Trogler studied the possibility of using poly(metalloles) like P29 for
sensing the explosives. They observed that thin films were sensitive to TNT

concentrations as low as 50 ppb after 60 s exposure®. The structural control
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over polymetallole structures led to the tunable fluorescence quenching by
specific nitroaromatics'®. Polysilole, polygermole, and metallole—silane
copolymers were tested in toluene solution with picric acid, TNT, DNT,
and NB. Varied polymer compositions led to tunable interactions between
quenchers and polymetalloles, with a unique aggregate response for each
quencher. This result suggested the organization of these polymers into a

sensor array for the identification of specific nitroaromatics.

B
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P29

In 2011, Nie et al synthesized a novel fluorescent poly(2,7-
carbazole) with a 4-[tris-(4-octyloxyphenyl) methyl]phenyl side chain to
detect the explosive compounds, TNT and DNT*®. It showed high recycled
fluorescence quenching sensitivity, which was due to its strong electron
donating ability and weaker interaction between the polymer chains caused

by the bulky side chain.
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Zhang et al synthesized fluorescent nanoscale zinc(ll)-carboxylate
coordination polymers for explosive sensing'®. They demonstrated the
sensing of TNT and DNT with the polymer and sensitivity of this polymer
was due to large surface area to volume ratio and strong binding affinity to

explosive molecules.

P31

Venkataraman et al synthesized two thiophene based polymers
containing 1,2,3-triazole (P32 and P33) '%. The dipolar 1,2,3-triazole
moiety can enhance the interaction of DNT and TNT with the polymer in
thin films and bulky side chains can decrease the chain packing in thin

films resulting in enhanced analyte diffusion.
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1.7.Scope of the thesis
e Design of novel conjugated polymers for photovoltaic application
using Density Functional Theory in the Periodic Boundary
Condition (PBC) formalism.

e Synthesis of the polymers adopting appropriate synthetic strategies.
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e Explore the application of the synthesized polymers as active layer
in the inverted bilayer heterojunction device using In,S; as the n-
type material.

e Design and synthesis of fluorescent conjugated polymers for
nitroaromatic detection.

e Explore the application of the fluorescent conjugated polymers for

nitroaromatic detection.

1.8.Materials and methods

All the chemicals were purchased from various chemical
manufactures and used as received unless otherwise stated. All the solvents
were purified according to standard procedures prior to use. NMR spectra
were recorded on a Bruker 400MHz spectrometer with TMS as internal
standard using CDCI; solvent (SAIF, CUSAT; NMR Research Center,
I1Sc, Bangalore; AIRF, JNU, New Delhi). Infra red spectra were recorded
by the KBr pellet method on a JASCO 4100 spectrometer in the range 400-
4000 cm™*. UV-Visible spectra were recorded on Labomed 3650
instrument. Fluorescence spectra were recorded on Horiba Jobin Yon
Fluoro Max instrument (Department of Physics, CUSAT). TG/DTA was
recorded on a Perkin Elmer Pyris Diamond 6 TG/DTA instrument at a
heating rate of 10°C/min under nitrogen atmosphere using platinum
crucible. The X-ray diffraction pattern of the polymers were obtained by
using a Rigaku D MAX Il VC Ni-filtered Cu K alpha radiation
(A=1.5404A° at a scan rate 4%min) (SAIF, CUSAT). I-V measurement was
done using a Keithley Source Measure Unit (SMU, K236). The GPC
analysis was done on Waters Empower instrument calibrated with
polystyrene using toluene and THF as solvent (PS&RT, CUSAT;
SCTIMST, Thiruvananthapuram).
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DONOR-ACCEPTOR TYPE COPOLYMERS OF
PHENOTHIAZINE AND 2,1,3-CHALCOGENADIAZOLES:
SYNTHESIS, CHARACTERIZATION AND PHOTOVOLTAIC
APPLICATIONS
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2.6 References

The band structure and Density of States of two phenothiazine based polymers,
poby(N-octylphenothiazine-alt-2,1,3-benzothiadiazole) ~ (PPHENO-BTZ)
and poly(N-octyl phenothiazine-alt-2,1,3-benzoselenadiazole) (PPHENO-
BSE) copolymers were calculated by employing Density Functional Theory in
the Periodic Boundary Condition formalism. Both the polymers were
synthesized using palladium catalysed Suzuki polycondensation reaction in
good yields. The polymers were characterized using 'H NMR, UV-Visible
spectroscopy, Cyclic Voltammetry, and GPC etc. The theoretically calculated
values were in good agreement with experimental results. The polymers showed
good solubility in common organic solvents like chloroform, tetrahydrofuran
etc. Linear heterojunction photovoltaic devices were fabricated using these
polymers with a device structure ITO/In=Ss/polymer/Ag. The heterojunctions
of PPHENO-BTZ and PPHENO-BSE showed efficiencies of 0.035% and
0.037% respectively.

2.1. Introduction

The m-conjugated polymer with donor-acceptor architectures have

wide interest in organic solar cells because of the built in intramolecular
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charge transfer which can manipulate the energy levels of the materials,
leading to a small band gap polymer with enhanced optical properties’™.
Phenothiazine is a well-known heterocyclic compound with electron-rich
sulfur and nitrogen heteroatoms. Recently, polymers and oligomers
containing phenothiazine units have wide research interest due to their
unique electro-optic properties. As a result, these materials are potential
candidates for light emitting diodes’, photovoltaic devices® and
chemiluminescence applications”®. Alternating copolymer of phenothiazine
and divinyl benzene or divinyl thiophene in the main chain were well
studied for the electrochromic devices® . Large number of donor-acceptor

copolymers of phenothiazine with cynovinylene'*,and quinoline****

, were
reported. Jenekhe et al. have synthesized an alternating copolymer of
phenothiazine and fluorene by the Suzuki coupling reaction and

characterized their properties.*

In this chapter, we have investigated the theoretical electronic
structure properties of two copolymers composed of phenothiazine donor
and 2,1,3-benzothiadiazole and 2,1,3-benzoselenadiazole acceptors. Their
synthesis, electrochemistry, optical, thermal and photovoltaic properties are

discussed.

Although, benzothiadiazole is an electron accepting heterocycle that
has been utilized for the synthesis of n-type materials, benzothiadiazole is
also used as acceptor moiety in low band gap polymers. Broad sunlight
absorption band could be achieved for the D-A type 2,1,3-benzothiadiazole
containing polymers. These types of donor-acceptor polymers have been
studied extensively and have showed outstanding photovoltaic

performance®*°,
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In addition to this, we have explored the photovoltaic property of a
bilayer heterojunction ITO/In,Ss/polymer/Ag. In most polymer solar cells,
the front electrode is a transparent conducting oxide, such as indium-tin
oxide (ITO), which functions as a high work function electrode for hole
collection. For the efficient operation of the device, the back electrode must
be a low work function metal such as calcium, which facilitates smooth
collection of electrons®. However, these metals are reactive and get easily
oxidized in air. This issue is normally addressed by capping the reactive
metal with a less reactive one and by encapsulating the device to protect it
from environmental effects during operation. On the other hand, the
devices can be made more stable by avoiding the need for a reactive low
work function top electrode. This can be accomplished by inverting the
device geometry such that the holes and electrons generated in the active
layer exit the device in the direction opposite to that in a normal device.
In this reversed geometry, a hole blocking layer, usually, an inorganic n-
type semiconductor is inserted between the ITO and the active layer so that
only electrons are collected by the ITO, where as the back electrode
becomes the hole collecting positive electrode, which can be made from a
high work function metal that is more stable in air. In this work, we have
used indium sulfide (In,S;) as the electron selective layer. In,S; being an n-
type compound semiconductor with high electron affinity, wide band gap
and excellent photosensitivity, should function as efficient electron
acceptor/hole blocking layer in polymer photovoltaics. Its potential as
buffer layer material in inorganic solar cells has already been demonstrated

in literature.?
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2.2. Results and discussion
2.2.1. Theoretical calculation

2.2.1.1. Theoretical methodology

The ground state geometries of oligomers were optimized by means of
the hybrid density functional theory (DFT) Z at the B3LYP %**® (Becke, three-
parameter, Lee-Yang-Parr) level of theory using double zeta basis set
LanL2DZ (Los Alamos ECP plus DZ)*'. LanL2DZ basis set describes core
electrons of the heavier elements by means of an effective core potential. This
permits the study of Se containing compounds with less computational time.
The harmonic vibrational frequencies obtained with B3LYP/ LanL2DZ were
used to characterize the stationary points as local minima. Although the
oligomer approach can be used to study the properties of conjugated polymers,
periodic boundary condition (PBC) calculation is more computationally cost
effective, because, in PBC calculation, polymer molecule of infinite chain
length is optimized using translational symmetry. In addition to this, PBC
allows the calculation of band structure in the positive region of the first
Brillouin zone (between k=0 and k=m/a). The starting unit cell geometries for
the periodic boundary condition (PBC/DFT) calculation were taken from the
central portion of the optimized oligomer and optimized inside a given lattice
length on the constraints of periodic boundary condition by assuming that the
unit cell is repeated identically an infinite number of times along the
translation vector. Band structures in the positive region of the first Brillouin
zone (between k=0 and k=n/a) were calculated along the k-vector of these one-
dimensional polymers with 30 k-points after the optimization using the
B3LYP/LanL2DZ level of theory. The lowest 4 unoccupied and highest 4

occupied bands in the positive region of the first Brillouin zone were plotted.
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All the calculations described here were carried out using G 03 suite of
codes”®. Density of state (DOS) is generated with GAUSSSUM 2.2%.

2.2.1.2. Optimized geometries and electronic properties of model
compounds

Since the electronic properties of the polymers depend on their
constituent monomers, we have started with studying the properties of
constituents, phenothiazine (PT), 2,1,3-benzothiadiazole (BTZ), 2,1,3-
benzoselenadiazole (BSE), phenothiazine/ 2,1,3- benzothiadiazole (PT-BTZ)
and  phenothiazine/2,1,3-benzoselenadiazole (PT-BSE) (figure 1). The
intramolecular charge transfer from phenothiazine to 2,1,3-chalcogenadiazole
was calculated by taking the summation of Mulliken charge distribution on
phenothiazine unit and was found to be 0.034e and 0.06e respectively for PT-
BTZ and PT-BSE. It is noted from energy levels of model compounds that
LUMO levels of BTZ and BSE are found to be -2.35 eV and -2.44 eV
respectively (figure 2). The lower the LUMO energy level, the higher the
acceptor strength. The energy gap of the PT-BTZ and PT-BSE is calculated to
be 2.74 eV and 2.61 eV respectively. The lower energy gap of PT-BSE is
presumably due to the slightly higher acceptor strength of the BSE unit.
Hence, the trend of the intramolecular charge transfer is similar to that of the
acceptor strength. The charge transfer from donor to acceptor is also
rationalized by analyzing the frontier energy levels of PT-BTZ and PT-BSE. It
is observed that, in the both the molecules, HOMO is localized on
phenothiazine unit, while LUMO is strongly confined to the acceptor 2,1,3-
chalcogenadiazole unit (figure 3).

_Se

.S, N S
oo B Qe O
N & H H
|
PT BTZ BSE PT-BTZ PT-BSE

Figure 1: Structure of model compounds
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Figure 2: Energy levels of PT, BTZ, BSE, PT-BTZ and PT-BSE
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Figure 3: Frontier molecular orbital distribution of monomeric unit
of PT-BTZ and PT-BSE

2.2.1.3. Band structure of the polymers

The optimized repeating unit for the periodic boundary calculation is
given in figure 4. Horizontal lines represent the translational vector which
is equal to the one dimensional cell size. For both the polymers, length of
the vector is ~25.2 A. It can be seen from figure 5 that lowest band gap
occur at I' point (k=0), suggesting that both the polymers are direct band
gap polymers. The values of HOCO (highest occupied crystal orbital) and
LUCO (lowest unoccupied crystal orbital) correspond to experimental
HOMO and LUMO respectively. The energy levels of the HOMO and
LUMO were determined from the maximum point of the highest occupied
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molecular orbital and the minimum point of the lowest unoccupied
molecular orbitals, respectively. The band gap was obtained from the
minimum difference between the HOMO and LUMO energy levels at a
constant k. Comparing the band structure of PPHENO-BTZ and PPHENO-
BSE with band structure of poly(phenothiazine), we can find the influence
of 2,1,3-chalcogenadiazole unit on the energy gap of the polymer. From the
band structures, we can see that, by the introduction of acceptor unit,
energy of HOCO level of poly(PHENO) is decreased by a factor of 0.237
eV and 0.14 eV while LUCO level is decreased by a factor of 1.62 eV and
1.53 eV and we get PPHENO-BTZ and PPHENO-BSE with a reduced
band gap of 1.98 eV and 1.96 eV respectively (table 1).

Figure 4: Unit cell of (a). PPHENO-BTZ and (b). PPHENO-BSE for the
PBC/B3LYP/LANL2DZ calculation. The red line represents the
translational vector
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Figure 5: Band structure and density of states of (a). PPHENO-BTZ (b).
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Table 1: Band structure data of poly(PHENO), PPHENO-BT Z and PPHENO-
BSE
Polymer HOCO (eV) LUCO (eV) E; (eV)
Poly(PHENO) -4.76 -1.41 3.35
PPHENO-BTZ -4.997 -3.03 1.98
PPHENO-BSE -4.90 -2.94 1.96
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2.2.2. Synthesis of monomers and polymers
2.2.2.1. Monomer synthesis

Scheme 1 summarizes the synthesis of key monomers. Starting from
2,1,3-benzothiadiazole, 4,7-dibromo-2,1,3-benzothiadiazole was prepared by
bromination of 2,1,3-benzothiadiazole in 47% HBr. To obtain 4,7-dibromo-
2,1,3-benzoselenadiazole, 4,7-dibromo-2,1,3-benzothiadiazole was reduced
by NaBH, in absolute ethanol to give 2,3-diamino-1,4-dibromobenzene. 2,3-
diamino-1,4-dibromobenzene was reacted with selenium dioxide to give 4,7-
dibromo-2,1,3-benzoselenadiazole in 73% vyield. The precursor monomer
3,7-dibromo-10-octylphenothiazine was synthesized in two steps starting
from  phenothiazine. It was converted to  3,7-bis(4,4,5,5-
tetramethyldioxaborolan)-10H-phenothiazine by reaction with n-butyl
lithium followed by 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane at
-78°C. The M NMR and **C NMR of 37-bis (4455
tetramethyldioxaborolan)-10H-phenothiazine is depicted in figure 6. The *H
NMR spectrum of 3,7-bis(4,4,5,5-tetramethyldioxaborolan)-10H-
phenothiazine showed multiplets at 6 0.78-2.4 due to alkyl protons and a
triplet at 6 3.75 due to -NCH,- protons. It showed multiplets at & 6.71-7.4

due to aromatic protons.
2.2.2.2. Polymer synthesis

Standard Suzuki polycondensation reaction was used to synthesise
both the polymers (scheme 2). The resulting polymers were collected by
adding to polymerization solution to cold methanol followed by filtration.
The crude polymer was purified by soxhlet extraction using methanol. The
polymer was dissolved in small amounts of toluene and reprecipitated from

methanol and dried under vacuum to offer the pure polymer. Both polymers
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are readily soluble in common organic solvents such as chloroform, THF,
and toluene and can be easily processed in to thin films. The polymers were
characterized using *H NMR (figure 7). The *H NMR spectrum of
PPHENO-BTZ and PPHENO-BSE showed multiplets at 6 0.8-2 region due
to alkyl protons. The peaks corresponding to —NCH,- protons are observed
at & 3.8-3.9 as triplet. The peaks corresponding to aromatic protons are
observed at 6.9-7.8 as multiplets. The isolated yield and molecular weight
of both the polymers are summarized in table 2. The molecular weight of
polymers were determined by gel permeation chromatography in toluene

referring to polystyrene standards.

The thermal properties of the polymers were determined by
thermogravimetric analysis (Table 2). Both the polymers were found to
exhibit good thermal stability, losing less than 5% of their weight on

heating to 265°C in TGA runs under nitrogen.
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Scheme 1. Synthesis of monomers
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Scheme 2: Synthesis of PPHENO-BT Z and PPHENO-BSE

Figure 6: *H and **C NMR spectra of 10-octyl-3,7-bis(4,4,5,5 tetramethyl[1,3,2]

dioxaborolan-2-yl)-10H-phenothiazine
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Figure 7: '"H NMR spectra of PPHENO-BTZ and PPHENO-BSE
Table 2: Results of polymerization and thermal stability of polymers

Polymer Yield (%) M. M.’ PDI Td(°c)
PPHENO-BTZ 59 15532 42834 2.7 267
PPHENO-BSE 42 5800 16847 2.9 287

a. Determined by GPC in toluene based on polystyrene standards.
b. Onset decomposition temperature measured by TGA under nitrogen.

2.2.3. Optical and photoluminescence properties

Figure 8 shows the absorption spectra of the polymers in
chloroform. PPHENO-BTZ shows absorption peak at 470 nm in dilute
chloroform solution, while in thin film form the absorption peak is located
at 494 nm and absorption onset at 606 nm, which corresponds to an optical
gap of 2.05 eV. PPHENO-BSE exhibits peaks at 493 nm and 523 nm in
solution and in thin film form respectively and absorption onset is at 643
nm. The optical band gap of PPHENO-BSE is calculated to be 1.93 eV.
The reduced gap of PPHENO-BSE is due to the greater acceptor strength of
2,1,3-benzoselenadiazole than the 2,1,3-benzothiadiazole, which was
revealed by the theoretical calculation on the model compounds and
polymers. As seen from the figure, a red shift in solid state absorption of

both the polymers is observed compared with that of the absorption in
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solution, which may be due to the pronounced interchain interaction in the
solid state. The optical properties of the polymers are listed in table 3.

—— PPHENOBTZ} | L PPHEND-BTZ

—— PPHENO-BSE PPHENO-BSE
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Figure 8: UV-Visible spectra of the polymer in chloroform solution and in
thin film from. The polymer films were spun coated from 5
mg/mL chlorobenzene solution on to glass substrate.
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Figure 9: PL spectra of the polymer in chloroform solution

Figure 9 shows the emission spectra of PPHENO-BTZ and
PPHENO-BSE in chloroform. The maximum emission of PPHENO-BTZ
appears at 642 nm. The PL emission spectrum of the PPHENO-BSE was
red shifted from that of the PPHENO-BTZ and exhibited peak emission at

about 672 nm.
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Table 3: Optical properties of the polymers

UV-Visible Absorption - UV-Visible »
Polymer A (N Emission Ahsorp.tlon Eq
Amax (nm) onset(film) (eV)
Solution Film (Aonset)
PPHENO-BTZ 470 494 642 606 2.05
PPHENO-BSE 493 523 672 643 1.93

2.2.4. Electrochemical properties

The electronic states of the conjugated polymers, which are
important for the construction of photovoltaic devices, are investigated
using cyclic voltammetry (CV). Figure 10 shows the cyclic voltammetric
curve of PPHENO-BTZ and PPHENO-BSE film on Pt electrode in 0.1 M
BusNPFg solution in acetonitrile at a scan rate of 100 mV/sec. The
electrochemical data are summarized in table 4. From the onset of
oxidation, the HOMO levels of PPHENO-BTZ and PPHENO-BSE are
estimated to be -5.15 eV and -5.12 eV respectively based on the equation,
HOMO=-(4.4+E,>™"). The SCE energy level of -4.4 eV below the vacuum
level is used. The HOMO level of poly(10-hexyl phenothiazine) reported
by Jeneke et al under the same condition was -5.0 eV®. This indicates that
HOMO levels of PPHENO-BTZ and PPHENO-BSE are predominantly
contributed by phenothiazine moiety. Thus, one can use phenothiazine
moiety for building air stable donor-acceptor copolymers with low lying
HOMO level. As shown in figure 10, PPHENO-BTZ shows peaks at 1.57
V, 0.96 V and shoulder peak at 0.81 V. Similarly, PPHENO-BSE shows
peaks at 1.49 V, 0.86 V and 0.78 V. This multiple oxidation peaks in the
CV of both the polymers are analogous to poly(10-hexyl phenothiazine)

and oligo phenothiazine®**",
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PPHENO-BTZ and PPHENO-BSE show one reversible reduction
peak at -1.637 V and -1.414 V respectively and onset of reduction is at -
1.41 V and -1.3 V respectively. The LUMO levels estimated using the
equation LUMO=-(4.4+E"™") are -2.99 eV and -3.1 eV respectively. The
band gap is calculated to be 2.16 eV and 2.02 eV respectively and is in well
agreement with the theoretically calculated values. The lower band gap of
PPHENO-BSE is due to the higher acceptor strength of BSE unit, which
enhances charge transfer from donor to the acceptor.

