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Abstract

This thesis investigates the synthesis and characterization of homopolymers, and
copolymers derived from high-strain cyclic alkenes via ring-opening metathesis
polymerization (ROMP), employing various generations of Grubbs catalysts. The
research focuses on developing polymeric materials with potential applications in organic
electronics and electro-optic devices. The study includes the synthesis of poly(p-
phenylenevinylene) (PPV) derivatives, where the effect of different linking groups,
particularly alkyl groups, on the properties of the synthesized PPV polymers was explored.
A key aspect of the research also involves evaluating commercially effective methods for
benzyne rearrangement in the synthesis of PPV derivatives. Further, the research covers
the synthesis of homopolymers such as carbazole-functionalized norbornene
dicarboximide (CA-NDI) and adamantane-functionalized norbornene dicarboximide
(Ad-NDI) and explores copolymerization strategies to enhance the thermal stability of
PPV derivatives. In the final part of this thesis, efforts were focused on optimizing the
polymerization and copolymerization of donor and acceptor monomers using the ROMP
technique. Two homopolymers were synthesized individually from a carbazole hexyl-
based donor (CAH-NDI) and a triazine-based acceptor (DCT-NDI), respectively.
Furthermore, a series of copolymers was prepared by varying the feed ratios of the donor
and acceptor monomers. The goal was to study how monomer structure and composition
affect the polymerization behavior, control over molecular weight, and final polymer
properties. This study provides valuable insights into the design and synthesis of donor—
acceptor polymers via ROMP, contributing to the development of functional materials

with tunable characteristics for future high-performance applications.
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1.1. Overview of Polymeric Materials

Polymers are a cornerstone of modern life, ubiquitous in applications ranging from
packaging and textiles to medical devices and advanced electronics[1-4]. Their
versatility stems from a combination of properties such as thermal stability, mechanical
strength, chemical resistance, and cost-effectiveness. Polymers are found everywhere,
from everyday items like plastic bottles and car tires to cutting-edge materials used in
renewable energy and environmental sustainability. By tailoring the composition and
structure of polymers, scientists have developed materials suited for diverse needs, such
as eco-friendly packaging, high-strength composites, and flexible electronics [5—7].
Historically, polymers were primarily associated with electrical insulation. This
changed dramatically with the groundbreaking discovery of conductive polymers in the
late 1970s by Heeger, Shirakawa, and MacDiarmid, who demonstrated that
polyacetylene could achieve electrical conductivity through doping[8,9]. This milestone
earned the researchers the Nobel Prize in Chemistry in 2000 and revolutionized the field
of materials science. Unlike traditional polymers, conjugated polymers possess
alternating single and double bonds in their backbone, granting them unique electronic
and optical properties[10—13]. These materials bridge the gap between metals and
semiconductors, combining the processability and lightweight nature of polymers with
the electronic capabilities of semiconductors[14].

The development of conjugated polymers has unlocked numerous possibilities in
electronic and optoelectronic applications. Their tunable properties have been harnessed
in light-emitting diodes (LEDs), organic solar cells, and transistors, offering significant
advantages over inorganic counterparts. Conjugated polymers enable large-area device
fabrication using solution processing techniques, such as spin-coating and printing,
which are cost-efficient and scalable. Moreover, their chemical structures can be easily
modified to optimize performance for specific applications, making them highly
adaptable materials for the rapidly evolving demands of organic electronics[15,16].
The discovery of electroluminescence in conjugated polymers further propelled their
application in light-emitting devices. Organic light-emitting diodes (OLEDs), for
example, have garnered attention for their potential in creating flexible, lightweight, and

large-area displays. Unlike inorganic LEDs, OLEDs based on conjugated polymers
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offer simpler processing methods and lower manufacturing costs, along with the ability
to fine-tune their emission properties through synthetic design[17,18].

Despite these advancements, challenges remain in improving the stability, efficiency,
and performance of conjugated polymers. Efforts to address these challenges have
focused on developing new synthetic methods, such as controlled polymerization
techniques, to achieve precise control over molecular weight, composition, and
microstructure. The integration of donor-acceptor systems, such as poly(p-
phenylenevinylene) (PPV) derivatives and norbornene-dicarboximide (NDI) monomers,
offers a promising strategy for designing materials with enhanced optoelectronic

properties and environmental stability[19].

1.2. Bibliometric Analysis
Bibliometric analysis is a valuable tool for visualizing research trends, identifying
influential materials, and mapping interdisciplinary applications within a scientific
domain[20]. In this study, VOSviewer software was employed to analyze and visualize
data extracted from the Web of Science database, focusing on the field of polymer
science. To understand the general research development, a search was conducted using
the term "polymer" covering the period from 2015 to 2025. The resulting bibliometric

map is shown in (Figure 1. 1).
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Figure 1. 1 Network Visualization of Terms Associated with 'Polymer' Research (2015-2025).
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This map reveals the dominant research directions over the last decade. Notably, a large
blue cluster indicates a high level of interest in conjugated polymers, suggesting their
importance within the broader field of polymer science.

Further exploration was performed using the terms “conjugated polymer” and “poly(p-
phenylenevinylene) (PPV)” to examine the diversity of materials and applications
within this subfield.

As illustrated in (Figure 1. 2), the keyword co-occurrence analysis for “conjugated
polymer” reveals a rich variety of materials and associated technologies. Conjugated
polymers are frequently linked to applications such as organic photovoltaics (OPVs),
organic field-effect transistors (OFETs), sensors, and light-emitting devices. Among the
materials that frequently appear are polythiophenes, carbazoles, and donor—acceptor
type polymers. Notably, poly (PPV) and its derivatives also emerge as prominent

materials due to their excellent optoelectronic properties.
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Figure 1. 2 Network Visualization of Terms Associated with 'Conjugated Polymer'

Applications and Materials.

In (Figure 1. 3), the bibliometric map based on “poly(p-phenylenevinylene)”
demonstrates the significant role of PPVs in organic optoelectronics. Strong links are
observed with keywords like OLEDs, photoluminescence, electroluminescence, and
emission efficiency. This confirms the enduring importance of PPV derivatives in light-
emitting materials and devices, owing to their high photoluminescence quantum yield,

good film-forming properties, and synthetic versatility.
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In summary, the bibliometric analysis confirms that conjugated polymers, particularly
PPVs, have been pivotal in advancing polymer-based materials for optoelectronic

applications, while maintaining a prominent position in the broader landscape of

polymer science over the past decade.
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Applications.

1.3.Classification of Polymers
A polymer is composed of a series of monomer units that are covalently bonded together.
The properties of the material can be controlled by altering factors such as the type of
monomers used, the way they are connected, and the length of the polymer chains.
There are several methods for synthesizing polymers, which can generally be
categorized into two main types:

addition polymerization and condensation

polymerization (Scheme 1. 1).
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Scheme 1. 1 Illustration of (a) addition polymerization for synthesizing polyethene,

polystyrene and (b) condensation polymerization for producing nylon 6,6.

Condensation polymerization, also known as step-growth polymerization, occurs when
two bifunctional monomers or polymer segments react to forming an extending polymer
chain, accompanied by the release of a small molecule as a byproduct. While water is
the most commonly released byproduct in these reactions, other small molecules may
also be produced depending on the specific type of condensation reaction [21].

In contrast, addition polymerization involves the successive addition of monomer units
to the growing polymer chain without the generation of any byproducts. In this process,
the repeating unit retains the same molecular structure as the initial monomer [22].
Unlike condensation polymers, which involve the loss of a small molecule, addition
polymers incorporate all atoms of the monomer into the polymer chain. A familiar
example of an addition polymer is polyethylene, formed by the covalent bonding of
ethylene (C:Ha) units into long chains. Other examples include butyl rubber (used in
tires), polyacrylates (used in paints), and polystyrene (used in packaging).

Polymeric materials go beyond simple linear chains of monomers and can include cyclic
and branched structures, cross-linked network polymers, and polymers with polymeric
repeating units, such as graft copolymers. Additionally, when multiple types of

monomers are used, polymers can exhibit diverse structural arrangements, including
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block copolymers (AAABBB), alternating copolymers (ABABAB), and random
copolymers (ABAABABBA)[23].

1.3.1. Molecular Weight of Polymers

In contrast to conventional organic molecules, polymers lack a precise molecular
formula or fixed molecular weight. Instead, they are defined by a molecular weight
distribution, which represents the number of polymer chains (ni) with a specific
molecular weight (M;). The number-average molecular weight (M,) is the average
molecular weight of the polymer chains, weighted by the mole fraction of each chain

(xi=n; /Y nj) It can be expressed as:
Y niMi
S ni

In contrast, the weight-average molecular weight (M) considers the weight fraction

My =2'X1M =

(wi=niMi/ Y, niMi), giving greater importance to longer polymer chains. The equation
for My is:

_ N
My =Y, wiMi = S i

The dispersity (D), defined as the ratio of M, to M,, indicates the uniformity of the

polymer's molecular weight distribution:

_Mw
T Mn

A dispersity of B=1 denotes a monodisperse polymer where all chains are identical in
molecular weight. Such uniformity is rare, occurring only in certain natural polymers
like DNA. Synthetic polymers, on the other hand, are typically polydisperse, with b >
1.

The degree of polymerization (DP), which represents the average number of repeating
units in a polymer chain, is calculated by dividing the number-average molecular weight

by the molecular weight of the repeating unit (mru):

pp=21m

Mgy

1.3.2. Polymer Formation Mechanisms
Polymers are formed through two primary mechanisms: step-growth polymerization
and chain-growth polymerization, corresponding to the two major polymer classes,

condensation and addition polymers.
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Step-growth polymerization, often associated with condensation reactions, involves a
gradual increase in molecular weight over time. In this mechanism, all monomers are
equally reactive, and polymerization begins with the rapid disappearance of monomers
as they combine to form small oligomers. The formation of high-molecular-weight
polymers occurs only at advanced stages of the reaction, as the oligomers link together.
A distinguishing feature of this process is the release of small molecules, such as water,

as byproducts (Figure 1. 4 a).
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Figure 1. 4 a) Representative diagram for step-growth polymerization, b) Representative
diagram for chain-growth polymerization. ¢) Average molecular weight vs monomer

concentration curves for chain growth and step-growth polymerizations.

In chain-growth polymerization, which is characteristic for addition reactions, occurs
through the sequential addition of monomer units to a growing polymer chain. The
process begins with the generation of an active initiating species, which can be a radical,
cation, anion, or coordination complex. These species react with monomers, often
derivatives of ethylene, to create an active chain that propagates. Unlike step-growth
polymerization, chain-growth mechanisms exhibit a steady decrease in monomer
concentration throughout the reaction, without the abrupt disappearance seen in step-
growth mechanisms (Figure 1. 4 b)).

Stages of Chain-Growth Polymerization

The mechanism of chain-growth polymerization can be divided into three stages:
initiation, propagation, and termination (Figure 1. 5):

Initiation: This stage involves two steps. First, an initiator decomposes or reacts to form
an active species (I*). The active species then reacts with a monomer to create an active

monomer complex (MxI*), marking the start of the polymer chain. The rate of initiator
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activation (ka) is typically slower than the rate of monomer activation (k:), ensuring that
monomers preferentially add to growing chains rather than initiating new ones.
Propagation: The growing polymer chain reacts with additional monomers to form
longer chains (Px+11*). This process continues until the monomer is exhausted or the
chain undergoes termination. The rate constant for this step is denoted as (kp)
Termination: Polymerization terminates when the active species is neutralized.
Termination can occur through bimolecular processes, such as radical recombination,
or through interactions with impurities, such as oxygen. The overall termination rate is
characterized by the rate constant (k¢)

Initiation:

| I |
Fam 5 M
Propagation:

# K s
MX[ —Pb MX+II

Termination:

MIT B M,

Figure 1. 5 Generalized initiation, propagation, and termination steps in an addition

polymerization process, with * denoting an active species.

1.3.3.Controlled Polymerization Methods

Controlled polymerizations represent a specialized class of addition polymerizations
characterized by a low rate of termination. These polymerizations offer several desirable
features, such as the ability to predetermine the degree of polymerization, narrow
molecular weight distributions, and well-defined polymer end groups that remain
reactive for further propagation. When termination is nearly eliminated, polymer chains
are referred to as "living," allowing for the potential reactivation of chains by
introducing additional monomers. The degree of polymerization is typically determined
by the stoichiometric ratio of monomer to initiator, multiplied by the monomer

conversion (p), where 0 <p < 1.

_[Mjo _ [M]o-[M]
Dp= (110 b= (110
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A key characteristic of controlled polymerizations is the linear relationship between the
average molar mass and monomer conversion. Minimal termination ensures that the
concentration of propagating radicals remains consistent with the initial concentration

of the initiator, resulting in a first-order kinetic process.
d

[M] M]o
at :kapp[M]:]H m) =kappt

Controlled polymerization methods include several techniques that allow precise
control over polymer molecular weight, architecture, and end-group functionality.
Common techniques are Atom Transfer Radical Polymerization (ATRP), Reversible
Addition-Fragmentation Chain Transfer (RAFT) Polymerization, and Nitroxide-
Mediated Polymerization (NMP), which all rely on reversible deactivation mechanisms
to regulate chain growth and minimize termination. Additionally, metathesis-based
methods such as ROMP and Acyclic Diene Metathesis Polymerization (ADMET) are
widely used, with ROMP being especially versatile for synthesizing polymers with
well-defined architectures using high-strain cyclic alkenes and transition metal carbene
catalysts.

ROMP is central to this thesis, and its mechanisms, catalyst systems, and applications
in synthesizing homopolymers and copolymers for potential use in organic electronics

and electro-optic devices will be discussed in detail in subsequent sections.