PPHENC-BTZ PPHENC-BSE
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Figure 10: CV curves of PPHENO-BTZ and PPHENO-BSE film on

Pt electrode in 0.1 M BusNPF; solution in acetonitrile at a
scan rate of 100 mV/sec

20 15 1.0 05 00 -05 10 15 -20
Potential(Vv)

Table 4: Redox properties of the polymers

Pﬂl mer Ered on HOMO LUMO Eg

y ) ) (eV) (&V) (&V)
PPHENO-BTZ 141 0.750 5.15 2.99 2.16
PPHENO-BSE 1.30 0.716 5.12 3.1 2.02

2.2.5. Photovoltaic device

From the theoretical as well as experimental data, it was found that
the polymers PPHENO-BTZ and PPHENO-BSE have low band gaps which
are very much suitable for photovoltaic application. This was verified by
fabricating a heterojunction device using both the polymers and the

semiconductor In,Ss. Figure 11 shows the current density-voltage (J-V)
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characteristics of the heterojunction under illumination and in the dark. As
could be seen, the device clearly exhibits rectifying behaviour in the dark
which may be due to the barrier formed at the In,Ss/ polymer interface.
Under white light illumination (50 mW/cm?), the device exhibits a short
circuit current density (Js) of 79.8 pA/cm? and an open circuit voltage
(Voc) of 629.09 mV for PPHENO-BTZ and 91.1 pA/cm? and 608.47 mV
respectively for PPHENO-BSE. The fill factor (FF) and power conversion
efficiency were calculated to be 35.17% and 33.46% and 0.035% and
0.037% respectively for PPHENO-BTZ and PPHENO-BSE. Photovoltaic
characteristics of bilayer heterojunction devices of PPHENO-BTZ and
PPHENO-BSE are summarized in table 5.
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Figure 11: J-V characteristics of ITO/In,Ss/polymer/Ag heterojunction

Table 5: Photovoltaic characteristics of bilayer heterojunction devices of
PPHENO-BTZ and PPHENO-BSE

Polvmer Voc Jse Efficiency Fill factor
y (mV) (uAfem?) (%) (%)

PPHENO-BTZ 629.09 79.8 0.035 35.17

PPHENO-BSE 608.47 91.1 0.037 33.46

A schematic energy diagram for an In,Sz/polymer device with Ag

and ITO electrodes, before the materials are placed in contact, is shown in

figure 12. The energies of the conduction band (CB) and valence band
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(VB) edges for In,S; are -3.9 eV and -6.4 eV respectively, whereas the
LUMO and HOMO levels of PPHENO-BTZ are -2.99 eV, -5.15 eV
respectively. The work functions of Ag and ITO electrodes are taken to be
about -4.26 eV and -4.7 eV, respectively. The device principle can be
explained as follows: the excitons photogenerated in polymer gets diffused
to the In,Sg/PPHENO-BTZ interface. Since the LUMO of PPHENO-BTZ
lies above the CB edge of In,Ss, the excitons are expected to efficiently
dissociate by electron transfer to In,Ss. In the same manner, a photoinduced
hole transfer from In,S; to PPHENO-BTZ is expected. Furthermore, since
electrons are carried to one contact by In,S;, and holes are transported by
the PPHENO-BTZ layer to the opposite contact, the paths of oppositely
charged carriers are separated and recombination should be suppressed. A

similar observation can be made with In,S;/PPHENO-BSE heterojunction.

34
34
2.99eV ——

S 4 i S -4
3 3.9eV SPHERG B % .39eV PPHENO-BSE___Ad
> ITO -4.26eV = 4268V
=) In,S, 3 = In,S, °
g 5 ATV -5.15eV § 5] 4TV -5.12eV
w w

64 6

-6.4eV -6.4eV

Figure 12: Energy level diagram of ITO/In,Sz/PPHENO-BTZ/Ag and
ITO/In,Sz/PPHENO-BSE/Ag photovoltaic devices

2.3.Conclusion and perspectives

In conclusion, it was shown theoretically that the introduction of
2,1,3-chalcogenadiazole unit to the phenothiazine unit effectively reduced
the band gap of the conjugated polymers in accordance with the donor-
acceptor concept. The band gap reduction depends on the acceptor strength

of the 2,1,3-chalcogenadiazole which facilitates the charge transfer from
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phenothaizine unit to the 2,1,3-chalcogenadiazole. Both the polymers were
synthesized by Suzuki polycondensation reaction and characterized by
electrochemical and photophysical methods. The experimental results are in
good agreement with the theoretically calculated values. Thus the
theoretical calculation prior to synthesis is advantageous from the point of
view of screening out the less effective material. A linear heterojunction
device was fabricated using indium sulfide as n-type layer and showed
photoactivity under illumination due to the electron transfer from donor
polymer to acceptor indium sulfide layer. A further improvement may be
achieved by designing a bulk heterojunction device by considering the

energy levels of polymer and acceptor.
2.4. Experimental Section

2.4.1. Benzothiadiazole® (1):1,2-phenylenediamine(5.42 g, 50 mmol),
triethylamine (30 mL) and dichloromethane (150 mL) were stirred under
nitrogen with drop wise addition of thionyl chloride (9.5 mL) in
dichloromethane (30 mL). After the addition was complete, the reaction
was heated at reflux for 15 min. The mixture was filtered; the solid residue
was washed with dichloromethane and discarded. The filtrate was
evaporated under vacuum to give a black residue. The residue was
recrystallized from hexane to give 2,1,3-benzothiadiazole as yellow

needles.
Yield: 54% (3.7 g). M.P.: 43-45°C.

2.4.2. 4,7-Dibromo-2,1,3-benzothiadiazole®}(2): A mixture of 6.8 g
(0.5 mol) of 2,1,3-benzothiadiazole in 15 mL of 47% hydrobromic acid
was heated under reflux with stirring while 24 g (0.15 mol, 15.3 mL) of
bromine was added slowly. After completion of the bromine addition, the
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reaction mixture became a suspension of solid in hydrobromic acid and 7.5
mL of hydrobromic acid was added, and the mixture was heated under
reflux for another 2.5 h. The mixture was filtered, washed well with water,

recrystallized from chloroform, and dried to give white needle crystals.

Yield : 93% (13.65 )
M. P. : 187-188°C.

'H NMR (400 MHz, CDCls) 57.73 (s, 2H).

3C NMR (100 MHz, CDCl3) ~: §153.3,132.7, 114.3
GC-MS : m/z=293.8

2.4.3. 3,6-dibromo-1,2-phenylenediamine® (3): To a suspension of
4,7-dibromo-2,1,3-benzothiadiazole (5.88 g, 0.02 mol) in ethanol (190 mL),
sodium borohydride (14 g, 0.37 mol) was added in three portions at 0°C,
and the mixture was stirred for 20 h at room temperature. After evaporation
of the solvent, 200 mL of water was added, and the mixture was extracted
with ether. The extract was washed with brine and dried over anhydrous
sodium sulfate. Evaporation of the solvent gave 3,6-dibromo-1,2-

phenylenediamine as a pale yellow solid.

Yield : 85% (4.52 Q)

'H NMR (400 MHz, CDCls)  : 63.90 (s, 4 H), 6.85 (s, 2H).
BC NMR (100 MHz, CDCls) @ §133.7,123.4, 109.7
GC-MS . m/z=265.9

2.4.4. 4,7-Dibromo-2,1,3-benzoselenadiazole®(4): To a solution of 3
(2.7 g, 10 mmol) in refluxing ethanol (55 mL), was added a solution of
selenium dioxide (1.17 g, 10.5mmol) in hot water (22 mL). The mixture

was heated under reflux for 2 h. Filtration of the yellow precipitate and
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recrystallization  from  ethyl acetate gave 4,7-dibromo-2,1,3-
benzoselenadiazole (4) as golden yellow needles.

Yield : 73% (2.5 )

M. P. : 285-287 °C

'H NMR (400 MHz, CDCls) : 5 7.63 (s, 2H).

3C NMR (100 MHz, CDCls) : §157.2,132.1, 116.5.
GC MS ; m/z=341.8

2.4.5. 10-n-Octylphenothiazine® (5): Phenothiazine (10 g, 50 mmol),
potassium hydroxide (20.0 g, 500 mmol), and DMSO (100 mL) were
placed in a 250 mL two-necked flask. The mixture was stirred for half an
hour. Octyl bromide (7.7 mL, 55 mmol) was added dropwise to the reaction
mixture in 20 min, and this mixture was stirred for 24 h at room
temperature. The reaction mixture was poured into water, extracted with
methylene chloride, and dried with MgSO4. The resulting liquid was
purified by column chromatography using petroleum ether as eluent which

gave colourless liquid.
Yield : 93% (13.2g)

'H NMR 400MHz, CDCl3) : & 0.87 (t, J=6.8 Hz, 3H), 1.24-1.43
(m, 10H), 1.77 (m, 2H), 3.80-3.84
(t, J=7.2 Hz, 2H), 6.83-6.91 (m,
4H), 7.11-7.15 (m, 4H).

GC-MS © m/z=311.17
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2.4.6. 3,7-Dibromo-10-(octyl)-phenothiazine (6):

10-n-Octylphenothiazine (7.5 g, 0.024 mol) was dissolved in 50 mL of
dichloromethane, and bromine (8.0 g, 0.05 mol) was injected into the
solution using a syringe and stirred for 4 h at room temperature. Dilute
aqueous sodium hydroxide (20 mL) was added to the reaction mixture and
kept for 30 min. The reaction mixture was extracted three times using
dichloromethane and brine, and the organic layer was separated and
concentrated. The crude product was purified using column chromatography

using hexane as the eluent which gave yellow oil.
Yield : 79% (9.0 9)

'H-NMR (400MHz, CDCl;) & 0.86 (t, J=6.4 Hz, 3H), 1.14-1.51
(m, 10 H), 1.74 (m, 2H), 3.72 (t,
J=7.2 Hz, 2H), 6.66 (d, J=8.4 Hz,
2H), 7.18-7.20 (dd, J:=8 Hz,
3,=2.4 Hz, 2H), 7.24 (d, J=8 Hz
2H).

GC-MS . m/z=469.99

2.4.7. 10-octyl-3,7-bis(4,4,5,5-tetramethyldioxaborolan-2-yl)-10H-
phenothiazine (7):

To a solution of 3,7-Dibromo-10-(octyl)-phenothiazine (2 g, 4.262
mmol) in THF (35 mL) at -78°C was added by syringe (5.59mL, 8.95
mmol) of n-butyl lithium (1.6 M in hexane). The mixture was stirred at -
78°C, warmed to 0°C for 15 min and cooled again to -78°C for 15 min. 2-
Isopropoxy-4,4,5,5,-tetramethyl-1,3,2-dioxaborolane (1.86 g,10 mmol) was
added rapidly to the solution and the resulting mixture was warmed to room

temperature and stirred for 24 h. The mixture was poured into water and
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extracted with ether. The organic extract was washed with brine and dried
over MgSO,. The solvent was removed and the residue was purified by
several reprecipitations from methanol/acetone mixture to provide the

product as a slight yellow solid.

Yield : 51% (1.22 g)
M. P. : 87°C
'H NMR (400 MHz, CDCls) : 5 0.78 (t, J=6.3 Hz, 3 H), 1.49-

1.71 (m, 34 H), 2.4 (m, 2 H),
3.75 (t, J=7.2 Hz 2 H), 6.71 (m,
2 H), 7.48 (m, 2 H), 7.4 (m,
2H).
BC NMR (100 MHz, CDCl) @ & 12.91, 13.07, 21.22, 21.59,
23.80, 25.66, 25.78, 25.89,
28.13, 28.15, 28.17, 30.7,
46.46, 82.6, 113.64, 122.9,
12597,  132.70,  132.95,
146.21.

GC-MS : m/z=563.34

2.4.8. General procedure for polymerization through Suzuki
Coupling

Under nitrogen atmosphere, the dibromo monomers (2&4) (0.18
mmol), 10-octyl-3,7-bis(4,4,5,5-tetramethyl[1,3,2]dioxaborolan-2-yl)-10H-
phenothiazine (7) (0.18 mmol) were mixed together with 10 mol% (0.018
mmol) of Pd(PPh3), in a 50 mL R.B flask. Degassed aqueous solution of
potassium carbonate (10 mL) (2.0 M) and toluene (20 mL) (1:2, volume

ratio) were added to the flask. The mixture was stirred vigorously at 80-
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90°C for 72 h under nitrogen atmosphere. The resulting solution was added
dropwise into stirring methanol to precipitate the polymer. The fibrous
solid was collected by filtration and washed with methanol and water. The
material was washed continuously with methanol and acetone for 2 days in
a Soxhlet extractor to remove the oligomers and catalyst residues. The

product was dried under reduced pressure.

2.4.8.1. Synthesis of PPHENO-BTZ

10-octyl-3,7-bis(4,4,5,5-tetramethyl[1,3,2]dioxaborolan-2-yI)-10H-
phenothiazine (0.1 g, 0.18 mmol), 4,7-dibromobenzothiadiazole (0.052 g,
0.18 mmol), Pd(PPhs), (0.02 g, 0.018 mmol), 2 M Na,CO; (10 mL) and
toluene (20 mL) were used.

Yield : 59% (0.046 g)
UV-Visible (Amax, Chloroform) : 470 nm
GPC : My=15532, PDI=2.7

'H NMR (400 MHz, CDCls) : 5 0.88 (m, ~3H, -CHj), 1.19-1.29
(m, ~12H, aliphatic-H), 3.83-3.9
(t, ~2H, -NCH-), 6.9-7.8 (m, Ar-
H of  phenothiazine and

benzothiadiazole)
2.4.8.2. Synthesis of PPHENO-BSE

10-octyl-3,7-bis(4,4,5,5-tetramethyl[1,3,2]dioxaborolan-2-yl)-10H-
phenothiazine (0.1 g, 0.18 mmol), 4,7-dibromo-2,1,3-benzoselenadiazole
(0.060 g, 0.18 mmol), Pd(PPhs3)4 (0.02 g, 0.018 mmol), 2 M Na,COs3 in 20

mL toluene.

Yield . 42% (0.036 g)
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UV-Visible (Amax, Chloroform) : 494 nm
GPC . M=5800, PDI=2.9

'H NMR (400 MHz, CDCl3) @ §0.81(m, ~3H, -CHs), 1.21-1.84
(m, ~12H, aliphatic-H), 3.8-3.9 (t,
2H, -NCHy), 6.7-7.76 (m, Ar-H of
phenothiazine and

benzoselenadiazole)

2.5. Photovoltaic device fabrication

Heterojunction photovoltaic device was fabricated using the two
polymers as the electron donor and the compound semiconductor In,S; as
the electron acceptor. In,S; is an n-type semiconductor having high electron
affinity and is a potentially good acceptor material like CdS and TiO, for
polymer solar cells. Indium sulfide (In,S3) thin films were deposited on
ITO coated glass substrates by spraying aqueous solutions of indium
chloride (InCls), and thiourea (CS(NH.)2), keeping the substrate at 350+5
°C with a spray rate of 2 ml/min. The thickness of the film was 200 nm.
Heterojunctions were prepared by spin coating a solution of polymers in
chlorobenzene, on top of the In,S; layer. The layer thickness was
approximately 100 nm as obtained from Stylus profilometer measurements.
Silver electrodes were vacuum deposited (at a pressure of ~6x10° Torr) on
top of the polymer layer and served as the end contact. The schematic
diagram is shown in figurel3. Dark and illuminated J-V characteristics of
the cell were measured using a Keithley Source Measure Unit (SMU,
K236) and Metric’s Interactive Characterization Software (ICS).

The cell was illuminated using a tungsten halogen lamp, with an
intensity of 50mW/cm?, on the substrate surface. An infrared filter, along
with a water jacket, was used to ensure that there was no heating of the cell
during the measurement.
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Figure 13: Schematic diagram of In,Sz/Polymer heterojunction
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In this chapter, the effects of structural changes of the quinoxaline
dertvatives on the band gap of phenothiazine/quinoxaline polymers are discussed.
The electronic structure of three phenothiazine/quinoxaline copolymers with
acenaphthylene, phenyl and phenanthrene substituted —quinoxalines were
tvestigated. Theoretical calculations showed that the band gap varied with the
acceptor strength of quinoxaline part. The band gap varied in the order
PPHENO-DBDP< PPHENO-DDQ< PPHENO-DDACE. The three
polymers were synthesized through Suzuki polycondensation reaction using Pd(0)
catalyst. The polymers were characterized using 'H NMR, GPC, cyclic
voltammtery etc. The experimental results support the theoretical prediction. The
photovoltaic  activity of the polymer was also tested using the
ITO/In=S:/polymer/Ag heterojunction. The heterojunctions with PPHENO-
DDACE, PPHENO-DDQ and PPHENO-DBDP showed efficiencies of
0.02%, 0.01%, and 0.02% respectrvely.

3.1. Introduction

Quinoxaline is an n-type building block in semiconducting polymers
and this N-heterocycle has been utilized to construct large number of
donor-acceptor polymers in photovoltaic devices, with typical donor-

acceptor structure. The m-conjugated heterocyclic polymers of
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poly(quinoxaline) derivatives has been explored as electron transporting or
electron accepting materials because of their high electron affinity due to
the two symmetric unsaturated nitrogen atoms in quinoxaline®™®.
Quinoxaline-containing segments were shown to be promising acceptors
when combined with fluorene or thiophene forming D-A polymers®®. The
impressive performance of quinoxaline-based polymers has shown its

obvious potential for achieving high performance in PSCs®™*.

In this chapter, we discuss the effect of structural change in the
quinoxaline unit on the band gap and energy levels of alternating
copolymer of phenothiazine with acenaphthylene, phenyl and phenanthrene
substituted quinoxalines. The electronic properties are calculated using
density functional theory to get more insight into the structure-property
correlation. Synthesis, optical and electrochemical properties of the
copolymers were also studied. Suitability of the polymers for photovoltaic
application was explored by fabricating a linear hetrojunction device using

In,Sz as n-type material.
3.2.Results and Discussion
3.2.1. Theoretical Calculation

3.2.1.1. Theoretical Methodology

The ground state geometries of oligomers were optimized by means
of the hybrid density functional theory (DFT)' at the HSEh1PBE referred
to as HSEO6 in the literature (full Heyd-Scuseria-Ernzerhof functional)****,
level of theory using 6-31G basis set. The harmonic vibrational frequencies
obtained with HSE06/6-31G were used to characterize the stationary points
as local minima. The band structure was calculated using HSE06/6-31G

theory using the unit cell taken from the central portion of the optimized
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tetramer. The calculation described in this chapter was done using G09

suite of codes™ on IBM power servers.
3.2.1.2. Model compounds

In order to investigate the effect of structural change of the
quinoxaline derivatives on the band gap of phenothiazine/quinoxaline
copolymers, we start the calculation from model compounds (figure 1). The
HOMO and LUMO levels are calculated using HSE06/6-31G method.
From the energy level diagram, it is noted that the LUMO level of DDACE,
DDQ and DBDP occurs at -2.26 eV, -2.36 eV and -2.56 eV. Thus, the
acceptor strength is in the order DDACE< DDQ< DBDP. As expected, the
energy gap of the model compounds PT-DDACE, PT-DDQ and PT-DBDP
are in the order, PT-DDACE> PT-DDQ> PT-DBDP, as a function of
acceptor strength (figure 2). The reduction in the energy gap of the D-A
monomer is due to the charge transfer from donor phenothiazine unit to the
acceptor quinoxaline. This can be visualized from the frontier orbital

distribution of the model compounds (figure 3).

e Q-0

7 N\
N N N N N N

o O & &

PT DDACE DDQ DBDP
l z—! ¢ —
A v~ )

MO~ / /
PT-DDACE PT-DDQ PT-DBDP

Figure 1: Structure of model compounds
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Figure 3: Frontier molecular orbital distribution plots of model compounds
3.2.1.3. Band structure of polymers

Optimized unit cells for the periodic boundary calculation are shown
in figure 4. The length of the translational vector is 25 A°. The band structure
of the polymers PPHENO-DADCE, PPHENO-DDQ and PPHENO-DBDP is
shown in figure 5. It can be noted from the band structure that all the
polymers are direct band gap polymers, because the lowest band gap occurs
at k=0. It could be seen from the band structure that LUMO level of the
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poly(phenothiazine) is reduced by 0.84 eV, 0.97 eV and 1.32 eV respectively
by introducing DDACE, DDQ and DBDP units to the phenothiazine chain.
The band gaps of PPHENO-DDACE, PPHENO-DDQ and PPHENO-DBDP
are 2.38 eV, 2.3 eV and 2.0 eV respectively. The band structure data of the

polymers are summarized in table 1.
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Figure 4: Unit cell for the band structure calculation of PPHENO-
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Figure 5: Band structure of PPHENO-DDACE, PPHENO-DDQ, and
PPHENO-DBDP

Table 1: Band structure data® of PPHENO-DDACE, PPHENO-DDQ,
PPHENO-DBDP

Polymer HOCO (eV) LUCO (eV) Ey (eV)
PPHENO -4.76 -1.41 3.36
PPHENO-DDACE -4.63 -2.25 2.38
PPHENO-DDQ -4.68 -2.38 2.3
PPHENO-DBDP -4.73 -2.73 2.0

# Method HSE06/6-31G
3.2.2. Synthesis and characterization of monomers and polymers

3.2.2.1. Monomer synthesis

The scheme for the synthesis of diboronate ester of phenothiazine
has been depicted in chapter 11. The synthetic route for the preparation of
acenaphthylene, phenyl and phenanthrene substituted quinoxalines are

shown in scheme 1. 5,8-Dibromo-acenaphthyl quinoxaline (DDACE), 5,8-
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dibromo-2,3-diphenylquinoxaline (DDQ) , 10,13 -dibromodibenzol[a,c]
phenazine (DBDP) were synthesized through condensation reaction'® of
1,2-dibromo-3,4-phenylenediamine with 1,2-acenaphthaquinone, benzil
and 9,10-phenanthrenequinone in ethanol/acetic acid, in 79%, 70% and
80% yields. The compounds were characterized using *H NMR, and *C

NMR spectroscopy and melting point measurement.

pa g e

CH3COOH/Ethanoal NN DDACE

H,N NH :_:
2 2 o o R
Br@ Br
CH3;COOH/Ethanol
Br Br

0 -

o o DBDP
CH4COOH/Ethanol Br‘@’ Br

Scheme 1: Synthesis of monomers DDACE, DDQ and DBDP
3.2.2.2. Polymer synthesis

The polymers were synthesized through typical Suzuki
polycondensation reaction between diboronate ester of phenothiazine and
DDACE, DDQ and DBDP, which gave PPHENO-DDACE, PPHENO-
DDQ and PPHENO-DBDP in 37%, 51% and 46% vyields (scheme 2). The
polymers are endcapped with phenyl group by quenching the reaction with
phenyl boronic acid and bromobenzene. All the polymers are soluble in
THF, chloroform, chlorobenzene, toluene etc. The polymerization results
and molecular weight data of the polymers are summarized in table 2. All
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the polymers were characterized using UV-Visible spectroscopy, ‘*H NMR,

cyclic voltammetry etc.

The thermal properties of the polymers were

investigated by thermogravimetric analysis. All the polymers showed

thermal decomposition under nitrogen in the range of 250-295°C (table 2).

The 'H NMR spectra of the polymers are shown in figure 6. It could be

seen that aromatic region is highly populated and all the polymers showed
triplet in the region & 3.8-3.9 due to —NCH,- protons. PPHENO-DDACE
and PPHENO-DBDP show peaks in the region 6 2-2.2, which may be due
incomplete capping of the polymers using phenyl boronic acid and

bromobenzene.
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0 /@[ D\ a K,CO4/Toluene
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PPHENO-DBDP

DBDP

Scheme 2: Synthesis of polymers PPHENO-DDACE, PPHENO-DDQ and
PPHENO-DBDP

Table 2: Results of polymerization and thermal stability of polymers

Polymer M. M.’ PDI Y(i;: )d Ta (°C)"
PPHENO-DDACE 4248 7541 1.77 37 257
PPHENO-DDQ 9578 18427 1.92 51 270
PPHENO-DBDP 5905 7078 1.19 46 295

a. Determined using GPC in toluene based on polystyrene standard. b. Onset of
decomposition measured by TGA under nitrogen

PFHENO-IDACR |
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FFHEN 0-DBDF

Figure 6: 'H NMR spectrum of a. PPHENO-DDACE, b. PPHENO-DDQ,
and c. PPHENO-DBDP

3.2.3.Optical properties

Figure 7a shows the absorption spectrum of polymers in chloroform as
the solvent along with the photograph of polymer solution. It can be seen that
with polymers based on the strong acceptor, ie DBDP, brown colour is
achieved due to the red shifted absorbance in solution. The absorption
maximum of PPHENO-DDACE, PPHENO-DDQ and PPHENO-DBDP occur
at 439 nm, 450 nm and 477 nm. To optically evaluate the magnitude of the
band gap, the thin film absorbance is measured as shown in figure 7b for spin
cast film from chlorobenzene solution on to glass substrates. The absorption
maximum in thin film is slightly red shifted than in solution. This may be due
to the slight increase in the coplanarity of the polymer chain in the solid state.
It is observed that the band gap ranges from 1.92-2.24 eV. The band gap is less
than the band gap of the homopolymer poly(phenothiazine). This is due to the
orbital mixing of phenothiazine donor unit and quinoxaline acceptor unit. The
variation in the band gap is in the order PPHENO-DDACE> PPHENO-DDQ>
PPHENO-DBDP. As expected, the optical band gap varies as the function of
the electron withdrawing property of the comonomers. It is assumed that

greater the acceptor strength of the quinoxaline, greater will be the donor -
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acceptor interaction, which leads to greater reduction in the band gap. The
reduction in the band gap is induced by the charge transfer from phenothiazine
unit to the quinoxaline unit. This is visualized by analyzing the wave functions
of the HOCO and LUCO of the polymers. The wave functions of HOCO and

LUCO are localized on the phenothiazine and quinoxaline unit respectively.

—— PPHENO-DDACE - PPHENO-DDACE

,,,,, PPHENO-DDQ PPHENO-DDQ
PPHENO-DBDP e PPHENO-DBDP

Abs(a.u)
Abs(a.u)
§

0.54 0.5

400 500 600 700 800 900 400 500 600 700 800 900
Wavelength(nm) Wavelength(nm)

0.0

Figure 7: UV-Visible absorption spectrum of polymers in (a). chloroform
(b) thin film on glass substrate cast from chlorobenzene solution

The photoluminescence spectrum of the polymers is shown in figure
8. The wavelength corresponding to the absorption maximum of each
polymer is used as excitation wavelength. The emission maximum of the
PPHENO-DDACE, PPHENO-DDQ and PPHENO-DBDP occur at 657 nm,

652 nm and 687 nm respectively.

—— PPHENO-DDACE
—— PPHENO-DDQ
—— PPHENO-DBDP

Intensity(a.u)
o
:

0.0 a y . :
500 600 700 800

Wavelength(nm)

Figure 8: PL spectra of polymers in chloroform solution
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Table 3: Optical properties of the polymers in solution and in thin film on

glass substrate

Polymer UV-Visible Emission UV-Visible E,""
Absorption Ama(nm) Amax (nm) Absorption (eV)
Solution Film (solution) Onset (film)
PHENO-DDACE 439 454 657 bbb 2.24
PHENO-DDQ 450 467 652 590 2.11
PHENO-DBDP 477 500 687 646 1.92

3.2.4.Electrochemical properties

To determine the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) level of the three polymers,
cyclic voltammetry was carried out for the three polymer films on Pt
electrode in 0.1IM BusNPFs solution in acetonitrile. The cyclic
voltammograms of the polymers are shown in figure 9. All the three
polymers showed a couple of irreversible oxidation peaks in the positive
potential region and a reversible reduction peak in the negative potential.
The HOMO and LUMO were estimated from the onset of oxidation and
reduction potential according to the equation proposed by Bredas'’. The
onset of oxidation and reduction potentials for the three polymers obtained
from cyclic voltammetry are summarized in Table 4. The HOMO energy of
PPHENO-DDACE, PPHENO-DDQ, and PPHENO-DBDP possess almost
the same value of -5.08 eV, while the LUMO value varied in proportion to
the acceptor strength of the quinoxaline. The acceptor strength of the
quinoxaline calculated theoretically varied in the order DBDP> DDQ>
DDACE. So the energy gap of the polymers varies in the order PPHENO-
DBDP< PPHENO-DDQ< PPHENO-DDACE. The same observation was
also ascertained by the periodic boundary calculation on the polymers using
HSE06/6-31G method.
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Figure 9: CV curves of PHENO-BTZ and PHENO-BSE film on Pt electrode
in 0.1M BusNPFg solution in acetonitrile at a scan rate of 100 mV/sec

Table 4: Electrochemical properties of the polymers

Enx Ered Eg
Polymer ) V) HOMO (eV) | LUMO (eV) (V)
PPHENO-DDACE 0.682 -1.846 -5.082 -2.65 2.53
PPHENO-DDQ 0.687 -1.495 -5.087 -2.905 2.18
PPHENOQ-DBDP 0.689 -1.256 -5.089 -3.144 1.95

3.2.5. Photovoltaic device

The suitability of the polymers for photovoltaic applications was
verified by fabricating a heterojunction device using the polymers as active
layer and the semiconductor In,S; as n-type material. Figure 10 shows the
current density-voltage (J-V) characteristics of the heterojunction under
illumination and in the dark. As could be seen, the device clearly exhibits
rectifying behaviour in the dark which may be due to the barrier formed at
the In,Ss/ polymer interface. Under white light illumination (50 mW/cm?),
the device of PPHENO-DDACE, PPHENO-DDQ, and PPHNEO-DBDP
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exhibits a short circuit current density (J) of 54.1 pA/cm?, 80.4 pAlcm?,
61.7 uA/cm?® and open circuit voltage (Vo) of 477.42 mV, 169.93mV, and
610.51 mV respectively. The fill factor (FF) /efficiency were calculated to
be 19.95%/0.02%, 28.19%/0.01and 28.27%/0.02% respectively for
PPHENO-DDACE, PPHENO-DDQ, and PPHNEO-DBDP. Photovoltaic
characteristics of bilayer heterojunction devices of the polymers are
summarized in table 5.
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Figure 10: J-V characteristics of ITO/In,Ss/polymer/Ag heterojunctions of
PPHENO-DDACE, b. PPHENO-DDQ, and c. PPHENO-DBDP

Table 5: J-V characteristics of ITO/In,Ss/polymer/Ag heterojunctions

Polymer (r‘:\;) J (wAlem?) Effl;:)ncy Fill (fuz;:tor
PPHENO-DDACE 477.42 b4.1 0.02 19.95
PPHENO-DDQ 169.93 80.4 0.01 28.19
PPHENO-DBDP 610.51 61.7 0.02 28.27
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3.3.Conclusion and perspectives

Theoretical calculation predicted that structural modification of
quinoxaline unit allowed successful tuning of the band gap and energy level of
the phenothiazine copolymer over a broad range from 2.38 eV t0 1.93 eV. The
reduction in the energy level is the function of the acceptor strength of the
quinoxaline unit. The lower band gap of phenothiazine/quinoxaline
copolymers compared to homopolymer poly(phenothiazine ) may be due to
the charge transfer from donor phenothiazine unit to the acceptor quinoxaline
unit. The designed polymers are synthesized through Suzuki polycondensation
reaction. Theoretically predicted values are in good agreement with the
optically and electrochemically determined band gap. We have explored the
photoactivity of all the polymers by fabricating a heterojunction with a device
structure of 1TO/IN,Sg/polymer/Ag. A further improvement in the device can
be achieved by optimizing the device parameters.

3.4.Experimental methods
3.4.1. Synthesis of 5,8-dibromoacenaphthyl quinoxaline (DDACE):

A solution of 3,6-dibromo-1, 2-phenylenediamine (0.15 g, 0.56
mmol) and acenaphthenequinone (0.10 g, 0.55 mmol) in ethanol (20 mL)
and few drops of glacial acetic acid was heated to reflux for 1h, and cooled
to 0°C. The precipitate formed was separated by filtration and washed with
ethanol to afford 5,8-dibromoacenaphthyl quinoxaline as light yellow solid.

Yield : 79% (0.183 g)
'H NMR (400MHz, CDCls) : & 8.54 (d, J=7.2 Hz, 2H), 8.15 (d, J=8.4
Hz, 2H), 7.92 (s, 2H), 7.89-7.86 (m, 2H)
3.4.2. Synthesis of 5,8-Dibromo-2,3-diphenyl quinoxaline (DDQ):

A solution of  3,6-dibromo-1, 2-phenylenediamine (1.0 g, 3.8
mmol) and benzil (0.80 g, 3.8 mmol) in ethanol (40 mL) and few drops of
glacial acetic acid was heated to reflux for 1h, and cooled to 0°C. The
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precipitate formed was isolated by filtration and washed with ethanol to
afford 5,8-dibromo-2,3-diphenyl quinoxaline as light yellow solid.

Yield : 1.16 g (70%)
M. P. ;. 221°C.
'H NMR (400MHz, CDCly) : 87.92 (s, 2H), 7.64 (m, 4H), 7.37 (m, 6 H).

3C NMR (100MHz, CDCl3) : & 123.7, 128.4, 129.6, 130.2, 133.1,
137.9, 139.4, 154.14

GC-MS : m/z=439.9
3.4.3. Synthesis of 10,13-dibromodibenzo[a,c]phenazine (DBDP):

A solution of 3,6-dibromo-1,2-phenylenediamine (1.03 g, 3.9
mmol) and phenanthrene-9,10-dione (0.81 g, 3.9 mmol) in 42 mL ethanol/
acetic acid (20:1) was heated to reflux for 2 h, and cooled to 0°C. The
precipitate formed was isolated by filtration and washed with ethanol to
afford 10,13-dibromodibenzo[a,c]phenazine as yellow solid.

Yield : 1.37 g (80%).

M.P. °C) : 317

'H NMR (400 MHz, CDCl3)  : & 9.48 (dd, J;=8 Hz, J,=1.2 Hz, 2 H),
8.57 (dd, J;=8 Hz, J,=0.8 Hz, 2 H),
8.04 (s, 2H), 7.87-7.83 (dt, J;=15.2 Hz,

J,=1.6 Hz, 2 H), 7.81-7.77 (dt, J;=13.2
Hz, J,=1.2 Hz, 2 H).

BC NMR (100MHz, CDCls)  : 8123.1, 124.2, 127.3, 128.4, 129.6,
131.3,132.7, 132.9, 143.5.

GC-MS : m/z=437.9
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3.4.4. General Procedure for Polymerization through Suzuki
Coupling

Under nitrogen atmosphere, dibromo monomers (0.18 mmol), 10-
octyl-3,7-bis(4,4,5,5-tetramethyl[1,3,2]dioxaborolan-2-yl)-10H-phenothiazine
(0.18 mmol) were mixed together with 10 mol% of Pd(PPhs), (0.018
mmol) in a small R. B. flask. Degassed aqueous solution of 2.0 M
potassium carbonate (10 mL) and toluene (20 mL) (1:2, volume ratio) were
added to the flask. The mixture was stirred vigorously at 80-90°C for 72 h
under nitrogen atmosphere. The resulting solution was added drop wise into
stirring methanol to precipitate the polymer. The fibrous solid was collected
by filtration and washed with methanol and water. The product was washed
continuously with methanol and acetone for 2 days in a Soxhlet extractor to
remove the oligomers and catalyst residues. The product was dried under
reduced pressure.

3.4.4.1. Synthesis of PPHENO-DDACE

10-octyl-3,7-bis(4,4,5,5-tetramethyl[ 1,3,2]dioxaborolan-2-yl)-10H
phenothiazine (0.1 g, 0.18 mmol), 5,8-dibromoacenaphthyl quinoxaline (0.078
g, 0.18 mmol), Pd(PPhs)4 (0.02 g, 0.018 mmol) were used. Red coloured solid.

Yield : 37% (36.8 mQ)
UV/Vis (CHCIs) Amax © 439 nm
T4 (°C) . 257

'H NMR (400 MHz, CDCls) :  8.4-7.55 (m, ~8H of quinoxaline part),
7.38-7.3 (m, 2H of phenothiazine),
7.13-7.08 (m, 2H of phenothiazine),
6.96-6.8 (m, 2H of phenothiazine),
3.89 (t, ~2H, -NCH,-), 1.8-1.1-1.9 (m,
~12H, aliphatic-H), 1.6-0.9 (m, ~3H, -
CHs3)
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GPC

M, =4248, PDI=1.77

3.4.4.2. Synthesis of PPHENO-DDQ

10-octyl-3,7-bis(4,4,5,5-tetramethyl[1,3,2]dioxaborolan -2-yl) -10H-
phenothiazine (0.1 g, 0.18 mmol), 5,8-Dibromo-2,3-diphenyl quinoxaline
(0.079 g, 0.18 mmol), Pd(PPhs)s (0.02 g, 0.018 mmol) were used. Red

coloured solid.
Yield
UV/Vis (CHCl3) Aax
T4 (°C)
'H NMR (400 MHz, CDCls)

3C NMR (100MHz, CDCls)

GPC

51 % (53.5 mg)
450 nm
270

0 8.03-7.52 (m, ~10H of quinoxaline
part), 7.31-6.71 (m, ~6H of
phenothiazine), 3.84 (t, 2H, -NCH>-),
1.9-1.1 (m, ~12H, aliphatic-H), 0.86-
0.8 (t, ~3H, -CHy).

o 137.49, 132.07, 131.98, 129.19,
129.1, 128.26, 127.34, 30.75, 28.21,
26.07, 25.94, 21.61, 13.08.

Mn=9578, PDI=1.92

3.4.4.3. Synthesis of PPHENO-DBDP:

10-octyl-3,7-bis(4,4,5,5-tetramethyl[1,3,2]dioxaborolan-2-yl)-10H-
phenothiazine (0.1 g, 0.18 mmol), 10,13-Dibromodibenzo[a,c]phenazine
(0.078 g, 0.18 mmol), Pd(PPhs), (0.02g, 0.018 mmol) were used. Red

coloured solid.
Yield
UV/Vis (CHClI3) Amax
T4 (°C)

46% (47.8 mg)
477 nm
295
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'H NMR (400 MHz, CDCl;) : & 9.46- 7.76 (m, ~10H of quinoxaline

part), 7.4-6.77 (m, ~6H of
phenothiazine), 3.9 (t, 2H, -NCH,-),
1.18-2.1 (m, ~12 H, aliphatic-H), 0.86-
0.79 (m, ~3H, -CHs).

GPC - M, =5905, PDI=1.19
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In this chapler, electronic structure calculation and synthesis of three copolymers
of phenothiazime with 3,4-dimethoxythiophene, 3,4-ethylenedioxythiophene and 3,4-
propylenedioxythiophene are described. The polymers were synthesized through direct
arylation reaction. The superiority of direct arylation reaction over conventional Stille,
Suzuki and Kumada reactions are also discussed. The polymers were characterized
using 'H NMR, GPC, cyclic voltammetry, differential pulse voltammetry etc. The
experimental results could reproduce the theoretical energy gap of the polymers. The
photovoltaic activity of the polymers was also tested using the ITO/In=Ss/ polymer/Ag
heterojunction. The heterojunctions of PDMT-PHENO, PEDT-PHENO and
PPRO-PHENO showed efficiency of 0.022%, 0.054% and 0.01% respectively.

4.1. Introduction

Conventionally, most of the x-conjugated polymers were
synthesized by transition-metal catalyzed cross-coupling reactions such as

10 atc. One

Suzuki coupling™®, Stille coupling*®, Kumada reaction
limitation or inefficiency of the metal mediated cross-coupling reaction is
the requirement for activating groups on both the arene partners. This pre-

activation of both partners is inherently wasteful, since several steps can be
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required for the installation of these activating groups. Although these
methods are effective for the synthesis of large number of n-conjugated
polymers, they require the tedious synthesis of bifunctional organoboron
/organotin compounds/organo magenesium as monomers (scheme 1).
Therefore, the development of a convenient, environmentally friendly and
industrially accessable method for synthesizing n-conjugated polymers is
highly desirable. In this direction, we have come across two reports on

direct arylation of electron rich thiophenes™*,

Homopolymer of
functionalized ProDOT prepared by direct arylation reaction catalysed by
palladium acetate was reported recently™. In terms of the prior preparation
of organometallic monomers and the treatment of toxic byproduct,
polycondensation by direct arylation is superior to conventional methods

based on a cross-coupling reaction (figure 1).

QO O n-BuLi, THF,-78°C O O
—_—
® M
s BuzSnCl BugSn™ g~ TSnBu;

n-BuLi, THF,-78°C

U#O‘%i ﬁ

Scheme 1: Synthesis of distannane and diboronate esters of 3,4-
ethylenedioxythiophene

P |
n

X=B(OH),,Sn(Bu)s, MgBr

n

Figure 1: Schematic representation of polycondensation using
conventional cross-coupling and direct arylation reaction
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In this chapter, we have tried to calculate the electronic properties of
the alternating copolymers of phenothiazine with 3,4-dimethoxythiophene,
3,4-ethylenedioxythiophene and 3,4-propylenedioxythiophene. The alkoxy
group in the 3 and 4 position of the thiophene activates the C-H bond and is
susceptible for direct arylation reaction with arylhalide. The synthesis of
polymers through direct arylation reaction, optical and electrochemical
properties of the polymers are investigated. We have also tried to explore

the application of these polymers as active layer in photovoltaic devices.
4.2. Results and discussion

4.2.1. Theoretical calculation

The ground state geometries of oligomers were optimized by means
of the hybrid density functional theory (DFT)' at the HSEh1PBE referred
to as HSEO6 in the literature (full Heyd-Scuseria-Ernzerhof functional)*>*®,
level of theory using 6-31G basis set. The harmonic vibrational frequencies
obtained with HSE06/6-31G were used to characterize the stationary points
as local minima. The band structure is calculated using HSE06/6-31G
theory using the unit cell taken from the central portion of the optimized
tetramer. The calculation described in this chapter was done using G09

suite of codes'’ on IBM power servers.

The optimized geometry of the unit cell for the PBC/HSEOQ6
calculation is given in figure 2. The length of the translational vector is
optimized to be 23.6A°. The calculated band structure is shown in figure 3.
It is noted from the figure that, in all the polymers, the lowest band gap
occur at k=0 suggesting that all the polymers are direct band gap polymers.
All the polymers show almost the same band gap of 2.5 eV, indicating that

bridging and increasing the alkyl side chain have little effect on the band
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gap. On examination of the HOCO and LUCO of the polymers, we can see
that HOCO and LUCO wave function is distributed both in the
phenothiazine and thiophene. This facilitates the overlap between the levels
and enhanced absorption occur for the lowest optical transition. The band
structure data of PDMT-PHENO, PEDT-PHENO and PPRO-PHENO are
given in table 1.

=
» o+ o . aJ
» .u$" - o @
v - . 3 ‘l_“,:‘. - 29 9
- ] - | " B | ) 4
E 2 — a
o4 »a pats ¢
’ ‘ " H‘-‘ ’ -
4 a9y 09
5 J s @ “ 2
a3
F)

Figure 2: Optimized unit cell for the PBC/HSEQ6 calculation of PDMT-
PHENO, PEDT-PHENO and PPRO-PHENO
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Figure 3: Band structure of PDMT-PHENO, PEDT-PHENO and PPRO-

PHENO
Table 1: Band structure data® of PDMT-PHENO, PEDT-PHENO and
PPRO-PHENO
Polymer HOCO (eV) LUCO (eV) Eqs(eV)
PDMT-PHENO 4.4 -1.88 2.52
PEDT-PHENO -4.24 -1.79 2.45
PPRO-PHENO -4.25 1.77 2.48

# PBC/HSEO06/6-31G

4.2.2. Synthesis and characterization of monomers and polymers

Synthetic route for the synthesis of 3,4-propylenedioxythiophene is
outlined in scheme 2 and scheme 3. The 3,4-dimethoxythiophene'®*®
(scheme 2) and 2,2-dioctyldiethyl malonate® (Scheme 3) are prepared
through reported procedures. 3,3-dioctyl-3,4-dihydro-2H-thieno[3,4-

b][1,4]-dioxepine (here in ProDOT) is synthesized through the



Chapter -4

transetherification of 3,4-dimethoxythiophene and 2,2-dioctylpropanediol
in the presence of p-toluene sulphonic acid to give ProDOT in 53% vyield
(scheme 3). 2,2-dioctylpropanediol is synthesized starting from diethyl
malonate, alkylating it with 1-bromooctane and reducing the resultant
compound with LiAIH; (scheme 3). Three polymers carrying 3,4-
dimethoxythiophene, 3,4-ethylenedioxythiophene and 3,4-
propylenedioxythiophene with 10-octyl phenothiazine is synthesized
through direct arylation using palladium acetate as catalyst (scheme 4).
This gave PDMT-PHENO, PEDT-PHENO and PPRO-PHENO in 45%,
33% and 58% vyields respectively. All the polymers were characterized
using 'H NMR, UV-Visible spectroscopy, GPC, Cyclic voltammetry,
Differential pulse voltammetry, TGA etc. The *"H NMR spectra of the
polymers are shown in figure 4. PDMT-PHENO shows two peaks at 6 3.93,
which corresponds to two —O-CHs; groups which may be due to the slightly
twisted geometry of phenothiazine unit. There is a triplet at & 3.8
corresponding to —N-CH,- group. PEDT-PHENO showed a multiplet
corresponding to the -O-CH,- group of ethylenedioxythiophene and is due
to the restricted rotation of -O-CH,- group by the ethylene bridge. PEDT-
PHENO also showed a triplet corresponding to —N-CH,- group. A similar
observation can be made with *H NMR spectrum of PPRO-PHENO. The
'H NMR spectra of the polymers contain a small peak in the aromatic
region corresponding to the end group. The polymerization results
including the molecular weight data of the polymers are summarized in
table 2.
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Scheme 2: Synthesis of 3,4-dimethoxythiophene
e Na/C2HsOH LiAIH4
CoHsO0C COOC2Hs5
1-bromooctane C2Hs00C” COOC2Hs THE
OH OH
H3CO_  OCHs PTSA
+ —_—
z/ SS\ Toluene, 90°C Q ©
OH OH [\
S
Scheme 3: Synthesis of 3,4-propylenedioxythiophene
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Scheme 4: Synthesis of PDMT-PHENO, PEDT-PHENO and PPRO-
PHENO
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Figure 4: '"H NMR spectra of PDMT-PHENO, PEDT-PHENO and PPRO-
PHENO




Synthesis of 3, 4-AlRylenedioxythiophene/Phenothiazine Copolymers by Direct Arylation Reaction. . ...