1.3.4. Ring-opening metathesis polymerization

ROMP is a form of chain-growth polymerization that uses transition metal catalysts,
predominantly those based on ruthenium, without the involvement of radicals.
Pioneered by Grubbs, ROMP leverages the release of ring strain in cyclic olefins, such
as norbornene and cyclobutene, to drive the polymerization forward. Monomers with
significant ring strain (>5 kcal/mol) are particularly suitable for this process. The
development of Grubbs catalysts has significantly enhanced ROMP applicability,
progressing through three generations. The first-generation catalyst (G1) proved
effective for a wide range of monomers, while the second-generation catalyst (G2)
introduced N-heterocyclic carbene (NHC) ligands, replacing weaker phosphine ligands.
This modification improved both stability and activity but faced limitations in initiation
speed, affecting molecular weight control. The third-generation catalyst (G3) further

refined these characteristics by incorporating brominated pyridines, achieving faster
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initiation and superior control, making it ideal for complex macromonomers (Figure 1.

6).
. Q ROMP ﬂ
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Figure 1. 6 Mechanism of ROMP and three generations of Grubbs metathesis catalysts

Mechanistically, ROMP involves three steps: initiation, propagation, and termination.
Initiation begins with the coordination of the cyclic olefin to the metal alkylidene
catalyst, followed by a [2+2] cycloaddition to form a metallacyclobutane intermediate.
Cycloreversion then produces the active metal alkylidene species, enabling the
propagation stage. During propagation, monomers are sequentially added to the
growing polymer chain. Termination is typically achieved by introducing a quenching
agent, such as ethyl vinyl ether, which deactivates the catalyst and stabilizes the polymer.
ROMP is often considered living polymerization due to its ability to maintain active
chain ends in the absence of impurities, enabling the synthesis of block copolymers
when new monomers are introduced. Despite its classification as a controlled

polymerization method with low dispersity, challenges such as chain backbiting and the
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need for rapid quenching remain. The process’s versatility, functional group tolerance,
and capacity to produce well-defined polymers with narrow molecular weight
distributions underscore its importance in polymer chemistry. ROMP has become a
powerful tool for the synthesis of advanced materials, particularly in organic electronics

and electro-optic applications, aligning closely with the focus of this study.

1.4. Conjugated Polymers
CPs are organic materials distinguished by a sequence of alternating ¢ and m bonds
along their central structure. The appealing optical and electrochemical characteristics
arise from the existence of a delocalized n-electron cloud along the backbone of these
compounds (Figure 1. 7). [10,13,24-26].

a)

R e P L N N~ N N~ N~

b)

__ O __ :: C ::

Figure 1. 7 Representation of the resonance structures of a) poly(acetylene), b) poly(p-

phenylene).

In 1977, Alan MacDiarmid and Hideki Shirakawa[8] discovered and pioneered the
conducting nature of CPs, a groundbreaking achievement that earned them the
chemistry Nobel Prize in 2000. Since then, CPs have garnered substantial attention due
to their promising technological potential. CPs can be obtained with different backbone
chains, such as poly (PPV), polyfluorene (PF), polythiophene (PTh), poly(p-phenylene)
(PPP), poly(p-phenylene ethynylene) (PPE), and polypyrrole (PPy).[26], etc. as shown
in (Figure 1. 8). The fundamental feature of CPs can be described as a sequence of
alternating double (or triple) and single bonds. This arrangement not only provides
thermodynamic stability to the structure but also imparts specific properties, such as the
capacity to absorb and emit light or conduct electrical charges. These distinctive
characteristics make these materials highly versatile and valuable for diverse
applications in chemical, biological, and material science fields. Among these, poly

(PPV) stands out due to its unique properties and applications. PPV is notable for its
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electroluminescent capabilities, making it a key material in the development of light-

emitting diodes

a)
1.3- butadlene 1.3.5- hexa‘h iene
benzene anthracene

—@+ m

Figure 1. 8 Overview of the most important a) conjugated molecules; b) conjugated polymer

backbones.

1.4.1. Electronic Structure and Excitation Mechanisms

The unique electrical behavior of conjugated polymers stems from their molecular
architecture, where alternating single and double bonds create a delocalized electron
network. This electron delocalization occurs through parallel alignment of p-orbitals in
sp>-hybridized carbon atoms, forming an extended n-system along the polymer
backbone (Figure 1. 9).

P: n-bond P:

O v

C-C o-bond

C-H ¢-bond C C C-H ¢-bond
Y00
Figure 1. 9 Molecular orbital configuration showing ¢ and 7 bonding in conjugated systems

The alignment of p-orbitals in conjugated polymers creates an extended delocalized nt-

electron system along the polymer backbone, leading to the formation of distinct
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electronic energy bands. In this configuration, the highest occupied molecular orbitals
(HOMO, m-orbitals) constitute the valence band, while the lowest unoccupied molecular
orbitals (LUMO, m*-orbitals) form the conduction band. The energy separation between
these bands, known as the bandgap (Eg), typically ranges from 1-3.5 eV (Figure 1. 10)
and serves as the fundamental parameter governing the material's semiconducting

properties and electrical characteristics.
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Figure 1. 10 Energy band diagram illustrating the electronic structure of different material

classes

Upon absorption of a photon with energy equal to or greater than the bandgap, an
electron is promoted to the LUMO, leaving behind a hole in the HOMO. This creates
an exciton a bound electron hole pair within the polymer chain. These excitons can
migrate along the polymer backbone or between chains and are essential for the
operation of devices.

The electronic structure can be further modulated via chemical doping. n-type doping
introduces additional electrons, while p-type doping creates holes, both enhance charge
carrier density and significantly improves electrical conductivity sometimes to levels
comparable to those of metals.

Moreover, the planar and rigid nature of conjugated backbones promotes strong n—n
stacking interactions between polymer chains, facilitating charge transport. However,
excessive stacking can hinder solubility and processability. To mitigate this, side chains
such as alkyl groups are often introduced to improve solubility and film formation
without severely compromising the electronic properties.

Due to these tunable electrical and optical properties, conjugated polymers are widely

applied in organic electronics, such as OLEDs, OPVs, and OFETs.
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1.4.2. Luminescent Properties of Conjugated Polymers

The luminescence of conjugated polymers arises from their extended m-conjugated
systems, which allow for efficient electronic excitation and radiative decay. Upon
photoexcitation, electrons are promoted from the ground singlet state (So) to the first
excited singlet state (S:), initiating a series of photophysical processes that are
conventionally illustrated using a Jablonski diagram (Figure 1. 11). Three primary
pathways govern the fate of the excited electron: (i) Fluorescence, wherein the electron
relaxes radiatively from S: to So, emitting a photon on the nanosecond timescale; (ii)
Phosphorescence, which involves intersystem crossing (ISC) from Si to the triplet state
(T:), followed by spin-forbidden radiative decay back to S, typically occurring on a
microsecond to second timescale; and (iii) Thermally Activated Delayed Fluorescence
(TADF), in which the electron undergoes reverse intersystem crossing (RISC) from Ti

back to S: and subsequently emits via fluorescence.

y S, S, S,
. A
| I1SC I  RISC
T, — T,
Abs F \ Ph TADF
so So SO
Fluorescence Phosphorescence TADF

Figure 1. 11 Jablonski Diagram Highlighting Deactivation Mechanisms from the Excited
State in Conjugated Polymers.