Table 2: Polymerization results and thermal stability of the polymers

Polymers M.? M. PDI Yield (%) | Ta('C)’
PDMT-PHENO 2517 7025 2.7 45 249
PEDT-PHENO 3705 5739 1.54 33 330
PPRO-PHENO 4500 7115 1.58 58 288

a. Determined using GPC in toluene using polystyrene standards.
b. Onset of decomposition measured by TGA analysis

4.2.3. Optical properties

The optical properties of the polymers were investigated in chloroform
solution and in thin film. The absorption spectrum of polymers in chloroform
solution and in thin film cast from chlorobenzene on to glass substrate is shown in
figure 5a and 5b. The PDMT-PHENO, PEDT-PHENO and PPRO-PHENO
showed absorption maximum at 425 nm, 435 nm and 438 nm respectively. In thin
film, the absorption maximum was red shifted slightly by 4 nm to 12 nm. This
result suggests that polymers have low ordered structure in solid state. The
absorption onset of PDMT-PHENO, PEDT-PHENO and PPRO-PHENO in thin
film occurs at 555 nm, 550 nm, and 590 nm respectively. The optical band gap
calculated was found to be 2.24 eV, 2.26 eV and 2.1 eV respectively. The strong
absorption of the polymer in the visible region is attributed to the enhanced
HOMO-LUMO overlap, resulting from the delocalized molecular orbital density
for both HOCO and LUCO wave functions of the polymers. The delocalized
structures of HOCO and LUCO are depicted in figure 6.

POMT-PHEND POMT-PHENO

PEDT-PHENOD PEDT-PHENG
PPRO-PHEND PPRO-PHENO
1.0 - 104 -
El 3
2 =
5 05 1 § 054
ool . ] podl— - - - -
400 800 BOO 400 500 600 T00 800
Wavelangth(nm) Wavelength{nm)

Figure 5: Absorption spectrum of polymers a. in chloroform solution and b. in
thin film on glass substrate
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Figure 6: Distribution of HOCO and LUCO of PDMT-PHENO, PEDT-
PHENO and PPRO-PHENO

The photoluminescence spectra of the polymers are shown in figure

7. The wavelength corresponding to the absorption maximum is used as the
excitation wavelength. The PDMT-PHENO, PEDT-PHENO, PPRO-

PHENO showed emission maximum at 523 nm, 519 nm, and 524 nm.

Intensity{a.u)
=3
w

POMT-PHENG
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PPRO-PHEND

00
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Figure 7: Photoluminescence spectra of polymers in chloroform solution

Table 3: Optical properties of polymers in chloroform solution and in thin

film on glass substrate

Absorption Emission Absorption 0Pt
Polymer Amax (nm) Amax (nm) onset (film) (:V)
Solution Film (Solution) Aonset
PDMT-PHENO 424 436 523 555 2.24
PEDT-PHENO 435 a1 519 550 2.26
PPRO-PHENO 438 442 524 590 2.1

100
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4.2.4. Electrochemical properties

Cyclic voltammetry is used to assess the HOMO and LUMO levels of
the polymers. The onset of first oxidation process of PDMT-PHENO, PEDT-
PHENO and PPRO-PHENO occurs at 0.65 V, 0.58 V and 0.64 V respectively,
corresponding to HOMO of -5.05 eV, -4.98 eV,-5.04 eV. Similarly, onset of
first reduction process occurs at 2.05 V, 2.06 V and 2.06 V, corresponding to
LUMO values of -2.35 eV, -2.34 eV, -2.34 eV for PDMT-PHENO, PEDT-
PHENO and PPRO-PHENO, respectively. All the polymers showed good
reversibility towards the oxidation and reduction processes, pointing out good
chemical stability of the polymers. The band gap of the polymers are
calculated to be 2.7 eV, 2.64 eV and 2.7 eV respectively for PDMT-PHENO,
PEDT-PHENO and PPRO-PHENO. From the electrochemical studies it is
assumed that bridging the two alkoxy group have little effect on the band gap
of the 3,4-dialkoxythiophene/phenothiazine copolymers. The electrochemical
band gap showed deviations of the order of 0.4-0.6 eV from the optical band
gap. This may be due to the difference in the mechanism of optical excitation
and electrochemical oxidation and reduction processes. In the former process
excitation creates excitons (bound electrons and hole pair) and the latter
process creates ions. The low energy of excitons compared to the ions and
solvation of the ions in the electrochemical experiment were reflected in the

observed electrochemical band gap.

The redox properties of the polymers were also investigated by
differential pulse voltammetry. The band gaps of PDMT-PHENO, PEDT-
PHENO and PPRO-PHENO are 2.60 eV, 2.45 eV and 2.62 eV respectively.
The DPV estimated band gaps were found to be smaller than those
determined by CV. This may be due to minimization of charging background
current in DPV and sharper redox onset compared to the CV. DPV
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determined band gap differ by 0.3 eV-0.5 eV from the optical band gap. The

electrochemical properties of the polymers are presented in table 4.
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Figure 8: Cyclic voltammograms (scan rate 100mV/s) and differential pulse
voltammograms (step time of 0.1 s) of PDMT-PHENO, PEDT-
PHENO and PPRO-PHENO films cast on a platinum electrode in

BusNPFg/acetonitrile
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Table 4: Electrochemical data of PDMT-PHENO, PEDT-PHENO and

PPRO-PHENO
Cyclic Voltammetry Differential Pulse Voltammetry
Polymer Eox Ered HOMO | LUMO Ey Eox Ered HOMO | LUMO Eq
(V) V) (eV) (eV) (eV) (V) V) (eV) (eV) (eV)
PDMT-PHENO 0.65 | -2.05 -5.05 -2.35 2.7 0.62 | -1.98 -5.02 -2.42 2.60
PEDT-PHENO 0.58 | -2.06 -4.98 -2.34 264 | 042 | -2.03 -4.82 -2.37 2.45
PPRO-PHENO 0.64 | -2.06 -5.04 -2.34 2.7 0.61 | -2.01 -5.01 -2.39 2.62

4.2.5. Photovoltaic device characteristics

The suitability of the polymer for active layer in photovoltaic device
was verified by fabricating a heterojunction device using the polymers and
the semiconductor In,Ss. Figure 9 shows the current density-voltage (J-V)
characteristics of the heterojunctions under illumination and in the dark. As
could be seen, the devices clearly exhibited rectifying behaviour in the dark
which may be due to the barrier formed at the In,Ss/ polymer interface.
Under light (50 mwW/cm?®), the
ITO/In,Ss/polymer/Ag heterojunction of PDMT-PHENO, PEDT-PHENO
and PPRO-PHENO exhibited efficiencies of 0.022%, 0.054% and 0.01%
respectively. The

white illumination devices,

important photovoltaic characteristics of bilayer

heterojunction devices of the polymers are summarized in table 5.
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Figure 9: J-V characteristics of ITO/In,Ss/polymer/Ag heterojunctions of
PDMT-PHENO, PEDT-PHENO and PPRO-PHENO

Table 5: J-V characteristics of ITO/In,Ss/polymer/Ag heterojunctions

Polvmer Voc Jse Efficiency Fill factor
Y (mV) (uAlem?) (%) (%)
PDMT-PHENO 489.22 72.0 0.022 30.88
PEDT-PHENO 564.00 117.0 0.054 40.76
PPRO-PHENO 129.58 129.0 0.01 27.79

4.3. Conclusions and perspectives

The electronic structure of three copolymers of phenothiazine with
3,4-dimethoxythiophene, 3,4-ethylenedioxythiophene and 3,4-
propylenedioxythiophene were calculated using HSE06/6-31G method. The
designed polymers were synthesized through cost effective direct arylation
reaction using palladium acetate as catalyst. The direct arylation reaction is
superior to the conventional cross-coupling reactions like Suzuki, Stille and
Kumada polycondensation reactions by considering the easy reaction
conditions. The reaction can be carried out in wet solvents. One problem
associated with low molecular weight of the polymer may be due to the
precipitation of the polymer in DMF. It can be overcome by using proper
choice of solvent system. The band gap of the polymers are experimentally

determined using optical and electrochemical methods and are in good
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agreement with the theoretical results. All the three polymers showed
photoactivity under illumination in the heterojunction
ITO/In,Ss/polymer/Ag heterojunction. The device performance can be

improved by the optimizing the device parameters.

4.4. Experimental methods

18,19

The 3,4-dimethoxythiophene and 2,2-dioctyldiethylmalonate®® are

prepared through reported procedures.
4.4.1. Synthesis of 2,2-dioctyl-1,3-propanediol:

To a solution of the 2,2-dioctyldiethylmalonate (1) (10.0 g, 25.9
mmol) in dry THF was added LiAlH; (2.8 g, 73.4 mmol) at 0 °C. The
reaction mixture was stirred for 24 h at room temperature, and water was
carefully added. The reaction mixture was stirred for 1 h and allowed to
stand to settle the salts. A clear THF layer was carefully decanted, and the
combined layers were dried over MgSQ,. Purification of the crude product
by column chromatography on silica gel using hexane/ethyl acetate (2:1) as

eluent afforded the diol as clear oil.
Yield . 83% (6.50)

'"H NMR (400 MHz, CDCl;) : 6 3.56 (s, 4H,-OCHy-), 2.50 (s, 2H, -
OH), 1.40-1.15 (m, 28H, aliphatic

H), 0.88 (t, J=6.72 Hz, 6H).
4.4.2. Synthesis of 3,3-dioctyl-3,4-dihydro-2H-thieno[3,4-b][1,4]-

dioxepine (ProDOT):

2,2-dioctylpropane-1,3-diol (1.08 g, 0.036 mol), 3,4-dimethoxythiophene
(0.5 g, 0.0346 mol), and p-toluene sulfonic acid monohydrate (0.04 g,
0.21mmol) in 20 mL of toluene was refluxed for 48 h. The reaction mixture was
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washed with water and concentrated to give a dark oil. The oil was purified by
column chromatography using dichloromethane/hexane (1:4, volume ratio) as

eluent to yield ProDOT as clear oil.

Yield : 53% (0.7 g)

'H NMR (400 MHz, CDCly) 6 6.4 (s, 2H, Ar-H), 3.83 (s, 4H, -
OCHy), 1.35-1.27 (m, 28H,
aliphatic-H) , 0.88-0.86 (t, J=5.6 Hz

6H, -CHs)

3C NMR (100 MHz, CDCl3) @ & 149, 104.6, 77.5, 77.3, 77, 76.7,
437, 31.9, 31.8, 30.5, 29.5, 29.3,
22.8,22.7,14.1

GC MS : m/z=380.32

4.4.3. General procedure for the polymerization

To a stirred solution of dialkoxythiophene (0.53 mmol) in 10 mL DMF
was added tetrabutylammonium bromide (0.53 mmol) and sodium acetate (2.1
mmol). The reaction mixture was stirred at room temperature for 15 min
followed by addition of 3,7-dibromo-10-octylphenothiazine (0.53 mmol) and
10 mol% palladium acetate. The reaction was cooled to room temperature and
poured in to methanol. The precipitate was filtered and washed with methanol.
The polymer was purified by soxhlet extraction using acetone and methanol
for 24 h. The residue was dissolved in minimum amount of toluene and
precipitated from methanol and dried in vacuum.

4.4.3.1. Synthesis of PDMT-PHENO

3,4-dimethoxythiophene (0.076 g, 0.53 mmol), 3,7-dibromo-10-
octylphenothiazine (0.25 g, 0.53 mmol), tetrabutylammonium bromide
(0.171 g, 0.53 mmol), sodium acetate (0.29 g, 2.12 mmol), palladium
acetate (0.012 g, 0.053 mmol), DMF (10 mL) were used. Yellow solid
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Yield

UV-Visible (Chloroform) Amax

GPC
Td (°C)
'H NMR (400 MHz, CDCls)

4.4.3.2. Synthesis of PEDOT-PHENO

45% (108 mg)

424 nm

Mn=2517, PDI=2.7
249

§ 741676 (m, ~6H of
phenothiazine), 3.92 (d, ~6H of
DMT), 3.79 (t, 2H, -NCH,-),
1.77-1.18 (m, ~12H, aliphatic-H),
0.8 (t, ~3H, -CHs)

3,4-ethylenedioxythiophene (0.075 g, 0.53 mmol), 3,7-dibromo-10-
octylphenothiazine (0.25 g, 0.53 mmol), tetrabutylammonium bromide

(0.171 g, 0.53 mmol), sodium acetate (0.29 g, 2.12 mmol), palladium
acetate (0.012 g, 0.053 mmol), DMF (10 mL) were used.

Yield

UV-Visible (Chloroform) Amax :
GPC

Tq °C)

'H NMR (400 MHz, CDCls)

4.4.3.3. Synthesis of PPRO-PHENO

33% (70 mg)

435 nm

Mn=3705, PDI=1.54

330

d 752-666 (m, ~6H of

phenothiazine), 4.32-4.41 (m,
~4H, OCHy), 3.78 (t, 2H, -NCH,-
), 1.82-1.25 (m, ~12H, aliphatic-
H), 0.88 (m, ~3H, -CHj3)

ProDOT (0.202 g, 0.53 mmol), 3,7-dibromo-10-octylphenothiazine
(0.25 g, 0.53 mmol), tetrabutylammonium bromide (0.171 g, 0.53 mmol),
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sodium acetate (0.29 g, 2.12 mmol), palladium acetate (0.012 g, 0.053

mmol), DMF (10 mL) were used.
Yield
UV-Visible (Chloroform) Amax
GPC
Td (°C)
'H NMR (400 MHz, CDCl5)
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SYNTHESIS, CHARACTERIZATION AND PHOTOVOLTAIC
APPLICATIONS OF LOW BAND GAP ProD0T/2,1,3-
CHALCOGENADIAZOLE COPOLYMERS
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In this chapter, we have investigated the effect of introduction of two
chalcogenadiazoles 2,1,3-benzothiadiazole and 2,1,3-benzoselenadiazole in
to the poly(ProDOT) chain. On introduction of chalcogenadiazole unit, the
HOMO and LUMO of the poly(ProDOT) was decreased by about 1eV
and we get polymers with almost the same band gap as that of the
homopolymer poly(ProDOT). So we have achieved tuning the energy level
of homopolymer by introducing acceptors, without affecting the band gap.
Both the polymers are synthesized through direct arylation reaction.
Polymers are characterized using optical and electrochemical methods.
Ezxperimental results support the theoretical prediction. Polymers PPRO-
BTZ and PPRO-BSE possess theoretical band gap of 1.8 eV and 1.79 eV
and optical band gap of 1.52 eV and 1.51 eV. The photovoltaic activity of
the polymer was also tested wusing the ITO/In.S:/polymer/Ag
heterojunction. The heterojunctions of PPRO-BTZ and PPRO-BSE
showed efficiency of 0.014% and 0.006% respectively.
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5.1. Introduction

The 3,4-propylenedioxythiophene (ProDOT), is one of the
symmetrical members of 3,4-alkylenedioxythiophene family like 3,4-
ethylenedioxythiophene (EDOT). The main advantage of ProDOT over
EDOT is that, we can graft solubilizing side chains to the polymer without
disrupting the regiosymmetry of the polymers'>. The application of 3,4-
propylenedioxythiophene in electrochromic devices®?, photovoltaic
devices™ 2, light emitting diodes** and non linear optical devices™ are well

reviewed in the literature.

In this chapter, we describe the electronic structure calculation,
synthesis by direct arylation reaction, characterization and photovoltaic
properties of two alternating copolymers of 3,4-propylenedioxythiophene with
2,1,3-benzothiadiazole and 2,1,3-benzoselenadiazole. The aim was to tune the
energy levels of the poly(ProDOT), make them suitable for photovoltaic
application and increase the air stability of the poly(ProDOT). This was
prompted by the encouraging result that incorporation of the acceptor,
cyanovinylene to Poly(ProDOT) decreased both the HOMO and LUMO levels
of poly(ProDOT) and polymers with the same band gap as that of the
homopolymer was obtained’?. The photovoltaic properties of the 34-
propylenedioxythiophene/cyanovinylene copolymers with PCBM acceptor
was studied in detail'?. Similarly, 3,4-propylenedioxythiophene and 2,1,3-
benzothiadiazole copolymer was synthesized through Stille reaction®®. The
main problem associated with this method is that the synthesis of tributyltin
compound of 3,4-propylenedioxythiophene was very difficult. They used
stannane compound without purification. This might have led to the formation
of side products and resulted in low molecular weight polymers. One way to

overcome this problem is to avoid the use of stannane derivatives. So direct
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arylation reaction is the right choice for the cost effective method for
polymerizing 3,4-propylenedioxythiophene and 2,1,3-benzothiadiazole. 3,4-
propylenedioxythiophene/2,1,3-benzoselenadiazole was also synthesized,
keeping in mind the higher acceptor strength of the 2,1,3-benzoselenadiazole

unit than the 2,1,3-benzothiadiazole.
5.2.Results and discussion

5.2.1. Band structure calculation

The ground state geometries of oligomers were optimized by means
of the hybrid density functional theory (DFT)*" at the B3LYP *3*° (Becke,
three-parameter, Lee-Yang-Parr) level of theory using double zeta basis set
LANL2DZ (Los Alamos ECP plus DZ) . LANL2DZ basis set describes
core electrons of the heavier elements by means of an effective core
potential. This permits the study of Se containing compounds with less
computational time. The harmonic vibrational frequencies obtained with
B3LYP/LANL2DZ were used to characterize the stationary points as local
minima. All the calculations described here were carried out using

Gaussian 03 suite of codes?.

The optimized unit cell for the periodic boundary calculation on
poly(ProDOT), PPRO-BTZ and PPRO-BSE are shown in figure 1. The
length of the translational vector of poly(ProDOT) is 7.9A° and for PPRO-
BTZ and PPRO-BSE, it is 16.6A°. The calculated band structures and
density of states are depicted in figure 2 and figure 3. It could be seen from

the band structure that all the polymers are direct band gap polymers.
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Figure 1: Unit cell for the PBC/B3LYP/LANL2DZ calculation of poly(ProDOT),
PPRO-BT Z and PPRO-BSE
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Figure 3: Band structure and Density of States of PPRO-BTZ and PPRO-
BSE

The band structure data of the polymers are summarized in table 1.
On comparing the band structure of copolymers with homopolymer
poly(ProDQOT), we can see that HOCO was decreased by 1.21 eV and 1.09
eV for PPRO-BTZ and PPRO-BSE respectively. Similarly LUCO was
decreased by 1.17 eV and 1.06 eV respectively. The band gap of PPRO-
BTZ and PPRO-BSE are calculated to be 1.8 eV and 1.79 eV. There is no
considerable decrease in the band gap on the introduction of 2,1,3-
benzoselenadiazole unit instead of 2,1,3-benzothiadiazole. This may be due
to the slight increase in the dihedral angle between the adjacent ProDOT
and BSE than the BTZ unit. Also we can observe that, on introduction of
2,1,3-benzoselenadiazole and 2,1,3-benzothiadiazole, band gap of the
homopolymer poly(ProDOT) is not affected much. We have tuned the
energy levels of the homopolymer by introducing acceptors and have made
them suitable for photovoltaic application by matching the levels with
acceptor In,Ss.

Table 1: Band structure” data of poly (ProDOT), PPRO-BTZ and PPRO

BSE
Polymer HOCO (eV) LUCO (eV) Eg (eV)
Poly(ProDOT) -3.79 -2.03 1.76
PPRO-BTZ -5.0 -3.2 1.8
PPRO-BSE -4.88 -3.09 1.79

#Method: PBC/B3LYP/LANL2DZ
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5.2.2. Synthesis of monomers and polymers

The synthetic routes towards the key monomers are depicted in chapter
Il and chapter 1V. The polymers are synthesized through direct arylation
reaction between ProDOT and 4,7-dibromo-2,1,3-benzothiadiazole or 4,7-
dibromo-2,1,3-benzoselenadiazole using palladium acetate as catalyst (Scheme
1). As benefitted from the side chain of ProDOT, both the polymers are readily
soluble in THF, chlorobenzene, toluene, chloroform and can be easily
processed as thin film. The polymers are characterized using UV-Visible
spectroscopy, Cyclic voltammetry, *H NMR etc. The *H NMR spectra of the
polymers are shown in figure 4. The polymers show only one broad peak in
the aromatic region due to protons in the BTZ and BSE and one broad peak in
the & 4-4.1 region due to -OCH,- proton of ProDOT. The isolated yield and
molecular weight of both the polymers are summarized in table 2.

Y

.S,
o o NN P(OAC),TBAB
Z/ S\g BTAO’B' Sod.acetate

DMF, 90°C

v HK

N

O/ \O N 5\ | P(0AQ)TBAB
S Br Br Sod acetate s n

DMF, 90°C / \

Scheme 1: Synthesis of 34-propylenedioxythiophene/2,1,3-chalcogenadiazole
copolymer

116



Synthesis, Characterization and Photovoltaic Applications of Low Band Gap .. ..