The occurrence and efficiency of each pathway are strongly influenced by the electronic
structure of the polymer, the surrounding environment, and temperature. In conjugated
polymers, strong m—m* transitions facilitate high molar extinction coefficients and
generally efficient fluorescence. The incorporation of donor—acceptor segments,
molecular rigidity, and intramolecular charge transfer (ICT) characteristics can
modulate the singlet—triplet energy gap (AEsr), thereby impacting the probability of ISC
and RISC events. Although phosphorescence and TADF are more common in small-
molecule systems or specialized heavy-metal complexes, understanding these processes
in conjugated polymers provides valuable insight for designing advanced photonic and

optoelectronic materials.
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1.4.3.Poly (p-phenylene vinylene) (PPV): Synthesis Methods

Poly (PPV) is one of the most widely studied conjugated polymers due to its excellent
optoelectronic properties, including high photoluminescence quantum yield and charge
transport capabilities. Since its discovery, various synthetic routes have been developed
to produce PPV and its derivatives, each with unique advantages and challenges. The

primary methods for synthesizing PPV include the following:

1.4.3.1.Wessling-Zimmerman Method

The Wessling-Zimmerman method is one of the earliest and most extensively utilized
approaches for synthesizing PPV [27]. It employs the precursor polymer method, where
a soluble precursor polymer is synthesized first and then thermally converted into PPV.
This process typically involves the polymerization of a sulfonium salt monomer, such
as p-xylene bis (tetrahydrothiophenium chloride), via a nucleophilic substitution
reaction to produce a soluble precursor polymer. Upon heating, this precursor undergoes
thermal elimination, resulting in the formation of the conjugated PPV backbone along

with the release of small molecules such as tetrahydrothiophene and hydrogen chloride

(Scheme 1. 2).

MeOH / H,0
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] I ¢
OH /0°C
e
N “o_
Thermal elimination / 200 °C Hy S
PPV < @C o,

Scheme 1. 2 Wessling method for PPV synthesis.

While this method enables the fabrication of high-quality PPV thin films with well-
defined conjugation, it is highly sensitive to temperature control during the thermal
elimination step. Improper conditions can introduce defects in the polymer backbone or

cause degradation.

1.4.3.2.Gilch Polymerization
The Gilch polymerization method was employed to achieve the PPV in organic solvent

units was the polymerization of symmetrical a,a’- dichloro p-xylylene as a monomer in
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the presence of a significant excess of potassium tert-butoxide (K/BuO) act as a strong
base (Scheme 1. 3), which was authorized by Gilch and Wheelwright in 1966[28].
However, the main complaint with such an approach is that extreme physical gelation
during the growth radical chain caused the progress to an extremely high molecular
weight polymer [29]. A further limitation of the Gilch pathway that a number of head—
head and tail-tail defects will be built in the structure during the propagation reaction,
besides these reasons, they were given a detrimental effect on the polymer's opto-

electric characteristics.

(BuOK {BUOK \
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n

Scheme 1. 3 Gilch polymerization of PPV.

1.4.3.3.Heck Coupling Polymerization

Heck coupling polymerization utilizes a palladium-catalyzed coupling reaction between
aryl halides and vinyl monomers to synthesize PPV derivatives[30]. This method is
particularly attractive due to its functional group tolerance, which allows for the
incorporation of a variety of substituents along the PPV backbone, thereby tailoring the
material’s optoelectronic properties. Despite its versatility, the Heck coupling method
is less commonly used due to its reliance on expensive palladium catalysts and the harsh

reaction conditions that can limit the types of monomers that can be employed (Scheme
1. 4).
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Scheme 1. 4 Heck coupling for PPV synthesis.
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1.4.3.4.Wittig and Horner-Wadsworth-Emmons Reactions

The Wittig reaction and its modified version, the Horner-Wadsworth-Emmons (HWE)
reaction, offer another synthetic route for PPV[31]. These methods involve the coupling
of phosphonium ylides or phosphonate esters with aromatic dialdehydes to form the
conjugated polymer through the creation of vinyl linkages between the monomer units.
The stereoselectivity of these reactions enables precise control over the cis/trans
configuration of the vinylene groups, making them particularly suitable for designing
PPV derivatives with specific electronic properties. However, the moisture and air
sensitivity of these reactions, as well as the need for stoichiometric amounts of reagents,
can pose challenges, often resulting in the formation of byproducts (

Scheme 1. 5).

)
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Scheme 1. 5 Wittig and Horner-Wadsworth-Emmons Reactions.

1.4.3.5.ROMP for synthesizing PPVs

ROMP is a powerful polymerization technique that utilizes the high ring strain of cyclic
olefins to produce well-defined polymers. Although not a conventional method for
synthesizing PPV, ROMP has been explored for creating PPV like structures by
polymerizing norbornene derivatives and subsequently introducing vinylene linkages

through post-polymerization modifications (Scheme 1. 6).
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Scheme 1. 6 ROMP method for PPV synthesis.

One of the key advantages of ROMP is its ability to precisely control molecular weight

and polymer architecture, leading to materials with narrow molecular weight
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distributions and tunable properties. The use of highly efficient ruthenium-based
Grubbs catalysts further enhances its versatility, enabling living polymerization
characteristics and functional group tolerance. However, the reliance on specialized
catalysts, high cost and the need for complex post-polymerization modifications have

traditionally limited the large-scale applicability of ROMP for PPV synthesis[32].
1.4.4.Applications of conjugated polymers

1.4.4.1.0rganic Light-Emitting Diodes (OLEDs)

Conjugated polymers have revolutionized display technology through their
implementation in OLEDs, where their unique optoelectronic properties enable efficient
conversion of electrical energy into light[33]. These materials form the basis of a
technology that surpasses conventional displays in key aspects, including viewing
angles, contrast ratios, and power efficiency. The pioneering work of Tang and
Vanslyke[34] established the viability of organic semiconductors for light emission,
using precisely engineered small molecules with controlled molecular architectures
[35,36].

The fundamental operation of OLED devices involves the generation and
recombination of electron-hole pairs within nanoscale organic layers positioned
between conductive electrodes (Figure 1. 12). Modern OLED architecture incorporates
multiple functional layers - including charge injection, transport, and blocking layers -
all carefully optimized to maximize exciton formation and radiative recombination in
the emissive layer. A primary design consideration involves mitigating the naturally
high electrical resistance of organic semiconductors through strategic layer sequencing

and interfacial engineering.
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Figure 1. 12 Schematic drawing of a polymer light emitting device.

OLED materials derive their distinctive characteristics from conjugated molecular
structures containing extended m-electron systems, frequently modified with
heteroatomic functional groups. Their relatively low thermal stability (with
decomposition temperatures generally under 350°C) presents processing limitations but
enables deposition on temperature-sensitive substrates. This property has facilitated the
development of groundbreaking applications including:

o Ultra-thin, flexible displays for wearable electronics

e Transparent smart windows with integrated lighting

o Lightweight, large-area illumination panels

e Mechanically robust displays for automotive applications
Conjugated polymers offer particular advantages for OLED implementation, primarily
due to their chemically tunable electronic band structures, which allow for precise
control over optoelectronic properties such as emission wavelength and charge mobility.
Optimized systems exhibit exceptional luminescent efficiencies, with quantum yields
often exceeding 80%, making them ideal candidates for high-brightness, energy-
efficient devices. Furthermore, their compatibility with solution-based fabrication
methods include spin coating, inkjet printing, and roll-to-roll processing facilitates
scalable, low-cost production on flexible and large-area substrates. These attributes

have positioned CP-based OLEDs as a leading technology for next-generation visual
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displays in consumer electronics. Simultaneously, ongoing research continues to extend
their application potential into fields such as solid-state lighting, biomedical imaging,
and wearable photonic devices. The development of novel polymer structures and
advanced device architectures holds promise for further improvements in key
performance metrics, including operational lifetime, efficiency, and color purity[37—

40].

1.4.4.2.0rganic Photovoltaic Cells (OPV’s).

Conjugated polymers have significantly advanced OPV technologies by enabling
lightweight, flexible, and low-cost solar cells with tunable optical and electronic
properties. These materials support solution-based fabrication and compatibility with
plastic substrates, making them ideal for wearable devices, portable power sources, and
building-integrated applications. Recent developments in donor—acceptor systems,
particularly the combination of conjugated polymer donors with non-fullerene acceptors,
have boosted power conversion efficiencies beyond 18%.

The schematic below (Scheme 1. 7) highlights common OPV device structures,
including conventional and inverted layouts, along with fabrication methods such as
spin coating, hybrid evaporation-solution processing, and blade coating. These scalable
techniques are key to transitioning OPVs from lab research to commercial deployment.
Continued research focuses on improving stability, morphology control, and
environmentally friendly processing to unlock the full potential of OPVs in sustainable

energy solutions[41-43].
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Scheme 1. 7 Schematic overview of OPVs device configurations and representative

fabrication methods used for their development.

1.4.4.3.0rganic Field-Effect Transistors (OFETs).

OFETs are foundational components in the field of flexible and printed electronics.
These three-terminal devices—comprising an organic semiconductor, gate dielectric,
and source/drain/gate electrodes offer a platform for both practical applications and
fundamental studies of charge transport in m-conjugated systems (Figure 1. 13). Since
their inception in the 1980s, OFETs have facilitated significant progress in

understanding structure—property relationships in organic semiconductors.
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Figure 1. 13 Schematic representation of an organic field-effect transistor (OFET) structure

Performance parameters such as field-effect mobility (i), often exceeding 10 cm? V™!
s! in advanced systems, on/off current ratios of 10* to 10% and tunable threshold
voltages underscore their technological relevance. The widely adopted bottom-gate top-

contact architecture highlights the importance of energy level alignment at the
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semiconductor—dielectric interface for efficient charge accumulation and injection.
Recent innovations involve high-mobility conjugated polymers—such as
diketopyrrolopyrrole (DPP)-based copolymers and indacenodithiophene derivatives
paired with engineered dielectric materials for enhanced performance and low-voltage
operation.

These advances have enabled a range of applications, including flexible displays and
biosensors. Current challenges include improving environmental stability, ensuring
large-area uniformity, and achieving high reproducibility for circuit integration.
Emerging frontiers explore neuromorphic systems via ionic-gated OFETs and
ambipolar semiconductors for complementary logic. Overall, OFETs continue to serve
both as practical tools in wearable and flexible electronics and as insightful probes into

organic charge transport behavior[44—48].

1.4.4.4.Sensors.

Sensors are devices that detect external stimuli such as temperature changes, gas
exposure, humidity and convert them into electrical or optical signals for information
processing, monitoring, and control. Conjugated conductive polymers have become
essential materials in sensor technologies due to their exceptional sensitivity and

versatility (Figure 1. 14).

Conducting Polymer Analyte

Substrate

Electrochemi

Figure 1. 14 Schematic representation of an electrochemical sensor with a conducting polymer

and target analyte.

These polymers respond to various stimuli like light, gases, anions, and solvents by
altering their electrical conductivity or optical appearance. For instance, highly sensitive
and selective sensors for volatile organic compounds (VOCs) have been developed

using blends of poly(3-hexylthiophene) with solid-state ionic liquids. The strong
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interaction between the conjugated polymer and the ionic liquid enables precise
modulation of conductivity under an applied electric field, allowing reliable detection
of different VOCs based on their polarity.

Conjugated polymers also exhibit visual responses, such as temperature-dependent
color changes. Polydiacetylene (PDA)-based materials, for example, can shift from blue
to purple when heated, driven by structural changes in their conjugated backbones.
These thermochromic properties open up applications in biosensors, thermal indicators,
smart coatings, and packaging materials.

Additionally, conjugated polymers show great potential for chemical sensing. Certain
diketopyrrolopyrrole-based polymers can selectively detect fluoride ions by undergoing
a visible color change, offering high sensitivity and the ability to extract target anions
from solutions. Recent advancements also include the development of insulated
conjugated bimetallopolymers, which enhance the stability, responsiveness, and

tunability of sensors[49—53].

1.5.Non-Conjugated Polymers
Unlike conjugated polymers, which possess extended m-electron delocalization along
their backbones, non-conjugated polymers consist of o-bonded saturated carbon chains
that lack delocalized electronic structures (Figure 1. 15). As a result, these materials are
typically electrically insulating and do not exhibit intrinsic optical or electronic activity.
However, their chemical versatility, mechanical robustness, and thermal stability make

them indispensable in various industrial and research applications.
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Figure 1. 15 structure of some common non conjugated polymers

Non-conjugated polymers can serve as flexible and inert scaffolds, which can be
chemically modified to introduce functional side groups that impart desired electronic,
optical, or structural characteristics. This design strategy allows for the creation of

hybrid materials that combine the processability and stability of traditional polymers
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with the electronic functionality of conjugated systems, achieved through the
incorporation of conjugated or photoactive pendants.

One significant advantage of non-conjugated backbones is their greater freedom in
tuning polymer architecture and solubility, especially through post-polymerization
functionalization or monomer design. Additionally, living or controlled polymerization
techniques, such as ROMP, have expanded the scope of non-conjugated polymers by
enabling the precise incorporation of functional groups with high fidelity and low
dispersity.

Within this context, poly (NDIs) has emerged as a promising class of non-conjugated
polymers. Their strained cyclic norbornene structure is highly reactive toward ROMP,
facilitating the synthesis of well-defined polymers with tailored molecular properties.
Through pendant functionalization, these materials can be engineered to exhibit tunable
photophysical, electrochemical, and morphological behaviors, thus bridging the gap

between purely insulating polymers and electronically active materials.