" ] L] [ T [} 5 4 3 2 1 ppm " L 8 L T L 3 1 3 2 1 pom

Figure 4: '"H NMR spectrum of a. PPRO-BTZ and PPRO-BSE

Table 2: Polymerization results and thermal stability of polymers

Polymers M:? Mw* PDI Yield (%) | Ta«(C)
PPRO-BTZ 4795 12207 2.54 61 285
PPRO-BSE 3805 10883 2.86 46 354

a. Determined by GPC in toluene based on polystyrene standards.
b. Onset decomposition temperature measured by TGA under nitrogen

5.2.3. Optical and photoluminescence properties

Absorption spectrum of the polymers are measured both in
chloroform solution (figure 5a) and as thin film on glass sildes (figure 5b).
PPRO-BTZ shows absorption maximum at 604 nm while PPRO-BSE
shows maximum at 607 nm. Absorption maximum of PPRO-BTZ and
PPRO-BSE in chloroform solution is red shifted by 68 nm and 37 nm in
solid state and absorption maximum occurs at 672 nm and 644 nm
respectively. This may be due to the inter chain interaction leading to the
increase in coplanarity of the polymer chain in thin films. The onset of
absorption is used to calculate the optical band gap of the polymers. For
PPRO-BTZ and PPRO-BSE the onset of absorption occurs at 814 nm and
818 nm, corresponding to the band gap of 1.52 eV and 1.51 eV. Both the

polymers possess almost the same band gap, as predicted by theoretical
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calculation. The lowest energy transition is assigned as charge transfer
band. This fact is supported theoretically by analyzing the HOCO and
LUCO energy levels of the polymers. The HOCO and LUCO are localized

on ProDOT and 2,1,3-chalcogenadiazoles respectively.
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Figure 5: UV-Visible spectra of the polymers a. in chloroform solution and
b. in thin film form. The polymer films were spun coated from
5mg/mL chlorobenzene solution on to glass substrate

The photoluminescence spectra of PPRO-BTZ and PPRO-BSE in
chloroform solution are presented in figure 6. The wavelengths
corresponding to the absorption maxima of the polymers are used as the
excitation wavelength. The PPRO-BTZ shows emission maximum at 694
nm and PPRO-BSE and exhibited peak emission at about 745 nm.
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Figure 6: PL of PRO-BSE and PRO-BT Z in chloroform solution
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Table: Optical properties of the polymers

Polymer Absorption Emission Absorption | E,”(eV)’
Amax (Nm) Amax(nm) onset (film)
Solution Film Aonsat
PPRO-BTZ 604 672 694 814 1.52
PPRO-BSE 607 644 745 818 1.51

#Calculated from the onset of absorption

5.2.4. Electrochemical properties

Investigations on the electrochemical properties of the polymers are
done using polymer film on platinum electrode in 01 M
BusNPFg/acetonitrile electrolyte solution. Both the polymers possess one
reduction peak and one oxidation peak. The HOMO and LUMO values are
calculated from the onset of oxidation and reduction. The band gap of the
PPRO-BTZ and PPRO-BSE are calculated to be 1.85 eV and 1.94 eV
respectively. This band gap values do not correlate with the theoretical and
optical band gap. A possible explanation for these differences can be found
in the fact that, in the optical experiment the electrons and holes formed are
bound, forming an exciton, whereas in the electrochemical experiment, ions
are created. Apart from the exciton binding energy (which lowers the
energy of the exciton, relative to that of the free charges), the solvation
energy of the ions created in the electrochemical experiment has also an

influence on the observed electrochemical band gap® %.
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Figure 7: Cyclic voltammograms (scan rate of 100 mV/s) of polymer drop-

cast onto a platinum electrode (0.02 cm®) in 0.1M
BusNPFg/Acetonitrile electrolyte solution
Table 4: Electrochemical properties of the polymers
POI mer Eux Ered HUMO I.UMO Eg
Y (V) V) (eV) (eV) (eV)
PPRO-BTZ 0.629 -1.22 -5.03 -3.18 1.85
PPRO-BSE 0.511 -1.43 -4.91 -2.97 1.94

5.2.5. Photovoltaic device

The applicability of polymers for photovoltaic device was verified
by fabricating a bilayer heterojunction device with the structure ITO/
the
characteristics of the hetrojunctions under illumination and dark. Under

In,Ss/Polymer/Ag.  Figure 8 shows current  density-volatge
white light illumination (50mW/cm?), the device exhibits a short circuit
current density (J) of 51.4 uA/cm? and an open circuit voltage (Vo) of
547.47 mV for PPRO-BTZ and 31.4 pA/cm? and 340.86 mV respectively
for PPRO-BSE. The fill factor (FF) and efficiency were calculated to be
24.0 % and 26.2% and 0.014% and 0.006% respectively for PPRO-BTZ
and PPRO-BSE. Photovoltaic characteristics of bilayer heterojunction

devices of PPRO-BTZ and PPRO-BSE are summarized in table 5.
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Figure 8: J-V Characteristics of ITO/ In,Ss/Polymer/Ag heterojunctions of
PPRO-BTZ and PPRO-BSE

Table 5: Photovoltaic characteristics of bilayer heterojunction devices of

polymers
Voc Jsc Fill Factor . . 0
Polymer mv) (whAlem?) %) Efficiency (%)
PPRO-BTZ 547.47 51.4 24.0 0.014
PPRO-BSE 340.86 314 26.2 0.006

5.3. Conclusion and Perspectives

Electronic properties of two low band gap polymers based on 3,4-
propylenedioxythiophene and 2,1,3-chalcogenadiazole was calculated using
density functional theory in periodic boundary condiction formalism.
According to theoretical calculation the energy levels are changed by
introducing 2,1,3-benzothiadiazole and 2,1,3-benzoselenadiazole unit to
ProDOT chain without affecting the band gap. The polymers are synthesized
through cost effective palladium acetate catalysed direct arylation reaction in
good yield. The band gap and energy levels of the polymers are determined
using both optical and electrochemical methods, and showed agreement with
the theoretical results. Both the polymers showed photo activity in the linear

heterojunction I1TO/In,Ss/polymer/Ag. The device performance can be
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improved by designing a bulk heterojunction using an acceptor, which have

matching energy levels with the In,S; and polymer.
5.4. Experimental section

The synthetic path towards the ProDOT, 4,7-Dibromo-2,1,3-
benzothiadiazole and 4,7-Dibromo-2,1,3-benzoselenadiazole are depicted

in chapter Il and chapter IV.
5.4.1. Synthesis of PPRO-BTZ

To a solution of ProDOT (0.132 g, 0.347 mmol) in 20 ml of DMF,
tetrabutylammonium bromide (0.112 g, 0.347 mmol), and sodium acetate
(0.188 g, 1.38 mmol) were added. The solution was stirred at room
temperature for 15 min followed by addition of 4,7-dibromo-2,1,3-
benzothiadiazole (0.102 g, 0.347 mmol) and palladium acetate (10 mol%).
The reaction mixture was stirred for 3 days at 90°C and cooled to room
temperature. It was precipitated into methanol (200 mL). The precipitate
was filtered and purified via Soxhlet extraction with methanol and acetone
successively to remove oligomers and catalyst residues. The polymer was
dissolved in toluene and filtered. The filtrate was concentrated by

evaporation, precipitated in methanol (200 mL), and collected as a dark

blue solid.
Yield : 61% (0.11 g)
GPC : Mn=4795, PDI=2.54
Te("C) . 285
UV-Visible Amax (NM) : 604
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'H NMR (400 MHz, CDCl3) § 843 (b, Ar-H of
benzothiadiazole), 4.05-4.16 (b,
~4H of ProDOT), 1.61-1.25 (m,
~28H, aliphatic-H), 0.88 (m, ~6H,
-CH3)

5.4.2. Synthesis of PPRO-BSE

To a solution of ProDOT (0.132 g, 0.347 mmol) in 20 ml of DMF,
tetrabutylammonium bromide (0.112 g, 0.347 mmol), and sodium acetate
(0.188 g, 1.38 mmol) was added. The solution was stirred at room
temperature for 15 min followed by addition of 4,7-dibromo-2,1,3-
benzoselenadiazole (0.118 g, 0.347 mmol) and palladium acetate (10
mol%). The reaction mixture was stirred for 3 days at 90°C and cooled to
room temperature. It was precipitated into methanol (200 mL). The
precipitate was filtered and purified via Soxhlet extraction with methanol
and acetone successively to remove oligomers and catalyst residues. The
polymer was dissolved in toluene and filtered. The filtrate was concentrated

by evaporation, precipitated in methanol (200 mL), and collected as a dark

blue solid.
Yield : 46% (89.2 mq)
GPC : Mn=3805, PDI=2.86
T4 (°C) . 354
UV-Visible Amax (NM) : 607
'HNMR (400 MHz,CDCl;) : & 834 (b, A-H of

benzoselenadiazole), 4.05-4.16 (b, ~4H
of ProDOT), 155129 (m, ~28H,
aliphatic-H), 0.88 (m, ~6H, -CHj)
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SYNTHESIS, CHARACTERIZATION AND PHOTOVOLTAIC
APPLICATIONS OF ProDOT/QUINOXALINE COPOLYMERS
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6.5. References

In  this  chapter, a series of low band gap copolymers of 3,4-
propylenedioxythiophene and quinoxaline were synthesized through direct
arylation reaction using palladium acetate as catalyst. The band structures of the
Jour polymers were calculated by employing density functional theory in the
periodic boundary condition using HSEO06 exchange correlation functional and 6-
31G basis set. The polymers were characterized using 'H NMR, UV-Vis, cyclic
voltammetry and differenetial pulse voltammetry. The four polymers have energy
gap below 2.0 eV and have broad absorption in the visible region. The
electrochemical band gap showed deviation from theoretical and optical gap. This
may be due to the difference in the mechanism of photo excitation and
electrochemical redox processes or may be due to the swelling of the polymers in
solution. The photovoltaic actrvity of the polymers was also tested using the
ITO/In-S:/polymer/Ag heterojunction. The heterojunctions with PPRO-DQX,
PPRO-DDACE, PPRO-DDQ and PPRO-DBDP showed efficiencies of
0.01%, 0.001%, 0.02% and 0.002% respectively.

6.1. Introduction

To achieve high efficiencies in organic polymer based solar cells, the
active layer of polymer solar cells must have good absorption of sunlight. Since
54.3% of the sunlight energy is distributed in the visible region from 380 to 800
nm, an ideal active layer for a polymer solar cell should have a broad and strong
absorption spectrum in this range’. ProDOT is proved to be an excellent donor
unit in dye sensitized” solar cells and bulk hterojunction photovoltaic devices**,
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Quinoxaline has been widely implemented as an electron deficient
comonomer of low-band gap polymers in photovoltaic devices.
Quinoxaline containing segments were shown to be promising acceptors
when combined with fluorene or thiophene forming D-A polymers®’. The
impressive performance of quinoxaline-based polymers has shown its
obvious potential for achieving high performance in photovoltaic devices®®
810 In all the cases, the polymers are synthesized either through Stille or
Suzuki polycondensation reaction, which make the synthesis tedious and
costly. So we have tried to synthesize quinoxaline based polymers through
direct arylation reaction. This process avoids the synthesis of distannane
and diboronate esters, make the synthesis of polymer easier and cost
effective. The theoretical calculation on polymers prior to synthesis gives
more insight to the electronic structure of the polymers.

In this chapter, we discuss the electronic structure, synthesis, optical
and electrochemical properties of four ProDOT/quinoxaline copolymers
and have demonstrated the applicability of the polymers as active layer in
photovoltaic devices. The structure-property relationship in these polymers
are also discussed in detail.

6.2. Results and Discussion
6.2.1.Band structure calculation

The ground state geometries of oligomers were optimized by means
of the hybrid density functional theory (DFT)' at the HSEh1PBE referred
to as HSEO6 in the literature (full Heyd-Scuseria-Ernzerhof functional)***,
level of theory using 6-31G basis set. The harmonic vibrational frequencies
obtained with HSE06/6-31G were used to characterize the stationary points
as local minima. The band structure was calculated using HSE06/6-31G
theory using the unit cell taken from the central portion of the optimized
tetramer. The calculation described in this chapter was done using G09

suite of codes™ on IBM power servers.
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The unit cell for the PBC/6-31G calculation is given in figure 1. The
length of the unit cell is 16 A°. The calculated band structure is shown in
figure 2. It can be seen from the band structure that all the polymers are
direct band gap polymers. The band gap of PPRO-DQX, PPRO-DDACE,
PPRO-DDQ and PPRO-DBDP are 1.93 eV, 1.96 eV, 1.85 eV, and 1.74 eV
respectively. The band gap of the polymer depends on the acceptor strength
of the quinoxaline part. The acceptor strength of the quinoxaline part is in
the order DQX< DDACE< DDQ< DBDP. PPRO-DQX and PPRO-
DDACE show almost the same band gap due to the higher dihedral angle in
PPRO-DDACE than the PPRO-DQX. In PPRO-DQX, the dihedral angle
between the ProDOT and quinoxaline part is 30° while in PPRO-DDACE it
is 48°. So the steric hindrance to attain planarity plays a major role in
determining the band gap of the polymers.
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Figure 1: Unit cell for the PBC/HSE06/6-31G calculation of a.
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Table 1: Band structure data of polymers PPRO-DQX, PPRO-DDACE,
PPRO-DDQ and PPRO-DBDP *

Polymer HOCO(eV) LUCO(eV) Eg(eV)
PPRO-DOX 4.5 -2.57 1.93
PPRO-DDACE -4.51 -2.55 1.96
PPRO-DDQ -4.51 -2.66 1.85
PPRO-DBDP -4.58 -2.84 1.74

#Method PBC/HSE06/6-31G
6.2.2. Synthesis of monomers and polymers

The synthetic path towards DDACE, DDQ and DBDP are depicted
in chapter Ill. The 5,8-dibromoquinoxaline (DQX) was synthesized from
3,6-dibromo-1,2-diaminobenzene and glyoxal in triethylamine/ethanol
solution (scheme 1)*°. The polymers, PPRO-DQX, PPRO-DDACE, PPRO-
DDQ and PPRO-DBDP were synthesized through direct arylation reaction
of ProDOT with DQX, DDACE, DDQ and DBDP respectively using
palladium acetate as catalyst in DMF at 90°C (scheme 2). PPRO-DQX,
PPRO-DDACE, PPRO-DDQ and PPRO-DBDP were obtained in 44%,
57%, 36%, and 39% yield. The monomers and polymers were characterized
using 'H NMR, UV-Visible and fluorescence spectroscopy, cyclic
voltammetry and differential pulse voltammetry. The thermal stability of
the polymers was analysed using thermogravimetric analysis. It was found
that, the polymers were stable up to 330°C by TG/DTA analysis. The
thermal stability of the polymers are adequate enough to fabricate
photovoltaic cells. The number average and weight averge molecular
weights of the polymers were determined using GPC in toluene using
polystyrene as calibration standard. The weight average molecular weight
of the polymers ranged from 4000-16900 Da. The M,, M,, and PDI of
polymers along with their thermal stability are tabulated in table 2. *H
NMR spectrum of the polymers showed broad peak at 6 3.9-4.2 due to —-O-
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CHa- protons except in the case of PPRO-DDQ which showed two peaks in
that region. The singlet in this region confirms the alternating D-A type
geometry of the polymers. In the case of PPRO-DDQ the two peaks may be
due to the different chemical environment of the four —OCH, protons by
the free rotation about the bonds with phenyl groups on the quinoxaline
ring system. In the case of PPRO-DQX, one broad peak at 6 8.92 due to the
aromatic protons of the quinoxaline was observed, which also confirmed
the alternating nature of the polymers. The *H NMR spectra of the
polymers are shown in figure 3.

H,N NH,
Glyoxal
Br Br Br Br

Triethylamine/ethanol

Scheme 1: Synthesis of 5,8-dibromoquinoxaline

\%ﬂf

Pd(OAc)Z/TBAB
Sod acetate
s DMF, 90°C

Br Sod acetate
s DMF, 90°C

\

/

@E]
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O o) Pd(0AQ),/TBAB
/) * Br Br
Sod acetate
S DMF, 90°C

NN Pd(OAC),/TBAB
O 0
+ Br Br Sod.acetate
/\ DMF, 90°C

o)
RS
S
n
N, N
Scheme 2: Synthesis of PPRO-DQX, PPRO-DDACE, PPRO-DDQ and
PPRO-DBDP

Table 2: Polymerization results and thermal stability of polymers

Polymer M.’ M PDI Yield (%) T4 (°C)
PPRO-DOX 5954 16835 2.82 44 338
PPRO-DDACE 3419 4719 1.38 57 332
PPRO-DDQ 3248 3996 1.23 36 346
PPRO-DBDP 5512 8593 1.55 39 364

a. Determined using GPC in toluene using polystyrene as standard
b. Decomposition temperature determined TGA under nitrogen
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Figure 3: 'H NMR spectrum of PPRO-DQX, PPRO-DDACE, PPRO-DDQ
and PPRO-DBDP

6.2.3. Optical properties

The absorption spectrum of the polymers in chloroform solution is
given in figure 4. The absorption maxima of the polymers PPRO-DQX,
PPRO-DDACE, PPRO-DDQ and PPRO-DBDP occur at 525 nm, 538 nm,
567 nm, and 598 nm respectively. In thin film on glass plate, absorption
maxima were red shifted by about 17 nm, 25 nm, 5 nm, and 20 nm
respectively compared to that of polymers in solution. The shift is greater
for PPRO-DDACE and PPRO-DBDP. This may be due to the n-x
interaction between the polymer chains, which induce planarity for the
polymer in solid state. The shift is less for PPRO-DDQ. This may be due to
the puckered orientation of the phenyl rings in the quinoxaline. From this,

we assume that, by linking the two phenyl rings in quinoxaline induces

134



Synthesis, Characterization and Photovoltaic Applications of ProDOT/Quinoxaline Copolymers

ordering of the polymer chain which facilitates the charge transport and
enhances the photovoltaic properties. The onset of absorption was used to
calculate the optical band gap of the polymers. The onset of absorption of
PPRO-DQX, PPRO-DDACE, PPRO-DDQ and PPRO-DBDP occur at 720
nm, 730 nm, 742 nm, and 768 nm which correspond to the band gap of 1.73
eV, 1.70 eV, 1.67 eV and 1.62 eV respectively. The optical band gap of the
polymers are in agreement with the order predicted theoretically using the
acceptor strength of the quinoxaline part. The order of band gap of PPRO-
DQX and PPRO-DDACE deviate from those predicted by the theoretical
calculation. This is because, theoretical calculations were done on infinite
isolated polymer chains in the gas phase, while the optical measurements
are done in condensed phase. Moreover, the conformations and inter
polymer chain interactions of the polymers in the solid state were ignored
in the periodic boundary condition calculation. The nature of the end
groups of the polymers also affect the optical properties of the polymers,

which is also ignored in the theoretical calculation.

The photoluminescence spectra of the polymers are recorded in
chloroform solution using the absorption maximum of each polymer as the
excitation wavelength and is shown in figure 5. The emission maxima of
the polymers occur at 670 nm, 661 nm, 674 nm, and 714 nm respectively.

The optical properties of the polymers are summarized in table 3.
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Figure 4: Absorption spectra of the polymers a. in chloroform solution and
in film on glass plate.
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Figure 5: PL spectra of the polymer in chloroform solution
Table 3: Optical properties of the polymers
Polvmer Absorption Amax(nm) Emission Absorption E,""
g Solution Film Amax (nm) Onset (nm) (eV)
PPRO-DOX 525 543 670 720 1.73
PPRO-DDACE 538 563 661 730 1.70
PPRO-DDQ 567 572 674 742 1.67
PPRO-DBDP 598 618 714 768 1.62
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6.2.4. Electrochemical properties

The electrochemical properties of the polymers were investigated
using cyclic voltammetry on polymer films on a platinum electrode in 0.1
M BusNPFe/acetonitrile solution. The cyclic voltammogram of the
polymers are shown in figure 6. It could be seen that all the polymers
showed one reduction peak and one oxidation peak. The electrochemical
band gap of the polymers are calculated using the formula proposed by
Bredas'®. The band gap of the polymers PPRO-DQX, PPRO-DDACE,
PPRO-DDQ and PPRO-DBDP are 2.09 eV, 2.41 eV, 2.22 eV, and 2.02 eV
respectively. The band gap order does not correlate with neither the
theoretical values nor the optical band gap. The electrochemically
determined values are verified by running the same experiment for several
times to eliminate the experimental defects. But the values are unchanged
for all the measurements. In order to verify this, we have also done the
differential pulse voltammetry on the polymer films on platinum electrode
in 0.1 M BuyNPFg/acetonitrile solution. The DPV measured band gap of
PPRO-DQX, PPRO-DDACE, PPRO-DDQ and PPRODBDP are 1.9 eV,
2.19 eV, 2.18 eV, and 1.66 eV. These values also do not support the
theoretical and optical band gap values. In order to correlate this with the
optical and theoretical values, we need to calculate the excitonic binding
energy and solvation energy of the polymers. The electrochemical

properties of the polymers are summarized in table 4.
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Figure 6: Cyclic voltammograms and differential pulse voltammograms of
PPRO-DQX, PPRO-DDACE, PPRO-DDQ and PPRO-DBDP films
cast on a platinum electrode in Bu,;NPF4/acetonitrile
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Table 4: Electrochemical data of the polymers

Cyclic Voltammetry Differential Pulse Voltammetry
Polymer Ered Eox HOMO | LUMO Eq Ered Eox HOMO | LUMO Eq
(V) (V) (eV) (eV) (eV) (V) (V) (eV) (eV) (eV)
PRO-DOX -1.438 | 0.649 -5.05 -2.96 2.09 -1.271 | 0.627 -5.03 -3.13 1.9
PRO-DDACE -1.558 | 0.845 -5.25 -2.84 2.4 -1.577 | 0.611 -5.01 -2.82 2.19
PRO-DDQ -1.547 | 0.668 -5.07 -2.85 2.22 -1.44 0.741 -5.14 -2.96 2.18
PRO-DBDP -1.276 | 0.743 -5.14 -3.12 2.02 -1.012 | 0.653 -5.05 -3.39 1.66

6.2.5. Photovoltaic devices

The suitability of the polymers as active layer in photovoltaic device
was verified by fabricating a heterojunction device using the polymers and
the semiconductor In,Ss. Figure 9 shows the current density-voltage (J-V)
characteristics of the heterojunctions under illumination and in the dark. As
could be seen, the devices clearly exhibit rectifying behaviour in the dark
which may be due to the barrier formed at the In,Ss/ polymer interface.
Under white light illumination  (50mW/cm?), the  device
ITO/In,Ss/polymer/Ag heterojunction of PPRO-DQX, PPRO-DDACE,
PPRO-DDQ and PPRO-DBDP exhibited efficiencies of 0.01%, 0.001%,
0.02%, 0.002% respectively. The important photovoltaic characteristics of

bilayer heterojunction devices of polymers are summarized in table 5.
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Figure 7: J-V characteristics of ITO/In,Sa/polymer/Ag heterojunctions of
PPRO-DQX, PPRO-DDACE, PPRO-DDQ and PPRO-DBDP

Table 5: J-V characteristics of ITO/In,Ss/polymer/Ag heterojunctions

Polymer Voc (mV) Jsc (zAlem?) Efficiency (%) | Fill Factor (%)
PPRO-DQX 620.76 18.4 0.01 24.10
PPRO-DDACE 110.95 28.9 0.001 22.90
PPRO-DDQ 622.08 42.6 0.02 28.41
PPRO-DBDP 113.25 404 0.002 24.58

6.3. Conclusions and perspectives

In conclusion, we have designed theoretically a series of polymers
containing ProDOT and quinoxaline as core units. The polymers are
synthesized through cost effective direct arylation reaction. Direct arylation
reaction was found to be convenient method for synthesizing the donor-
acceptor polymers. Optical properties were correlated with the theoretical
values. But the electrochemical band gap deviated from both the optical
and theoretical values. This may be due to the difference in the mechanism
of optical and electrochemical processes. In order to correlate the
electrochemical measurement with the others, we have to calculate the
solvation energy and exciton binding energy of the polymers. The
feasibility of the polymers for photovoltaic application was demonstrated
by fabricating a bilayer heterojunction device with a device structure
ITO/In,Ss/polymer/Ag and showed photoactivity under illumination.
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Further improvement in the efficiency of the device can be achieved by
optimizing the device parameters.