1.5.1.Poly (Norbornene-dicarboximides) as a Model System

Poly (NDIs) represents a highly adaptable group of non-conjugated polymers (Scheme
1. 8), widely studied due to their ease of synthesis and structural versatility. Originally
introduced by Asrar in 1992[54], these materials are typically synthesized via ROMP

of NDI monomers, which are often prepared through Diels—Alder reactions [2].
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Scheme 1. 8 General scheme for synthesis NDI.

The use of Grubbs catalysts facilitates a living polymerization process, yielding well-
defined polymers with low dispersity (D < 1.2) and controllable molecular weights[23].
A key advantage of poly (NDIs) lies in their capacity for N-substitution, enabling the

fine-tuning of physical properties. For example, the rigid cyclic backbone contributes
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to high glass transition temperatures (Tg = 150-300 °C), while functional side groups
can modify optical transparency, refractive index, and mechanical properties such as
modulus (24 GPa). Furthermore, their low moisture uptake and excellent

processability make them attractive candidates for advanced functional materials.

1.5.2.Functionalization Strategies and Advanced Applications

Functionalization is a powerful strategy in polymer chemistry, enabling the introduction
of specific chemical groups onto a polymer backbone or side chain to tailor physical,
chemical, or biological properties[55,56]. This approach offers several advantages,
including enhanced solubility, improved compatibility with other materials, and the
ability to impart targeted functionalities such as conductivity, fluorescence, or
responsiveness to external stimuli. By carefully selecting and positioning functional
moieties, polymers can be designed to meet the stringent requirements of diverse
applications, ranging from optoelectronics and separation membranes to biomedical
devices and sensors. Functionalization also plays a crucial role in enabling post-
polymerization modifications, offering flexibility in material design and facilitating the
development of modular and adaptive systems.

In the context of non-conjugated systems, functionalization becomes even more critical,
as it allows these electronically inert backbones to acquire advanced characteristics
typically associated with conjugated materials. Among these, poly (NDIs) has emerged
as a highly tunable and versatile class of non-conjugated polymers. The imide linkage
in NDI units provides a convenient handle for side-chain engineering, enabling the
introduction of a wide variety of functional groups without compromising backbone
integrity. Through ROMP, these side-functionalized monomers can be polymerized into
well-defined architectures with controllable molecular weights and narrow dispersity.
Recent developments have demonstrated the successful incorporation of photoactive,
redox-active, and bio interactive moieties onto poly (NDI)s, broadening their utility in
optoelectronic devices, chemical sensing, and biological interfaces. Their non-
conjugated nature provides high transparency and excellent insulating behavior, which
is advantageous for applications such as dielectric layers in organic transistors and
protective coatings. Moreover, amphiphilic or stimuli-responsive side chains have

n

enabled the formation of nanostructured morphologies and "smart" materials that

respond to environmental triggers like pH, temperature, or light. These properties have
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positioned functionalized poly (NDI)s at the frontier of materials innovation, offering a
flexible platform for developing next-generation functional polymers across multiple

disciplines.

1.6. Literature Review and Research Gap

Poly (PPV) and its derivatives are among the most widely explored conjugated
polymers due to their luminescence, electrical conductivity, and tunable optical
properties. These features make them attractive for applications in OLEDs, OFETs, and
OPVs devices. Since the first reports on their synthesis, researchers have developed
several synthetic routes, each presenting specific advantages and limitations. The ability
to tailor the polymer structure and optical response through molecular design and
synthetic strategy remains a central focus of PPV research[57-65].

Suzuki coupling has been utilized to synthesize PPV derivatives by forming C—C bonds
between aryl halides and boronic acids or esters in the presence of a palladium catalyst.
This method is renowned for its functional group tolerance, mild reaction conditions,
and high yield (Scheme 1. 9). Suzuki polymerization enables the integration of electron-
rich and electron-deficient units within the polymer backbone, allowing precise tuning
of electronic and optical properties. However, it shares the common challenge of
palladium residue contamination and sometimes low molecular weight products due to
side reactions and incomplete coupling[66].

PdL, / Ag,0

Br
(HO) B@—B(OH) + = RT -
2 " her M

PPV

Scheme 1. 9 Suzuki polymerization for synthesizing PPV

The McMurry reaction involves the reductive coupling of aromatic aldehydes or
ketones using low-valent titanium species to form alkenes. When applied to the
synthesis of PPV-type materials, McMurry coupling enables the direct formation of
vinylene linkages, offering a metal-free approach to conjugated polymers (Scheme 1.
10). Although this method avoids the use of expensive catalysts, it often requires harsh
conditions, and the yields can be inconsistent. Moreover, achieving high molecular

weight polymers with this technique remains difficult, and side reactions such as over-
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reduction or oligomerization can affect the purity and performance of the resulting

materials[67].
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Scheme 1. 10 McMurry reaction for synthesizing PPV

Electro-polymerization offers a unique approach to synthesizing conjugated polymers
like PPV by applying an electrical potential to induce polymer growth directly on an
electrode surface (Scheme 1. 11). This technique allows for in-situ film deposition with
controlled thickness and doping levels, making it advantageous for device fabrication.
Furthermore, it provides a pathway for patterning and integration into microelectronic
architectures. However, electro-polymerization is often limited by poor structural
control, difficulties in scaling up, and challenges in achieving uniform film morphology,

particularly for bulk material applications[68].

+e/slow . -
Br,HC CHBr, —— —— » BrHC CHBr = + Br

l+e'/fast
_ fast -
Br +BrHC:®:0HBr <~ Br,HC CHBr
Br

Br

0, O
BrHCOCHBr > g — \

Br

Br
n—Br n

Scheme 1. 11 Electro-polymerization for synthesizing PPV

Early synthetic approaches included the Wessling-Zimmerman precursor route, which

involves the synthesis of a soluble sulfonium-based precursor polymer followed by
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thermal elimination to produce the conjugated PPV backbone (Scheme 1. 2). While this
method offers good film-forming ability, it suffers from limitations such as temperature
sensitivity and the risk of incomplete elimination, which can compromise the purity and
conjugation length of the final polymer[69,70].

The Gilch polymerization is one of the most extensively used methods due to its
simplicity and ability to produce high-molecular-weight PPV (Scheme 1. 3). This
method uses strong bases such as potassium tert-butoxide to dehydrohalogenate a,o.'-
dihalogenated p-xylenes. Despite its efficiency, the Gilch route often leads to structural
defects such as head-to-head and tail-to-tail linkages, as well as uncontrolled molecular
weight and gelation, which can negatively affect the polymer's performance[71].

Heck coupling polymerization, based on palladium-catalyzed cross-coupling between
aryl halides and vinyl monomers, provides structural versatility and the ability to
introduce functional groups (Scheme 1. 4). However, the requirement for expensive
catalysts and harsh reaction conditions limit its scalability and applicability[27].