6.4. Experimental methods

The synthetic route towards DDACE, DDQ, DBDP, and ProDOT
have been depicted in chapter I11 and chapter IV.

6.4.1. 5,8-Dibromoquinoxaline (DQX)

2,3-Diamino-1,4-dibromobenzene (2.45 g, 0.39 mmol) was dissolved
in ethanol (30 mL). Glyoxal (1.5 mL, 40 wt. % solution in water) and few
drops of dry triethylamine were added. The mixture was stirred at room
temperature overnight. The white crystals that had formed were filtered off and
recrystallized from ethanol to give white solid. Yield :0.76 g (76%).

1
H-NMR (400 MHz, CDCls)  :  §9.01 (s, 2H), 8.00 (s, 2H).
13
C-NMR (100 MHz, CDCl5) : & 146, 141.56, 133.72, 123.97.
M. P. :199°C (literature 203°C)

6.4.2. General procedure for direct arylation reaction

ProDOT, (0.17 mmol), tetrabutylammonium bromide (0.17 mmol),
sodium acetate (0.69 mmol) and DMF (10 mL) were stirred at room
temperature for 15 min. of dibromo derivative of quinoxaline (0.17 mmol) and
palladium acetate (10 mol%) were added. The reaction mixture was stirred at
90°C for 48 h. The reaction mixture was cooled and poured in to cold
methanol. The precipitate was filtered. The polymer was purified by soxhlet
extraction by successively using methanol and acetone as solvent. The
polymer was dissolved in minimum amount of chloroform and precipitated in
methanol. The precipitate was filtered and dried in vacuum for 24 h.

6.4.2.1. Synthesis of PPRO-DQX

ProDOT (0.066 g, 0.17 mmol), DQX (0.050 g, 0.17 mmol),
Palladium acetate (0.0038 g, 0.017 mmol), Sodium acetate (0.094 g, 0.69
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mmol), tetrabutylammonium bromide (0.056 g, 0.17 mmol), DMF (10 mL)
were used. Brown solid.

Yield

Tq (°C)

UV-Visible Amax (chloroform)
IR (cm™)

'H NMR (400 MHz, CDCl5)

GPC

6.4.2.2. Synthesis of PPRO-DDACE

44% (38 mg)

338

525 nm

343556, 2923.56, 2855.1,
1633.41, 1462.74, 1424.17,
1375, 1318.11, 1049.09, 857.20
6 8.94 (b, ~2H of quinoxaline),
8.32 (b, ~2H of quinoxaline),
4.09-3.98 (b, ~4H, -OCH; of
ProDOT), 1.7-1.22 (m, ~28H,
aliphatic-H), 0.82 (b, ~6H, -
CHs)

M, =5954, PDI= 2.82

ProDOT (0.066 g, 0.17 mmol), DDACE (0.071 g, 0.17 mmol),
Palladium acetate (0.0038 g, 0.017 mmol), Sodium acetate (0.094 g, 0.69
mmol), tetrabutylammonium bromide (0.056 g, 0.17 mmol), DMF (10 mL)
were used: Brown solid

Yield

T4 (°C)

UV-Visible Anax (chloroform) :
IR

'HNMR (400 MHz, CDCls)

56.8% (60.8 mQ)
332
538 nm

3434, 292259, 2850, 1635.34,
1566.88, 1464.67, 1419.35, 1373,
1300.75, 1083.8, 1032.69, 775.24

8.91- 7.6 (m, ~8H of quinoxaline
part), 4.2 (bs, ~4H, -OCH,- of
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ProDOT), 1.8-0.9 (m, ~28H,
aliphatic-H), 0.88 (b, ~6H, -CHj3)

GPC : M;=3419, PDI=1.38
6.4.2.3. Synthesis of PPRO-DDQ

ProDOT (0.066 g, 0.17 mmol), DDQ (0.075 g, 0.17 mmol),
Palladium acetate (0.0038 g, 0.03 mmol), Sodium acetate (0.094 g, 0.69
mmol), tetrabutylammonium bromide (0.056 g, 0.17mmol), DMF (10 mL)
were used. Violet solid

Yield : 36% (40.4 mg)

T4 (°C) : 346

UV-Visible Amax (chloroform) : 567 nm

IR (cm™) : 3436.53, 2923.56, 2852.2, 1605.45,

1566.88, 1416.46, 1382.71, 1331.61,
1228.43, 1057.76, 1026.91, 782.95,
760.78, 696.18

'HNMR (400 MHz, CDCl;) : 6 7.88-7.2 (m, ~12H of quinoxaline
part), 3.99-3.87 (m, ~4H, -OCH,-),
2.17-1.09 (m, ~28H, aliphatic-H),
0.84 (m, 6H, -CHj3)

3C NMR (100 MHz, CDCl3) : 130.12, 128.22, 77.29, 77.04, 76.78,
31.84,29.31, 22.68, 14.16

GPC : M,=3248, PDI=1.23

6.4.2.4. Synthesis of PPRO-DBDP

ProDOT (0.066 g, 0.17 mmol), DBDP (0.074 g, 0.17 mmol),
Palladium acetate (0.0038 g, 0.03 mmol), Sodium acetate (0.094 g, 0.69
mmol), tetrabutylammonium bromide (0.056 g, 0.17 mmol), DMF (10 mL)
were used. Blue solid

Yield . 38.9% (43.6 mg)
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T4 (°C) : 364

UV-Visible Amax (chloroform) : 598 nm

'HNMR (400 MHz, CDCl3) : 6 9.48-7.52 (m, ~10H of quinoxaline
part), 4.3 (bs, ~4H, -OCH,- of
ProDOT), 1.8- 1.25 (m, ~28H,
aliphatic-H), 0.9 (b, ~6H, -CHa)

GPC . Mp=5512, PDI=1.55
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SYNTHESIS, CHARACTERIZATION AND PHOTOVOLTAIC
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Two novel 3.4-propylenedioxythiophene/1-alkyl-1,2,4~triazole copolymers with
decyl and ethylhexyl side chains were synthesized through direct arylation reaction.
The band strcture of the polymers were calculated using density functional theory.
The HOCO, LUCO and band gap were calculated to be -4.95 eV, -2.65 eV and
2.3 eV respectrvely. The frontier energy levels and energy gap were experimentally
determined using cyclic voltammetery, differenetial pulse voltammtery and optical
measurement. The theoretically calculated values were in reasonable agreement
with experimental results. A photovoltaic device with a device structure
ITO/In:S:/Polymer/Ag was fabricated which showed efficiencies of 0.06% and
0.08% for PPRO-TD2 and PPRO-TEH2 respectively.

7.1. Introduction

1,2,4-triazole has been used as electron transporting and hole
blocking layer in organic LEDs", due to the electron accepting ability of
the electron withdrawing imine -C=N- group in the unit®. Charge transfer
type alternating conjugated polymers bearing thiophene and 4-alkyl-1,2,4-
triazole was synthesized through Stille coupling reaction and its n-stacked

structure in solid state was studied®.
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1-alkyl-1,2,4-triazole/ProDoT copolymers have short conjugated
system than the 4-alkyl-1,2,4-triazole/ProDOT copolymer. For example, in
figure 1, PRO-1TZ carries only 6-n conjugated electrons, while PRO-4TZ
carries 8- conjugated electrons. The w-conjugated system is broken by two
consecutive single bonds (b-c and c-e bond). The main feature of these
types of cross conjugated systems is that they are able to expand their -
electron system®. The extent of expansion is smaller than the fully
conjugated system. The polymeric systems containing 1,2,4-triazole which
has cross-conjugated n-framework is a subject of recent interest because of
the small expansion of w-conjugation and electron withdrawing nature of
the 1-alkyl-1,2,4-triazole unit>. So 1-alkyl-1,2,4-triazole unit can be used as
a building block in tuning the electronic and optical properties of the m-

conjugated polymers, to make them suitable for special purposes.

Sb/ﬂ QNﬂlkl S
OS/O | R OSXO
R R R R

PRO-1TZ PRO-4TZ

Figure 1: Monomeric unit of ProDOT/1-alkyl-1,2 4-triazole and ProDOT/4-
alkyl-1,2,4-triazole

This chapter deals with electronic property calculation, synthesis,
characterization and photovoltaic properties of two new copolymers with
cross  conjugated  structure,  poly(dioctyl ProDOT/1-decyl-1,2,4-
triazole)(PPRO-TD2) and poly(dioctyl ProDOT/1-ethyl hexyl-1,2,4-
triazole) (PPRO-TEH2).
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7.2. Results and Discussion
7.2.1. Theoretical studies

The ground state geometries of oligomers were optimized by means
of the hybrid density functional theory (DFT)® at the HSEh1PBE (referred
to as HSEO6 in the literature) (Heyd-Scuseria-Ernzerhof functional)’®, level
of theory using 6-31G basis set. The harmonic vibrational frequencies
obtained with HSE06/6-31G were used to characterize the stationary points
as local minima. The band structure was calculated using HSE06/6-31G
theory using the unit cell taken from the central portion of the optimized

tetramer. All the calculations were done using G09 software®.

The optimized repeating unit for the periodic boundary calculation is
given in figure 2. The long alkyl chain is replaced by methyl group to save
the computational time. For both the polymers, length of the translational
vector is ~13.98 A°. It can be seen from figure 3 that, lowest band gap
occur at I' point (k=0), suggesting that both the polymers are direct band
gap polymers. The HOCO occurs at -4.95 eV and LUCO occurs at -2.65 eV
and we get a band gap of 2.3 eV. On comparing the band structure with
poly(ProDOT), we can see that HOCO was decreased by a factor of 1.16
eV and LUCO was decreased by 0.6 eV. So 1-alkyl triazole is an effective
candidate for lowering the HOMO and LUMO level of conjugated
polymer, to make them suitable material for the fabrication of the
photovoltaic devices. The band structure calculation data of poly(ProDOT)
and poly(ProDOT/1-alkyl-1,2,4-triazole) are summarized in table 1. Based
on this encouraging theoretical observation, the copolymers PPRO-TD2
and PPRO-TEH2 with decyl and 2-ethylhexyl side chain were synthesized

through direct arylation reaction.
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Figure 2: Unit cell for the HSEO06 band structure calculation
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0.0 0.5
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Figure 3: Band structure of ProDOT/1-alkyl-1,2,4-triazole copolymer

Table 1: Band structure data of ProDOT/1-alkyl-1,2,4-triazole copolymer?

Polymer HOCO(eV) LUCO(eV) Eg(eV)
Poly(ProDOT) -3.79 -2.03 1.76
Poly(ProDOT/1-alkyl triazole) -4.95 -2.65 2.3

a. Calculated using PBC/HSE06/6-31G and PBC/B3LYP/6-31G method

7.2.2. Synthesis and characterization of monomers and polymers

7.2.2.1. Synthesis of Monomers

The synthetic routes towards ProDOT is depicted in chapter V. The
synthetic path towards the two 1-alkyl-3,5-dibromotriazole (TD2 and
TEH2) is depicted in scheme 1. 1H-3,5-dibromotriazole was synthesized by

bromination of 1H-1,2,4-triazole. This was alkylated with 1-bromodecane

150
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and 1-bromo-2-ethylhexyl bromide to get TD2 and TEH2 in 82% and 77%
yield respectively. There is no tautomeric migration of alkyl group from 1-
position to 4-position as seen in 1H-1,2,4-triazole and 4H-1,2,4-triazole.
This is confirmed by *H and **C NMR spectra of TD2 and TEH2 (figure 4
and figure 5). *C NMR spectra of TD2 and TEH2 show two distinct
aromatic peaks at 129 and 140, while the 4-alkyl isomer shows only one

peak above 130 ppm.

HN=N Bry HN-N
4\N) Br/<\ N)\ Br
HN—N 1-bromooctane N—N
. \
Br/Q\N»\ Br Br/L\N)\ Br
HN—N 2-ethylhexylbromide

\ S —— N—N
Br/k\N)\Br Br/Q\N»\Br

Scheme 1: Synthesis of monomers TD2 and TEH2
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Figure 4: "H NMR spectra of TEH2 and TD2

160 350 140 130 0 110 06 S0 B¢ 70 67 50 4D 30

Figure 5: *C NMR spectra of TEH2 and TD2

|
it e

7.2.2.2. Polymer synthesis

The polymers PPRO-TD2 and PPRO-TEH2 were synthesized by the
reaction of 1-alkyl-3,5-dibromotriazole and dioctyl (3,4-
propylenedioxythiophene) [ProDOT] based on direct arylation reaction
using palladium acetate as catalyst (scheme 2). Both the polymers were
soluble in common organic solvents such as chloroform, chlorobenzene,
toluene, THF etc. Table 2 summarizes the polymerization results including
molecular weight, PDI, and thermal stability of the copolymers. The low
yield of the polymers may be due to the steric hindrance caused by the
alkyl chain in the triazole unit. The polymers have weight average
molecular weight of 8059 and 10434 with narrow polydispersity. The
polymers are characterized using *H NMR, cyclic voltammetry, differential
pulse voltammetry, XRD, UV-Visible spectroscopy, TGA etc. The *H
NMR spectra of the polymers are shown in the figure 6. As shown in the
figure, the signals corresponding to the end group are absent in the spectra
of the polymers due to moderately good molecular weight of the polymer.

152
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The non regularity of the polymers was confirmed by analyzing the signals
in the region & 4-4.3. The polymers showed multiplet in this region due—O-
CH,- protons. If the polymer is regioreguler we get only two peaks. The
peak corresponding to the —NCH,- protons appeared as triplet in the region
6 3.9. The thermal properties of the copolymers were determined by TGA
measurements. The copolymers showed good thermal stability, with onset
decomposition temperature (Tq4, 5% weight loss) of 330°C under nitrogen
(table 2).

\\\\\\\Fﬁ//// Pd( OAc)2 TBAB

N
N—N
N Sod acetate, DMF ‘% A/
N Br

S Br~ SN 90°C N~-N

\\\\\\\?ﬁ/////// Pd(OAc), TBAB

l O O
N-N /\
\ Sod.acetate, DMF %NA,

90°C N~N

PPRO-TD2

PPRO-TEH

Scheme 2: Synthesis of polymers, PPRO-TD2 and PPRO-TEH2
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Table 2: Polymerization results and thermal stability of polymers

Polymer M Muw PDI Yield (%) | Ta(°C)
PPRO-TD2 5992 8059 1.34 21 334
PPRO-TEH2 6379 10434 1.63 27 339

Figure 6: "H NMR spectra of PPRO-TD2 and PPRO-TEH?2
7.2.3. Optical Properties

The electronic absorption spectra of the polymers in chloroform
solution and as thin film on glass substrate are shown in figure 7. The
absorption maxima of PPRO-TD2 and PPRO-TEH2 in dilute chloroform
solution occur at 529 nm and 536 nm which are slightly red shifted in solid
film to 543 nm and 550 nm respectively. This is expected to be due to
slight increase in coplanarity of the polymer and occurrence of
intermolecular electronic interactions between the polymer molecules in the
thin fims. The strong absorption of the polymers was explained using the
density functional theory calculation on model compound PRO-1TZ
without alkyl chain. The frontier energy levels of the model compound is
shown in figure 8. The HOMO and LUMO wave function of the model
compound is delocalized over both the ProDOT and 1,2,4-triazole which is
in contrast to donor-acceptor polymers described in chapters Il and chapter

I11. This would favor HOMO-LUMO overlap and enhanced absorption for
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the lowest optical transition. The solid state absorption spectrum of both the
polymers showed a shoulder at 578 nm, and 588 nm respectively. The
appearance of the new peak suggests formation of a n-stacked structure in
the solid state. This type of shoulder peaks are shown by donor-acceptor

polymers like benzotriazole/aryleneethylene copolymers®®.

——PPRO-TD2
—— PPRO-TEH2

PPRO-TD2
----- PPRO-TEH2

=

Abs (a.u)

0.5+

0.0

T T T
800 700 800

Wavelength{nm)

T
500
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Figure 7: Absorption spectra of PPRO-TD2 and PPRO-TEH2. a. in chloroform
solutionand b. as thin film on glass plate

LUMO

HOMO

Figure 8: Frontier energy levels of PRO-1TZ

The n-stacking property of the polymers can be studied by observing
solvent induced aggregation of polymers in solvent/non-solvent system. It

IS an attractive approach for the studies, since the isolation or aggregation
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of polymer chains can be easily controlled by choosing the appropriate
combination of a good solvent and a non-solvent. In a good solvent, the
polymer chains exist as isolated chains, and addition of a poor solvent
forces the polymer chains to enter in to an aggregate stage, which is similar
to that in the film. The solvent induced aggregation studies were carried out
in THF (good solvent) and methanol (poor solvent). The addition of
methanol to polymer in THF has affected the absorption maxima of the
polymer (figure 9). The colour of the polymer changes from red to violet
with the addition of methanol. The transition point was noted at 30-40%
methanol in THF. The absorption maximum of the polymers has shifted by
16 nm and a shoulder peak was observed at 580 nm and 587 nm for PPRO-
TD2 and PPRO-TEHZ2, which were also found in polymers in thin film

form.

PPRO-TD2 PPRO-TEH2

—— 0% Methanol
—— 10% Methanol
—— 20% Methanol
—— 30% Methanol

40% Methanol
—— 50% Methanol
—— 60% Methanol

——0% Methanol 1.0+
—— 10% Methanol
—— 20% Methanol

—— 30% Methanol
——40% Methanol
—— 50% Methanol
—— 60% Methanol
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0.5

Abs (a.u)

T T T ¥ f 00— T T S
400 500 600 700 800 900 400 500 600 700 800 900

Wavelength(nm) Wavelength(nm)

0.0

Figure 9: Absorption spectra of the polymers in THF/MeOH solvent
mixture

Figure 10 shows the PL emission spectrum of PPRO-TD2 and
PPRO-TEH2 in chloroform. The maximum PL of PPRO-TD2 and PPRO-
TEH2 appear at 594 nm and 598 nm. The wavelength corresponding to the
absorption maximum is used as the excitation wavelength. All the optical

properties of the polymers are summarized in table 3.
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Figure 10: PL spectra of PPRO-TD2 and PPRO-TEH2

Table 2: Optical properties of PPRO-TD2 and PPRO-TEH2

Absorption Absorption .. Abs. onset
Emission Ey
Polymer Amax (nm) Amax (nm) hone (1) (nm) (V)
(Solution) (film) i (film)
PPRO-TD2 529 543 b94 625 1.99
PPRO-TEH2 536 5h0 h98 631 1.96

7.2.4. Electrochemical properties

The cyclic voltammogram of PPRO-TD2 and PPRO-TEH2 recorded
using Pt electrode in acetonitrile solution of 0.1M Bu4NPFg is shown in
figure 11. Both the polymers show one oxidation and reduction process.
The oxidation peaks of PPRO-TD2 and PPRO-TEH2 occur at 0.376 V and
0.344 V respectively and reduction peaks occur at -1.96 V and -1.87 V
respectively. The HOMO level of the PPRO-TD2 and PPRO-TEH2
calculated using the formula, HOMO=-(4.4+E°™*,,) eV, are -4.78e V and

-4.74 eV, while LUMO are -2.44 eV and -2.53 eV respectively. The band
gaps of PPRO-TD2 and PPRO-TEH2 are calculated to be 2.34 eV and 2.21

eV respectively.
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Figure 11: The cyclic voltammogram of PPRO-TD2 and PPRO-TEH2 thin
films using Pt electrode in acetonitrile solution of 0.1M
BusNPFs supporting electrolyte.

In order to improve the accuracy of measuring the electrochemical
band gap, differential pulse voltammetry (DPV) was performed (figure 12).
Due to the increased sensitivity of DPV, the onset of the redox processes
are sharper and allow for a more accurate determination. The onset of
oxidation and reduction for PPRO-TD2 are at 0.311 V and -1.89 V,
respectively. This leads to an electrochemical band gap of 2.2 eV. Similarly
for PPRO-TEH2, the onset of oxidation, onset of reduction and band gap
are estimated to be 0.309 V, -1.86 V and 2.16 eV respectively. The
experimentally determined values are in good agreement with values
obtained by PBC/HSE06/6-31G method. The electrochemical band gap is
higher than the optical band gap. This is a common feature of the
conjugated polymers and may be related to structural difference in the thin
film due to swelling by the solvent, or due to the exciton binding energy for

conjugated polymers **2,
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Figure 12: Differential pulse voltammogram (step time of 0.1 s) of drop
cast film of PPRO-TD2 and PPRO-TEH2, on a platinum disk
electrode in 0.1 M BusNPFg supporting electrolyte

Table 3: Electrochemical data of PPRO-TD2 and PPRO-TEH2?

Cyclic voltammetry (CV) Differential pulse voltammetry (DPV)
Polymer Eox Ered HOMO | LUMO E Eox Ee | HOMO | LUMO | E
v) v (eV) (eV) (eV) V) v (eV) ev) | (eV)
PPRO-TD2 0.376 | -1.96 | -4.78 244 | 234 | 0311 | -1.89 | 471 -2.51 2.2
PPRO-TEH2 | 0.344 | -1.87 | -4.74 253 | 221 | 0309 | -1.86 | -4.70 254 | 216

a. Inacetonitrile with 0.1M BusNPF¢supporting electrolyte scanned at 100 mV/s for
CV and step time of 0.1 s for DPV

7.2.5. X-ray diffraction data

The XRD patterns of the two polymers in thin film form are shown
in figure 13. Even though the XRD peaks of PPRO-TD2 and PPRO-TEH2
are broad, the XRD data suggest that some portions of the polymers have
ordered n-stacked structure in the solid state to give a distinct peak at d=3.3
A°. This peak was assigned to be the face-to-face packing distance between
the stacked polymers. The schematic representation of the stacked structure
of the polymer is shown in figure 14. The small peak observed in the low
angle region (d=14.5) is assigned to be due to the distance between the
conjugated main chains separated by the alkyl side chains. The shoulder
peak at about 6.2 A’ is assigned to a side-to-side distance between loosely
packed alkyl chains®.
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Figure 13: X-ray diffraction pattern of PPRO-TD2 and PPRO-TEH2

Figure 14: Schematic representation of n-stacked structure of the polymers
7.2.6. Photovoltaic device characteristics

The suitability of the polymer for active layer in photovoltaic device
was verified by fabricating a heterojunction device using both the polymers
and the semiconductor In,S;. Figure 15 shows the current density-voltage
(J-V) characteristics of the heterojunctions under illumination and in the
dark. As could be seen, both the devices exhibited rectifying behaviour in

the dark which might be due to the barrier formed at the In,Ss/ polymer
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interface. Under white light illumination (50 mW/cm?), the device
ITO/In,S;/PPRO-TD2/Ag heterojunction exhibited a short circuit current
density (Js) of 249 pA/cm? and an open circuit voltage (Voc) of 424.83 mV.
For the device ITO/In,Ss/PPRO-TEH2/Ag, J: is 312 pA/cm? and 432.88
mV. The fill factor (FF) and efficiency were calculated to be 28.14% and
28.29% and 0.06% and 0.08% respectively for PPRO-TD2 and PPRO-
TEH2. Photovoltaic characteristics of bilayer heterojunction devices of
PPRO-TD2 and PPRO-TEH2 are summarized in table 4.
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Figure 15: J-V curve of ITO/In,Ss/polymer/Ag heterojunction
Table 4: J-V characteristics of ITO/In,Sz/polymer/Ag heterojunction

Polymer Ve (mV) Jse (LAJem?) Efficiency (%) Fill factor (%)
PPRO-TD2 424.83 249 0.06 28.14
PPRO-TEH2 432.88 312 0.08 28.29

7.3. Conclusion and perspectives

In conclusion, incorporation of 1-alkyl-1,2,4-triazole unit to the
poly(ProDQOT) chain effectively reduces both the HOMO and LUMO levels
of the polymer, which make them suitable for photovoltaic devices. This
may be due to the partial expansion of the n-electrons in the n-conjugated
system. This conclusion was supported by calculation using density

functional theory on the model compound and polymers. The polymers are
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synthesized through efficient direct arylation reaction using palladium
acetate as catalyst. The polymers showed =n-stacked structure in the solid
state which may effectively increase the efficiency of the photovoltaic
device. This was revealed by fabricating a bilayer heterojunaction device
with device structure of ITO/In,Ss/polymer/Ag.

7.4. Experimental section

The synthetic route towards the ProDOT was depicted in chapter V.
7.4.1. Synthesis of 3,5-dibromo-1H-1,2,4-triazole

A mixture of 1,2,4-triazole (13.8g, 0.2 mol ), distilled water (60 mL)
and chloroform (25 mL) in a flask was stirred in an ice bath. Bromine (33.6
g, 0.21 mol) and an aqueous solution of NaOH (14 g, 0.35 mol) were
simultaneously added slowly and the mixture was stirred overnight at room
temperature. It was acidified with Conc HCI to obtain a white precipitate.
The precipitate was separated by filtration, washed with water and dried

under vacuum to give a white solid.
M. P: 208°C (literature 210°C)

7.4.2. Synthesis of 3,5-dibromo-1-(2-ethylhexyl)-1H-1,2 4-triazole
(TEH2)

To a stirred mixture of 3,5-dibromotriazole (1.13 g, 5 mmol) and
K,CO3 (1.11 g, 8 mmol) in DMF (40 mL), was added slowly 2-ethylhexyl
bromide (5.5 mmol) at 10°C. The mixture was stirred for 24 h at 70°C and
cooled to room temperature and poured to a large amount of water. The
product was extracted with chloroform, washed with water and dried over
anhydrous sodium sulphate. After filtration and evaporation, the product

was dried under vacuum to give an yellow oil.
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Yield © 1.3g(77%)

'H NMR (400MHz, CDCl3) : & 3.93 (d, J=7.2 Hz, 2H, -NCH,-), 1.9
(m, 1H, >CH-), 1.18-1.28 (m, 8H,
aliphatic-H), 0.85-0.79 (m, 6H, -CHz)

3C NMR (100MHz, CDCl5) :  §10.4, 13.9, 22.8, 23.5, 28.3, 30.1,
39.5, 130, 140.

7.4.3. Synthesis of 3,5-dibromo-1-decyl-1H-1,2,4-triazole (TD2)

To a stirred mixture of 3,5-dibromotriazole (1.13 g, 5 mmol) and
K,CO; (1.11 g, 8 mmol) in DMF (40 mL), was added slowly 1-
bromodecane (1.22 g, 5.5 mmol) at 10°C. The mixture was stirred for 24 h
at 70°C and cooled to room temperature and poured in to large amount of
water. The product was extracted with chloroform, washed with water and
dried over anhydrous sodium sulphate. After filtration and evaporation, the
product was dried under vacuum to give light yellow oil.

Yield . 159 (82%)

'H NMR (400MHz, CDCls) ;8 4.03 (t, J=8 Hz, 2H, -NCHy-),
1.78 (m, 2H), 1.24-1.1 (m, 14H,
aliphatic-H), 0.8 (t, J=6.4 Hz, 3H, -
CHgy)

BC NMR (100MHz, CDCls) & 14.1, 22.6, 26.2, 28.9, 29.2, 29.3,
29.4, 31.8, 129, 140.

7.4.4. General procedure for the synthesis of copolymers

To a stirred solution of dioctyl ProDOT (0.17 mmol) in 10 mL DMF
was added tetrabutylammonium bromide (0.17 mmol) and sodium acetate
(0.68 mmol). The reaction mixture was stirred at room temperature for 15
min followed by addition of 3,5-dibromo-1-alkyl-1H-1,2,4-triazole (0.17

mmol) and 10% palladium acetate. The reaction mixture was stirred at

163



Chapter -7

90°C for 48 h. The reaction was cooled to room temperature and poured in
to methanol. The precipitate was filtered and washed with methanol. The
polymer was purified by soxhlet extraction using acetone and methanol for
24 h. The residue was dissolved in minimum amount of toluene and

precipitated using methanol and dried under vacuum.
7.4.4.1. Synthesis of copolymer (PPRO-TD2)

ProDOT (0.066 g, 0.17 mmol), TD2 (0.63 g, 0.17 mmol), sodium
acetate (0.93 g, 0.68 mmol), TBAB (0.56 g, 0.17 mmol), Pd(OAc), (0.0038
g, 0.017 mmol), and DMF (10 mL) were used.

Yield ;21 mg (21%)
Td - 334°%C
'H NMR (400MHz, CDCl;) : & 4.22-415 (m, -OCH,- of

ProDOT), 3.9 (t, ~2H, -NCH-),
2.17 (m, ~2H, -CH>-), 1.6-0.95 (m,
~42H, aliphatic-H), 0.87-0.84 (m,

~9H, -CHj3)
UV-Visible Amax (nm) © 529 nm
GPC : Mn=5992, PDI=1.34

7.4.4.2. Synthesis of copolymer (PPRO-TEH?2)

ProDOT (0.066 g, 0.17 mmol), TEH2 (0.058 g, 0.17 mmol), sodium
acetate (0.93 g, 0.68 mmol), TBAB (0.56 g, 1.74 mmol), Pd(OAc), (0.0038
g, 0.017 mmol), and DMF (10 mL) were used.

Yield : 26 mg (27%)

Td - 339°C
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'H NMR (400MHz, CDCl;) 8 4.15-4.19 (m, -OCH,- of

ProDOT), 3.9 (bs, ~2H, -NCH,-),

2.17 (m, ~1H, >CH-), 1.9-0.96 (m,
~36H, aliphatic-H), 0.87-0.83 (m,

~12H, -CHs)

UV-Visible Amax (nm) : 536 nNm

GPC

Mn=6379, PDI=1.63
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DESIGN AND SYNTHESIS OF CONJUGATED POLYMERS FOR
THE VAPOUR PHASE DETECTION OF NITROAROMATICS
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In this chapter, we have investigated the optical and electrochemical
properties of MEH PPV, MEH PPV with six (6PC) and ten carbon
(10PC) alkyl spacer, and use of the polymers for probing the presence of
nitroaromatics. Synthests of crosslinked MEH PPV was carried out by
Gtlch polymerization route using potassium t-butoxide as base in dry THF
at room temperature. The percentage of crosslinker was adjusted so as to get
soluble and processable polymer. It was found that, more than 1 mol% of
crosslinker resulted in an insoluble polymer/polymer gel. Amplified
Sluorescence quenching of MIEEH PPV and crosslinked MEH PPV was
demonstrated using nitrobenzene, 4-nitrotoluene and 2,4-dinitrotoluene as
analytes. The quenching efficiency of each analyte was correlated with
vapour pressures. The ten carbon spacer MEH PPV showed greater
sensitivity towards the analytes, which may be due to the high porosity when
compared to MEH PPV and 6PC. The 6PC and 10PC showed recycled
sensitivity towards all the analytes. The effect of interfering compounds
were also studied.

8.1.Introduction

The poly (2-methoxy-5-ethyl hexyloxy)-1,4-phenylenevinylene (MEH-
PPV) has attained wide interest because of its applications in optoelectronic

devices such as light emitting diodes', photovoltaic cells**, chemosensors® etc.
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MEH PPV exhibits high solubility in common organic solvents due to the
presence of branched alkoxy chain. The application of MEH PPV in optical and
optoelectronic devices is limited due to its easy photo bleaching property. In the
solid state, the conjugated polymer forms weakly emissive aggregates by
aromatic -7t interaction. The control of & stack induced molecular aggregation
in the polymer chain is the major task in the development of highly emissive
conjugated polymers for fluorescence based chemaosensors. Attempts have been

made to control m-stacking in PPV derivatives by attaching cyclohexyl®®,

adamantane’, cholestanyl rings®, phenyl™, biphenyl?, naphthyl™ and
tricyclodecane™ to the polymer backbone. In this work, we have tried to control
the n-stacking interaction of MEH PPV and make it photostable, by covalently
separating the polymer chains by alkyl spacers of different lengths. We also
hope that, crosslinking creates free volume inside the polymer matrix to
accommodate the analyte to get better sensitivity towards nitroaromatics.
Crosslinking the polymer chains is a well known method for producing porous

polymers®>1°.

The detection of chemical explosives is crucial for military and
civilian safety. It is estimated that 80% of the landmines contain TNT or
mixture of explosives containing TNT. TNT for the explosives are
manufactured by the nitration of toluene. During this process, some
impurities like 2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene etc will
also be formed along with 2,4,6 -trinitrotoluene (TNT). Most of these
fingerprinting compounds have higher vapour pressure than TNT and have
room-temperature vapor pressure about 20 times that of the latter. It is
found that, 2,4-DNT and 1,3-dinitrobenzene are the mostly detected
chemical species over plastic coated TNT based landmines*” ™. So we can

use this chemical signature for the detection of explosives with low vapour
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pressure. Therefore, the detection of nitroaromatic explosives is often
achieved by detection of DNT.

Fluorescent conjugated polymers as sensory material are promising
because of the extremely high signal amplification due to the conjugation
cooperativity?> . The observed amplification is due to the ability of the
delocalized electronic structure of the conjugated polymers to facilitate
efficient charge migration over large distance. The fluorescence quenching
is due to energy migration along the polymer backbone to the receptor sites.
In conjugated polymers signal amplification is due to the fact that the
polymer chains need only a few occupied receptor sites to effect complete
quenching. For monomeric indicators, all the receptor sites must be

occupied to effect complete quenching.

The materials for chemosensory application need to satisfy some
criteria like high photostability and thermal stability, ability to amplify the
transduction event etc. The fluorescence quantum yield of thin films of
conjugated polymers is decreased due to molecular aggregation induced by
n-stacking. Another problem in the development of polymer based sensors
is that, dense polymer films can prevent the rapid diffusion of analytes
through the material. Swager’s group at MIT has reported rigid three
dimensional pentiptycene carrying polymers, to prevent the n-stacking®.

In this chapter, we have investigated the synthesis and
characterization of MEH PPV with six (6PC) and ten carbon (10PC) alkyl
spacer, and use of these polymers for detecting nitroaromatiocs using
nitrobenzene (NB), 4-nitrotoluene (NT) and 2,4-dinitrotoluene (DNT) as
analytes. The photo stability and recycled usability of the polymers are

studied in detail.
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8.2.Results and Discussion

8.2.1. Monomer synthesis

The synthesis of monomers is outlined in Scheme 1. 14-
bis(chloromethyl)-2-methoxy-5-(2'-ethylhexyloxy)benzene was synthesized
by a two step procedure. It involves alkylation of 4-methoxy phenol with 2-
ethyl hexyl bromide, followed by chloromethylation with formaldehyde
and dry HCI gas.

OH o] O

2-ethylhexyl bromide Dioxane, HCHO cl
o cl
KOH, Ethanol HCI

OCH; OCH, OCH;

Scheme 1: Synthesis of 1,4- bis(chloromethyl)-2-methoxy-5-(2'-ethyl
hexyloxy)benzene

Synthesis of the crosslinker was carried out by a four step synthetic
procedure. In the first step, monoalkylation of hydroquinone was attained
by KOH in ethanol at 70°C. It was purified by column chromatography
using DCM/hexane mixture (1:3 v/v) (scheme 2). Two mono alkylated
hydroquinones were coupled by 1,10-dibromodecane in DMF at 80°C using
K2COg3 as base. It was purified by recrystallisation from hexane/methanol
mixture (1:2 v/v). It was chloromethylated with formaldehyde/HCI to
obtain the crosslinker with ten carbon spacer. It was purified by
recrystallisation from hexane (scheme 4). We have also synthesized six
carbon spacer crosslinker by the same method (scheme 3). All the
compounds were characterized by IR, *H NMR, *C NMR etc. The 'H
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NMR and **C NMR spectra of the compounds are shown in figures 1, 2, 3
and 4.

OH

+ 5_/_/ KOH/Ethanol o)
o @

HO

OH

Scheme 2: Synthesis of 4-(2-ethyl hexyloxy)phenol (C1)

s oé {%;

Q Dibromodecane H CHO/HCI
HO KZCO3/DMF Dloxane
O
CI
r/_§ O r/flf ’
10C2 10C3

Scheme 3: Synthesis of crosslinker with ten carbon spacer

{ > >
Cl
; O O
C} Dibromohexane 0 HCHO/HCI 0
HO K2003/DMF /// Dioxane J/////
o) O
Cl
O o
5 el
6C2 6C3

Scheme 4: Synthesis of crosslinker with six carbon spacer
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Figure 4: *H NMR and **C NMR spectra of 10C3
8.2.2. Polymer synthesis

Synthesis of crosslinked MEH PPV and MEH PPV are shown in
scheme 5 and scheme 6. Two crosslinked MEH PPVs 6PC and 10PC were
synthesized through copolymerisation of 1,4-bis(chloromethyl)-2-methoxy-
5-(2'-ethyl hexyloxy)benzene and respective crosslinkers 6C3 and 10C3 by
Gilch polymerization route using potassium t-butoxide as base in dry THF
at room temperature. The percentage of crosslinker was adjusted to get the
processable polymer. It was found that more than 1 mol% of crosslinker
resulted in an insoluble polymer/polymer gel. A non crosslinked MEH PPV
was also synthesized by using the same method (scheme 6). Polymers were
characterized by IR, *H NMR, UV-Visible spectroscopy and fluorescence
spectroscopy. The structural characterization of the crosslinked MEH PPV
by 'H NMR is ambiguous due to the difficulty in the identification of
protons corresponding to the crosslinker to quantify the composition of the
copolymer. The *H NMR spectra of the polymers are shown in figure 5.
The number and weight-average molecular weights (M, and M,) and
polydispersities of the polymers are summarized in table 1. The molecular
weight of the crosslinked MEH PPVs and MEH PPV are higher than the
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reported values®*?®, which confirmed that the experimental procedure

adopted for the synthesis is adequate enough to produce high molecular

O/I/H/ . CIH3CO>:< ' t BuOK/THF (rH
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Scheme 5: Synthesis of crosslinked MEH PPV with six and ten carbon
spacers
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cl t+-BUOK/THF

cl
H;CO

MEH PPV

Scheme 6: Synthesis of MEH PPV

Table 1: Polymerization results and thermal stability of polymers

Polymer

Yield (%) M.’ M.* PDI Ta(°C)
MEH PPV 45 251917 435652 1.73 395°C
6PC 41 427633 649176 1.52 396°C
10PC 37 223115 484662 2.17 395°C

a. Determined using GPC in THF using polystyrene as standard for calibration
b. Decomposition temperature determined using TG under nitrogen.

PC

W " ¥
W12 om w8 . * & s 4 3 2 1 pom ¥ L ¥ ' . ]

Figure 5: 'H NMR spectra of 6PC and 10PC
8.2.3. Optical and electrochemical properties of the polymers

Absorption and fluorescence spectra of MEH PPV, 6PC and 10PC

in chloroform solution are shown in figure 6. It could be seen that all the
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polymers showed almost the same optical properties. Absorption maximum

and emission maximum of the polymers occur at 499 nm and 563 nm.
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Figure 6: Absorption and emission spectra of MEH PPV, 6PC, and 10PC in
chloroform

Absorption spectrum of the polymers as thin films showed Amay at
515 nm, slightly red shifted than in solution (figure 7a). Excitation of the
polymer film with blue LED light source (464 nm) led to the emission of an
orange red colour with emission maximum at 585 nm (figure 7b). The

optical properties of the polymers are presented in table 2.
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Figure 7: Absorption and PL of MEH PPV, 6PC and 10PC film on glass
plate
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Table 2: Optical properties of the polymers

Polvmer Abs. maximum Amax(nm) | Emission maximum (nm) | Absorption E, (eV)
E Solution Film Solution Film Onset (nm) !
MEH PPV 499 515 563 585 582 213
6PC 499 515 563 585 583 213
10PC 500 517 563 585 587 2.12

The energy levels of the polymers are investigated by cyclic
voltammetry of polymer films on platinum electrode in 0.1M BusNPFe.
The cyclic voltammogramms of the polymers are shown in figure 8. The
polymers possessed one oxidation and reduction peak. It is an important
factor determining the sensing ability of the polymers. The LUMO level of
the polymer must be above the LUMO level of the acceptor for transferring
the photo induced electron from the polymer to nitroaromatics. The two
crosslinked polymers have the same level as the parent MEH PPV. The
LUMO level of MEH PPV, 6PC and 10PC are -2.82 eV, -2.86 eV and -2.88
eV respectively. All the polymers have comparable levels with the
nitroaromatics to assure the charge transfer. The electrochemical properties

of the polymers are presented in table 3.
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Figure 8: Cyclic voltammograms (scan rate 100mV/s) of 6PC and 10PC
films cast on a platinum electrode in Bus;NPF¢/acetonitrile
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Table 3: Electrochemical properties of the polymers

POl mer on Ered HDMO I.UMO Eg

Y w) V) (V) (eV) (eV)
MEH PPV 0.65 158 5.05 2.82 2.23
6PC 0.62 154 5.02 2.86 2.16
10PC 0.64 152 5.04 .88 2.16

8.2.4. Detection of nitroaromatics

Nitrobenzene (NB), 4-nitrotoluene (NT) and 2,4-dinitrotoluene
(DNT) are used for fluorescence quenching studies. The analyte was taken
in 3 mL glass vial and cotton gauge was placed above the vial to prevent
direct contact between the analyte and the polymer film. The detection
experiment was done by placing the polymer thin film over the vial at
ambient temperature. The polymer film was prepared by spin coating the
polymer solution in chlorobenzene (2 mg/mL). The fluorescence was
measured using a seven fiber diode array system at 45 degree to the glass
plate in every 500 msec using Ocean Optics SD2000 CCD array detector
and OOBase32 software. The quenching studies of the polymers were
done with excitation wavelength of 464 nm. The experimental set up for

fluorescence guenching studies is shown in figure 9.

SD 2000
CCD DETECTOR

FIBER A

SAMPLING UMIT BLUE LED SOURCE
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The fluorescence quenching efficiency is defined as (lo-1)/1o x100.
Where Ip and | are the fluorescence intensity prior to and after exposure to
the analyte respectively. A rapid fluorescence quenching was observed for
all three polymers up on exposure to NB, NT and DNT. The fluorescence
quenching (%) of MEH PPV, 6PC and 10PC are summerized in table 4. All
the polymers showed >90% quenching on exposure to nitrobenzene in 10
sec, which is due to the high vapour pressure of NB (figure 10a, figure 11a

and figure 12a).