The Wittig and Horner-Wadsworth-Emmons (HWE) reactions have also been
employed for the synthesis of PPVs. These reactions enable the formation of vinylene
linkages through the condensation of phosphonium ylides or phosphonate esters with
aromatic aldehydes (Scheme 1. 5). The advantages include better control over
stereochemistry and conjugation, but the reactions are sensitive to moisture and require
stoichiometric reagents, making them less practical for large-scale synthesis[72].
Among these various techniques, ROMP method has gained attention for its potential
to address several challenges inherent in traditional methods. ROMP utilizes strained
cyclic olefins and transition-metal catalysts, such as Grubbs' ruthenium-based
complexes, to achieve living polymerization with control over molecular weight and
dispersity. Recent studies have explored the use of cyclophane-based norbornene diene
monomers for ROMP, which after polymerization can be post-modified to install
vinylene units, resulting in PPV-like structures[73].

The chosen monomer structure in ROMP plays a pivotal role in defining the polymer's
conjugation pattern, packing, and emission characteristics. For instance, 1,4-
dicyclohexadiene-based norbornene derivatives have been examined for their ability to
yield rigid, planar backbones conducive to strong mn-m stacking and high

photoluminescence. Post-polymerization modifications, such as oxidative elimination,
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convert the non-conjugated diene units into extended vinylene linkages[74-76],

effectively generating a PPV-like conjugated polymer with improved optical properties.

1.7.Thesis’s Motivation and Objective
The advancement of organic semiconducting materials has opened new frontiers in the
development of flexible, lightweight, and cost-effective electronic devices. Among
these materials, poly (PPV) derivatives and norbornene-based polymers stand out due
to their promising optoelectronic and thermal properties, structural versatility, and
compatibility with solution-based processing techniques. However, further optimization
of their molecular design and synthesis methods remains essential to enhance their
performance and expand their applicability in next-generation technologies, such as
OLEDs, OPVs, and OFETs.
This thesis is motivated by the growing demand for well-defined, soluble, and thermally
stable conjugated polymers with tailored structural and electronic properties. A key
focus of this work is to explore both traditional and advanced synthetic strategies to
develop functional polymers that can meet these criteria. In particular, we aim to
leverage ROMP, a powerful and versatile polymerization technique that allows for
precise control over molecular weight, dispersity, and architecture, to construct novel
polymeric systems based on norbornene monomers.
The primary objective of this thesis is to design, synthesize, and fully characterize a
series of novel conjugated polymers based on PPV and NDI frameworks. As part of this
effort, we first synthesized a series of PPV derivatives through established commercial
methods. These PPV based materials were then subjected to comprehensive structural,
thermal, and optical characterization to evaluate their fundamental properties and
identify opportunities for further improvement.
Building on this foundation, we developed a set of norbornene-functionalized
monomers and employed Grubbs second-generation catalyst to carry out ROMP and
construct various polymer systems, including homopolymers and random copolymers.
The synthesized polymers were designed to incorporate electron-donating and electron-
accepting units, bulky side chains, and rigid frameworks to influence solubility, thermal
behavior, and optoelectronic characteristics.

The specific aims of this research are as follows:
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® To synthesize and characterize PPV derivatives using commercial methods,
focusing on understanding the influence of side-chain variations on solubility, film-
forming properties, and structural features.

® To develop a series of ROMP-based homopolymers, including carbazole- and
admentyl-functionalized norbornene monomers, and analyze their molecular
weights, dispersity, thermal stability, and absorption/emission behavior.

® To synthesize random copolymers aiming to combine the thermal robustness of
NDIs with the optoelectronic benefits of PPVs.

® To investigate the effects of molecular design and polymer architecture on the
performance relevant properties of the synthesized materials, using various
analytical techniques such as GPC, NMR, TGA, DSC, and UV-Vis absorption.

Overall, this thesis seeks to provide a systematic investigation into the design, synthesis,

and characterization of functional conjugated polymers, bridging the gap between

conventional synthesis methods and advanced living polymerization techniques. The

results are expected to contribute to the broader field of organic electronics by offering

new material insights and synthetic routes for producing well-defined, high-

performance polymeric semiconductors.

1.8. Organization of the Thesis

This thesis is organized into seven chapters, each of which systematically presents the
progression of the research, from the motivation and materials used to the synthesis,
analysis, and final conclusions. Below is a summary of the contents of each chapter:

Chapter 1 Introduction
This chapter presents the background, motivation, and objectives of the research. It
provides an overview of conjugated polymers, particularly poly (PPV) derivatives and
norbornene-based systems synthesized via ROMP. A dedicated section, Literature
Review and Research Gap, is included to comprehensively discuss the evolution of PPV
synthesis methods, their corresponding optical properties, and the limitations of existing
techniques. This section critically identifies the research gap and positions the relevance
of ROMP as a versatile synthetic platform for next-generation optoelectronic materials.
Chapter 2 Materials & Instrumentation
This chapter details the materials, synthetic techniques, and characterization methods

used throughout the thesis. It includes commercial synthetic strategies for PPV
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derivatives and the preparation of ROMP-based polymers using Grubbs catalysts.
Comprehensive characterization techniques such as NMR, FTIR, GPC, TGA, DSC,
UV-Vis spectroscopy, fluorescence spectroscopy, and cyclic voltammetry are
described.

Chapter 3 Precise Synthesis and Characterization of Poly (p-phenylene

vinylene) Polymers Using ROMP

focuses on the synthesis and characterization of two poly(p-phenylenevinylene) (PPV)
derivatives P1 (DO-PPV) and P> (EHM-PPV) using ROMP. These polymers, featuring
symmetric and asymmetric side chains respectively, displayed excellent solubility,
narrow PDIs (1.22 for Py and 1.09 for P»), and promising photoluminescence. Optical
and electrochemical measurements revealed tunable band gaps, confirming their
suitability for optoelectronic applications. This chapter highlights the impact of alkyl
side-chain engineering on polymer properties.

Chapter 4 Thermal Stability and Solubility of Poly (norbornene-dicarboximide)
Derivatives: Synthesis and Characterization of Carbazole and Adamantyl Pendants
presents the synthesis and analysis of two poly (NDI) derivatives P3 (CA-NDI) and P4
(AD-NDI) via ROMP using the Grubbs 3™ generation catalyst G3. P3 incorporates
carbazole side groups, while P4 features bulky adamantane units. Both polymers
exhibited high thermal stability, good solubility, and controlled molecular weights with
narrow PDIs. Characterization techniques (NMR, GPC, FT-IR, DSC, TGA, UV-vis)
confirmed their structural and functional performance.

Chapter 5 ROMP of p-Phenylenevinylene and Norbornene-Dicarboximide
Copolymers: Toward Enhanced Thermal Stability

describes the synthesis of two random copolymers, Ps (CA-NDI/DO-PPV) and Ps (CA-
NDI/EHM-PPV), aiming to combine the thermal robustness of NDIs with the
optoelectronic benefits of PPVs. Synthesized via ROMP using the Grubbs 2™
generation catalyst G2. Both copolymers showed strong absorption (~450 nm),
fluorescence (~530 nm), and high thermal stability (up to 421.7 °C). The results
emphasize the effectiveness of ROMP in producing versatile copolymers with balanced
properties for electronic devices.