1004 MEH-NB ——0sec 1004 MEH-NT ——0 sec
——3sec
—— 6B sec
80 —— 10 sec 80
= —— 20 sec =
o —— 30 sec 8
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g 404 ——120 sec & 40-
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20+ 20
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Figure 10: Time dependent fluorescence intensity of MEH PPV film upon
exposure to a. NB b. NT, c¢c. DNT vapours and d. the
fluorescence quenching as a function of time

By exposure to 4-nitrotoluene, MEH PPV and 6PC showed 79%
guenching (figure 10b and figure 11b), while NT quenches 89% of the
fluorescence of 10PC (figure 12b). Similarly towards DNT, MEH PPV and
6PC quench 56-59% of its fluorescence (figure 10c, figure 11c). But 10PC
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shows high sensitivity towards DNT and it quenches 81% fluorescence

with in 10 sec (figure 12c). Comparison of the sensing experiments of
10PC with 6PC and MEH PPV, reveals that the length of the spacer has

significant effect on the fluorescence quenching towards the analyte. The

outstanding fluorescence quenching in 10PC towards the analytes is

attributed to the large free volume and cavities inside the 10PC when

compared with 6PC for trapping the analytes. The cavities facilitate charge

transfer between the excited polymer backbone and the trapped analytes.

The schematic representation of galleries inside the 10PC is demonstrated

in figure 13.
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Figure 11: Time dependent fluorescence intensity of 6PC film upon
exposure to a. NB, b. NT, c. DNT vapours and d. The
fluorescence quenching as a function of time
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Figure 12: Time dependent fluorescence intensity of 10PC film upon
exposure to a. NB, b. NT, c. DNT vapours and d. The
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Figure 13: Schematic representation of galleries inside the 10PC

Table 4: Summary of the fluorescence quenching experiment

Nitrobenzene Nitrotoluene DNT
Polymer After After After After After After
10 sec 30 sec 10 sec 30 sec 10 sec 30 sec
MEH PPV 92.86% 94.86% 79.70% 88.82% 58.9% 80.68%
6PC 93.40% 95.51% 79.01% 87.27% 56.7% 80.67%
10PC 98.46% 99.61% 88.89% 92.64% 80.46% 92.38%
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The sensing property of the polymers depends on certain structural
and electronic factors. One factor is the electrostatic complimentarity
between the analyte and the polymer. The charge density maps of the
trimeric unit of MEH PPV, NB, NT, and DNT are shown in figure 14. Red
regions are high and blue regions are low in electron density. This type of
electrostatic binding interaction between electron-rich polymer and the
electron deficient nitroaromatics plays a major role in the sensing

mechanism.

Figure 14. Electron density map of trimeric unit of PPV, NB, NT and DNT

The fluorescence quenching of conjugated polymers by
nitroaromatics is achieved by an electron transfer donor-acceptor
mechanism as depicted in figure 15. In this mechanism, the nitroaromatics

act as electron acceptors for photoexcited electrons of the polymers.
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Figure 15: Electron transfer mechanism in fluorescence quenching
8.2.5. Photostability of the polymers

Crosslinking the conjugated polymer backbone is expected to
prevent it from photobleaching of the polymer. This was rationalized by
prolonged irradiation of the polymer with 464 nm blue LED. The change in
fluorescence intensity with time is plotted in figure 16. It can be seen that
for MEH PPV, fluorescence intensity was reduced by 20% on irradiation
for 5 min while for crosslinked MEH PPV, fluorescence intensity was
reduced by ~10%. This may be due to the prevention of the co-facial
contacts of polymer backbones. It is concluded that, by crosslinking the

polymer backbone, the photostability of MEH PPV has been increased.
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Figure 16: Photostability of MEH PPV, 6PC and 10PC films
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8.2.5. Effect of interfering compounds

It is interestingly noted that there has been no significant change in
fluorescence emission intensity upon exposing the film to the vapours of
organic chemicals like ethanol, methanol, benzene, toluene,
benzopheneone, benzaldehyde, aniline, chlorobenzene etc. Exposure of the
film to phenol resulted in some decrease in the fluorescence emission of the
film, but the response is weaker and slower as compared with those of
nitroaromatic compounds. The change in fluorescence intensity up on

exposure to suspected interfering compounds is plotted in the figure 17.

Figure 17: Effect of interfering compounds
8.2.6. Reversibility of the Quenching Process

The reversibility of the sensing process of the polymers was
examined with NB, NT, DNT, as analytes. The film was first exposed to
the saturated vapor of analytes at room temperature for 180-200 sec and the
fluorescence emission was measured. After the measurement, hot air was
blowed over the non fluorescent film for 60s for NB and 120s for DNT.
The fluorescence emission of the film was measured again. It can be seen
from figures 18, 19 and 20 that >75% of the fluorescence was recovered by
this process. The sensing and fluorescence recovery process was repeated

several times. Clearly, the sensing process is reversible.
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Figure 18: The fluorescence recovery cycles of 6PC and 10PC films,
Cycles 3,5, 7 and 9 are corresponding to polymer films after
the desorption of analyte by air flow and cycles 2, 4, 6, 8 and
10 are corresponding to polymer films exposed to NB.

Figure 19: The fluorescence recovery cycles of 6PC and 10PC films,
Cycles 3, 5, 7 and 9 are corresponding to polymer films after
the desorption of analyte by air flow and cycles 2, 4, 6, 8 and
10 are corresponding to polymer films exposed to NT .

Figure 20: The fluorescence recovery cycles of 6PC and 10PC films,
Cycles 3, 5, 7 and 9 are corresponding to polymer films
after the desorption of analyte by air flow and cycles 2, 4,

6, 8 and 10 are corresponding to polymer films exposed
to DNT
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8.3.Conclusion and perspectives

We have designed two crosslinked MEH PPV with six and ten
carbon spacer to reduce the photobleaching property of the MEH PPV. The
polymers were synthesized through Gilch polymerization route. The
photostability of the polymer was increased by crosslinking. The
applicability of the polymers for the detection of nitroaromatics was tested
using nitrobenzene, 4-nitrotoluene and 2,4-dinitrotoluene as analytes. The
polymers with ten carbon spacer showed excellent sensitivity towards the
nitroaromatics. This may due to the high pore volume of this polymer
compared to six carbon spacer MEH PPV. Both the polymers showed
reversible sensitivity towards the nitroaromatics. The effect of interfering
compounds were also studied and phenol showed some quenching, but the
response was weaker and slower. Thus, this conjugated polymer based
detector provides a better method for real time monitoring of the
unexploded landmines. The device can be made in to portable equipment

for field use in military applications.
8.4. Experimental section

The monomer, 1-(2-ethyl hexyloxy)-2,5-bis(chloromethyl)-4-
methoxybenzene and the  precursor  1-(2-ethyl  hexyloxy)-4-

methoxybenzene were synthesized through reported procedure?’.
8.4.1. 4-(2-ethyl hexyloxy)phenol (C1)

Hydroquinone (6 g, 0.055 mol) was dissolved in a solution of KOH
(3.1 g, 0.055 mol) in dry ethanol at room temperature. The solution was
warmed to 60°C under nitrogen atmosphere with constant stirring for 0.5h.

2-ethyl hexylbromide (9.6 mL, 0.055 mol) was added drop wise and the



Design and Synthesis of Conjugated Polymers for the Vapour Phase Detection of Nitroaromatics

reaction was continued by refluxing for 12h under nitrogen atmosphere. It
was cooled, poured into water, extracted with dichloromethane and dried
over MgSQ,. The solvent was evaporated to obtain the product as brown
oil. The monoalkylated hydroquinone was further purified by column
chromatography using hexane/dichloromethane mixture (3:1) v/v which

yielded brown oil.
Yield : 34.2% (4.19)

IR (cm™) 3417, 2959, 2929, 2872, 1703, 1602,
1509, 1463, 1378, 1357, 1294, 1230,
1100, 1035, 825, 800, 770, 518

'H NMR (400 MHz, CDCl).  : & 6.76 (m, 4H, Ar-H), 4.78 (s, -OH),
3.77 (dd, J:=5.6 Hz, J,=0.8 Hz, 2H, -
OCHy), 1.72-1.28 (m, 9H, aliphatic-
H), 0.93-0.88 (m, 6H, -CHs)

8.4.2. Synthesis of 6C2

4-(2-ethyl hexyloxy)phenol (0.75 g, 3.38 mmol ) and K,CO3 (1.9 g,
13.76 mmol), were taken in a 50 mL flask containing distilled DMF (30
mL) and heated under nitrogen atmosphere for 0.5h. 1,6-dibromohexane
(0.26 mL, 1.7 mmol) was added and heated at 80 °C for 24 h under
nitrogen atmosphere. It was cooled and poured into excess water and
extracted into dichloromethane. The organic layer was washed with NaOH
followed by brine solution and dried over anhydrous Na,SO,, and the
solvent was evaporated. The crude product was dissolved in minimum
amount of hexane and precipitated by adding methanol. The process was

repeated three times to get the pure white product.
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Yield
M. P.
IR (cm™)

'H NMR (400 MHz, CDCls,)

3C NMR (100 MHz, CDCls))

MS (FAB) M*

8.4.3. Synthesis of 6C3

70% (1.25 g)
58-60°C

2953, 2929, 2862, 1563, 1508, 1468,
1394, 1377, 1285, 1230, 1112, 1034,
935, 822, 765, 731, 519

0 6.84 (s, 8H, Ar-H), 3.93 (t,
J=6.5 Hz, 4H, -OCH,), 3.77 (dd,
J1=5.9 Hz, J,=0.97 Hz, 4H,
-OCH,), 1.85-1.25 (m, 26H,
aliphatic-H), 0.95-0.86 (m, 12H, -
CHs3)

o 153.58, 153.11, 115.43, 77.3,
77.20, 77, 76.68, 71.27, 68.55,
39.49, 30.55, 29.35, 29.09, 25.89,
23.88, 23.05, 14.06, 11.009.

Calculated for Cs3iHs404: 526.79;
found: 526.85.

Compound 6C2 (0.21 g, 0.40 mmol), was dissolved in 40 mL

dioxane. The solution was cooled to 0-5°C, and 0.8 mL Conc HCl and 1.6
mL 37% formalin were added. Anhydrous HCI was bubbled for 6 h. The

solution was warmed up to 30°C and stirred for 2 h. Another portion of 1.6

mL of formalin was added and HCI gas was bubbled for 6 h at 0-5°C. The

process was repeated for two times. The solution was refluxed for 4 h. It

was cooled and poured into excess water and extracted into diethyl ether.

The organic layer was washed with water and dried over anhydrous
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MgSQO,, and the solvent was evaporated. The crude product was purified by

recrystallisation from hexane which gave white crystalline product.

Yield
M. P.

IR (cm™)

'H NMR (400 MHz, CDCl,)

3C NMR (100MHz, CDCl5)

MS (FAB) M*

8.4.4. Synthesis of 10C2

69% (0.202 g)
102°C

2958, 2939, 2871,1561, 1541, 1514,
1464, 1445, 1416, 1376, 1314, 1258,
1226, 1186, 1136, 1034, 926, 866, 807,
776, 740, 707, 608

0 6.9 (d, J=5.24 Hz, 4H, Ar-H), 4.61 (d,
J=4.7 Hz, 8H, -CH,CI), 4.0 (t, J=6.32 Hz,
4H, -OCH,), 3.86 (d, J=5.45 Hz, 4H, -
OCH,), 2.3-1.9 (m, 26H, aliphatic-H),
0.97-0.85 (m, 12H, -CHs)

0 150.81, 150.45, 127.08, 127.03, 71.16,
68.98, 41.41, 41.35, 39.62, 30.64, 29.11,
25.79, 24.03, 23.04, 14.05, 11.21

Calculated for C38H58C|404Z 720.68;
found: 720.56.

(2-ethyl hexyloxy)phenol (0.75 g, 3.38 mmol) and K,CO3 (1.9 g,
13.76 mmol), were taken in a 50 mL flask containing distilled DMF (30
mL) and heated under nitrogen atmosphere for 0.5 h. 1,10-dibromodecane
(0.375 mL, 1.7 mmol) was added and heated at 80 °C for 24 h under

nitrogen atmosphere. It was cooled and poured into excess water and
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extracted into dichloromethane. The organic layer was washed with NaOH
followed by brine solution and dried over anhydrous Na,SO,, and the
solvent was evaporated. The crude product was dissolved in minimum
amount of hexane and precipitated by adding methanol. The process was

repeated three times to get the pure white product.

Yield : 52.3% (1.03 g)

M. P. : 57-50°C

IR (cm™}) - 2054, 2928, 2857, 1561, 1508, 1467,
1382, 1283, 1228, 1105, 1038, 822, 777,
523

'HNMR (400MHz, CDCly) : & 6.74 (s, 8H, Ar-H), 3.82 (t, J=6.6 Hz,

4H, -OCHp), 3.71 (dd, J;=5.7 Hz,
J,=1.12 Hz, 4H, -OCH,), 1.69-1.2 (m,
34H, aliphatic-H), 0.88-0.8 (m, 12H, -
CHa)

C NMR (100MHz, CDCls) : § 153.54, 153.17, 11543, 71.28,
68.71, 39.49, 30.55, 29.49, 29.41,
29.39, 29.1, 26.05, 23.88, 23.06,
14.06, 11.1

8.4.5. Synthesis of 10C3

Compound 10C2 (0.234 g, 0.4 mmol), was dissolved in 40 mL
dioxane. The solution was cooled to 0-5°C, and 0.8 mL Conc HCl and 1.6
mL 37% formalin were added. Anhydrous HCI was bubbled for 6 h. The
solution was warmed up to 30°C and stirred for 2 h. Another portion of 1.6
mL of formalin was added and HCI gas was bubbled for 6 h at 0-5°C. The
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process was repeated for two times. The solution was refluxed for 4 h. It

was cooled and poured into excess water and extracted into diethyl ether.

The organic layer was washed with water and dried over anhydrous

MgSQO,, and the solvent was evaporated. The crude product was purified by

recrystallisation from hexane which gave white crystalline product.

Yield
M. P.

IR(cm™)

'H NMR (400MHz, CDCls)

3C NMR (100MHz, CDCls)

MS (El) M*

8.4.6. Synthesis of MEH PPV

84% (0.262 q)

89°C

2954, 2937, 2856, 1561, 1541, 1514,
1458, 1445, 1416, 1402, 1314, 1259,

1225, 1186, 1039, 865, 779, 740,
707, 607

0 6.83 (s, 4H, Ar-H), 4.56 (d, J=6.1
Hz, 8H, -CH,CI), 3.91 (t, J=6.4 Hz
4H, -OCH,), 3.79 (d, J=6.4 Hz, 4H, -
OCHy,), 1.9-1.2 (m, 34H, aliphatic-
H), 0.9-0.79 (m, 12H, -CHs)

0 150.77, 150.49, 127.09, 126.98,
114.46, 113.94, 71.16, 69.20,
41.37, 39.62, 30.64, 29.48, 29.32,
29.11, 26.05, 24.03, 23.04, 14.05,
11.21

Calculated for C1oHesCl404:
776.78; found: 776.4

To a solution of of 2,5-bis(chloromethyl)methoxy-4-(2-ethyl

hexyloxy) benzene (1 g, 3 mmol) in 20 mL of anhydrous THF was added
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dropwise a solution of 95% potassium tertiary butoxide (2.12 g, 18 mmol)
in 80 mL of THF at 30°C with stirring. The solution was poured into cold
methanol. The precipitate was filtered and washed with methanol. The
polymer was further purified by soxhlet extraction with acetone and
methanol to afford a red solid.

Yield © 45%
T4 (°C) . 395
'"H NMR (400MHz, CDCls) :  6753(s, 2H, Ar-H),7.19(s, 2H, -

CH=CH-), 3.95 (b, -OCH>- and -
OCHpg), 1.8-0.9 (m, ~15H,
aliphatic-H)

GPC © My=251917, PDI=1.73

8.4.7. Synthesis of 6PC

2,5-bis(chloromethyl)methoxy-4-(2-ethyl hexyloxy) benzene (0.25g,
0.75 mmol), and 6C3 (0.0054g, 0.0075 mmol) were dissolved in 5 mL dry
THF under nitrogen atmosphere. Potassium t-butoxide (0.51 g, 4.54 mmol) in
20 mL of THF was added drop by drop. The solution was stirred for 24 h at
room temperature. The solution was poured in to cold methanol. The
precipitate was filtered and washed with methanol. The polymer was further
purified by soxhlet extraction with acetone and methanol to afford a red solid.

Yield . 41% (85 mg)
T4 (°C) . 396
IR (cm™) © 3432, 2962, 2929, 2861, 1572,

1422, 1375, 1320, 1110, 865

'H NMR (400MHz, CDCl;) @ §7.53(s, 2H, Ar-H), 7.19 (s, 2H, -
CH=CH-), 3.95 (b, -OCH,- and -
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OCHg), 1.8-0.9 (m, ~15H,
aliphatic-H)

GPC : My=427633, PDI=1.52

8.4.8. Synthesis of 10PC

2,5-bis(chloromethyl)methoxy-4-(2-ethyl hexyloxy)benzene (0.25 g,
0.75 mmol) and 10C3 (0.0058 g, 0.0075 mmol) were dissolved in 5 mL dry
THF under nitrogen atmosphere. Potassium t-butoxide (0.51 g, 4.54 mmol) in
20 mL of THF was added drop by drop. The solution was stirred for 24 h at
room temperature. The solution was poured in to cold methanol. The
precipitate was filtered and washed with methanol. The polymer was further
purified by soxhlet extraction with acetone and methanol to afford a red solid.

Yield : 37% (77 mg)
T4 (°C) © 395
IR(cm'l) © 3433, 2957, 2926, 2861, 1508,

1458, 1379, 1353, 1105, 969

'"H NMR (400MHz, CDCls,) : 0754 (s, 2H, Ar-H), 7.19 (s, 2H, -
CH=CH-), 3.96 (b, -OCH,- and -
OCHj3), 1.83-0.91 (m, ~15 H
aliphatic-H)

GPC © My=223115, PDI=2.17
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SUMMARY AND OUTLOOK

We have designed sixteen polymers composed of phenothiazine, 3,4-
propylenedioxythiophene, 3,4-ethylenedioxythiophene, 3,4-dimethoxythiophene
(donors) and 2.1.3-benzothiadiazole, 2,1,3-benzoselenadiazole, quinoxaline, and
1,24-triazole (acceptors) as the core units, for photovoltaic applications by
employing density functional theory in the periodic boundary condition
formalism. The theoretical calculation prior to synthesis is an easy way to screen
out the less effective materials before synthesis. In this work, we have calculated
only the band gap and energy levels of the copolymers by PBC/DFT methods. By
extending this calculation to compute the oscillator strength of the absorption by
employing Time Dependent Density Functional Theory (TDDFT), it is possible to
find the polymers which possess high absorption coefficient. Absorption
coefficient is an important factor governing the I of the heterojunction. If the

polymers absorb large number of photons, it will be reflected in the photocurrent.

We have synthesised phenothiazine based polymers with 2,1,3-
chalcogenadiazole and quinoxaline as comonomers by  Suzuki
polycondensation reaction. Eleven polymers were synthesized through
direct arylation reaction also. The molecular weight of the polymers formed
by direct arylation reaction were not sufficiently high for employing them
in solar cells. Hence we got only low efficiency for the devices made from
these polymers. The molecular weight could be increased by using proper
solvent system like dimethyl acetamide or THF/DMF mixtures. The band
gaps were determined using cyclic voltammetry and optical measurements.

The experimental values along with the theoretical band gaps are given in
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the table. Theoretically calculated values are in good agreement with the
experimental values. Improvement in the theoretical calculation can be
achieved by introducing polarization and diffuse functionals to DFT

calculations. This will need more computational time.

Table: Theoretical and experimental band gap of polymers

No Polymer PBC|DFT Electrochemical Optical
band gap (eV) band Gap (eV) band gap (eV)

1 PPHENO-BTZ 1.98 2.16 2.05
2 PPHENO-BSE 1.96 2.02 1.93
3 PPHENO-DDACE 2.38 2.53 2.24
4 PPHENO-DDQ 2.3 2.18 2.1
5 PPHENO-DBDP 2.0 1.95 1.92
6 PDMT-PHENO 2.52 2.7 2.24
7 PEDT-PHENO 2.45 2.64 2.26
8 PPRO-PHENO 248 2.7 2.1

9 PPRO-BTZ 1.8 1.85 1.52
10 | PPRO-BSE 1.79 1.94 1.51
11 | PPRO-DQX 1.93 2.09 1.73
12 | PPRO-DDACE 1.96 2.41 1.70
13 | PPRO-DDQ 1.85 2.22 1.67
14 | PPRO-DBDP 1.74 2.02 1.62
15 | PPRO-TD2 2.3 2.34 1.99
16 | PPRO-TEH2 2.3 2.21 1.96




Summary and Outlook,

Bilayer  heterojunction  devices  with  device  structure
ITO/In,Ss/polymer/Ag were fabricated. The devices showed low efficiency,
due to the low interfacial area between the donor and acceptor materials.
The efficiency of the device can be increased by optimizing the device
parameters like layer thickness. A further improvement in the device can be
achieved by proper designing of the bulk heterojunction device by
considering the energy levels of In,S; and polymers (figure 1). The
conduction band edge of In,S; is -3.93 eV, and LUMO level of the
synthesized polymers range from -2.3.-3.1 eV. So the level of the acceptor
must be between -3.5.-3.8 eV. The commonly used [6,6]-phenyl-C-61-
butyric acid methyl ester (PCBM) cannot be used for this purpose because
the LUMO level of PCBM is almost the same as that of In,S; which will
not facilitate the charge transfer. In this context, we are proposing three
such acceptors for the bulk heterojunction device of device structure
ITO/In,Ss/polymer:acceptor/Ag heterojunction. The LUMO level of,
ICMA?, ICBA! and poly(isoindigo)® are -3.86, and -3.74 eV, -3.84 eV
respectively (figure 2). The interfacial area between the donor and acceptor
will be increased and definitely efficient charge transfer will take place. In
addition to this, increasing the acceptor LUMO will increase the V.,
because open circuit voltage depends on the difference between the HOMO
and LUMO of donor and acceptor respectively.
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Figure 1: Structure of bulk heterojunction device
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Figure 2: Recommended acceptors for ITO/ In,Sa/Polymer:acceptor/Ag
heterojunction

In the last part of the work we had designed and synthesized two
crosslinked MEH PPV with ten and six carbon spacer. The applicability of
the polymers for detecting nitroaromatics was explored using nitrobenzene,
4-nitrotoluene, and 2,4-dinitrotoluene as analytes. The testing can be
extended to 2,4,6-trinitrotoluene like explosives. The fabricated device can

be developed into a portable device for military application.
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