Chapter 6 ROMP-Based Synthesis and Characterization of Donor-Acceptor

Norbornene Copolymers
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This chapter presents the synthesis and characterization of donor and acceptor-type
polymers, along with their copolymers, using ROMP. A donor-type monomer (CAH-
NDI, Ms), featuring a carbazole moiety connected via a flexible alkyl spacer, was
polymerized to yield polymer P7. The effect of polymerization time and conditions on
molecular weight and dispersity was investigated to optimize the polymerization
process.

Additionally, an acceptor-type monomer (DCT-NDI, M), incorporating a triazine unit,
was polymerized to form Pg. Following this, random copolymers (Po—Pi2) were
synthesized using various molar ratios of CAH-NDI and DCT-NDI monomers to study
the impact of composition on the resulting material properties.

All polymers were characterized by standard techniques including NMR, GPC, and UV-
vis to evaluate their structural and optical features. This chapter highlights the modular
approach to designing donor-acceptor type materials and provides insights into tuning
polymer properties through monomer selection and feed ratio adjustment.

Chapter 7 Conclusions, Recommendations, and Future Work

Finally, this thesis concludes with a summary of key findings, practical
recommendations for optimizing ROMP-based polymer design, and a future outlook
focused on developing solution-processable multi-resonance TADF pendant polymers

for next-generation ultra-low power OLED applications.
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Chapter 2

Materials & Instrumentation
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Unless explicitly stated, all chemicals were utilized in their as-received state from
Sigma-Aldrich, Tokyo Chemical Industry, Fujifilm Wako, and Kanto Chemical,
without additional purification. Thin-layer chromatography on LC Silica gel 60 Fzss 25
Aluminium sheets 20 x 20 was employed to monitor the progress of most reactions.
Preparative separations were conducted through column chromatography using silica
gel Wakosil(R) with a particle size range of 60 to 210 um. Polymerizations were
executed using a Radleys Carousell 12 under a nitrogen atmosphere.

The 'H and '*C nuclear magnetic resonance (NMR) spectra were acquired in deuterated
chloroform encompassing both one-dimensional (1D) and two-dimensional (2D)
techniques, and chemical shifts were referenced to tetramethylsilane (TMS) as an
internal standard, using a Nihon Denshi JEOL JNM-LA400 spectrometer operating at
400 MHz and 600 MHz, with Chemical shifts expressed in parts per million (ppm)
relative to the residual solvent peak. All coupling constants (J values) are presented in
hertz (Hz), and multiplicity abbreviations such as s (singlet), d (doublet), dt (doublet of
triplets), t (triplet), and m (multiplet) are utilized.

High-resolution mass spectrometry (HRMS) was conducted on a Nihon Denshi JEOL
MStation JIMS700.

The molecular weights and polydispersity of polymers were determined using Gel
Permeation Chromatography (GPC) with a Shodax GPC K-804L column on a JASCO
LC2000 liquid chromatography system, with tetrahydrofuran (THF) serving as the
eluent.

UV absorption spectra were recorded on a Shimadzu UV-Vis spectrometer 1240, with
a standard concentration of 5 mg/100 ml THF. Fluorescence spectra were measured
using JASCO FP-8600 fluorometer. Phosphorescence spectra were recorded on a
Hamamatsu Photonics PMA12 C10027-01 with a 340 nm LED (Thorlabs M340L5) as
the excitation source.

Cyclic voltammogram traces were recorded using a conventional three-electrode
configuration with an electrochemical analyzer (ECstat-302, EC frontier, JPN) with a
glassy carbon (7.07 mm?) working electrode, a Pt wire counter electrode, and Ag/Ag”
reference electrode, and the ferrocene/ferrocenium (Fc/Fc*) external reference.
Acetonitrile was used as solvent and 0.1 M tetrabutylammonium hexafluorophosphate

(TBAPFs) was used as the supporting electrolyte.
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Glass transition temperature (Tg) was determined by Differential Scanning Calorimetry

(DSC) using Seiko Instruments Inc SII-DSC 6220, under nitrogen atmosphere at

heating rate 10 ° C/min. Decomposition temperature (Td) was carried out by

Thermogravimetric Analysis (TGA), Rigaku Thermoplus TG8110 instrument, using a

nitrogen flow of 100 cc/min and a temperature ramp rate of 10°C/min.
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Chapter 3

Precise Synthesis and
Characterization of Poly (p-
phenylene vinylene) Polymers

Using ROMP
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This chapter explores the synthesis, characterization, and photophysical evaluation of
two soluble poly (PPV) derivatives, each prepared through ROMP. The first derivative,
poly(2,5-dioctyloxy-p-phenylenevinylene) (DO-PPV) Pi, and the second, poly(2-[(2-
ethylhexyl)oxy]-5-methoxy-p-phenylenevinylene) (EHM-PPV) P>, feature distinct
alkyl substituents dioctyl and ethylhexyl chains, respectively. Both polymers exhibited
excellent solubility in various organic solvents and displayed narrow polydispersity
indices (PDI), indicative of controlled polymerization. DO-PPV had a PDI of 1.22,
while EHM-PPV exhibited a lower PDI of 1.09, indicating a higher degree of molecular
weight uniformity. Optical band gaps ranged from 2.21 to 2.25 eV in thin films and 2.07
to 2.19 eV in solution for DO-PPV, while EHM-PPV demonstrated slightly higher
optical band gaps, ranging from 2.32 to 2.37 eV. Electrochemical studies using cyclic
voltammetry revealed band gaps of 2.37 eV and 2.19 eV for DO-PPV and EHM-PPV,
respectively, further underscoring their potential for optoelectronic applications. Both
polymers exhibited promising fluorescence activity in solution and thin-film states,
suggesting their suitability for OLEDs and related devices. This chapter highlights the
influence of alkyl chain structure on the optoelectronic properties of PPV derivatives,
offering valuable insights into the rational design of conjugated polymers for advanced
applications.

Two notable PPV derivatives include poly(2,5-dioctyloxy-p-phenylenevinylene) (DO-
PPV) and poly(2-[(2-ethylhexyl)oxy]-5-methoxy-p-phenylenevinylene) (EHM-PPV).
These polymers differ in the alkyl side chains attached to their backbones, with DO-
PPV incorporating dioctyl groups and EHM-PPV featuring ethylhexyl and methoxy
substituents. With its symmetric dioctyl groups, DO-PPV is well-known for its excellent
solubility in organic solvents and ability to form uniform thin films. EHM-PPV, on the
other hand, introduces an asymmetric ethylhexyl group and methoxy group in para
position, offering enhanced molecular packing and tunable optoelectronic properties.
These structural differences make EHM-PPV particularly interesting for applications
requiring precise control over band gaps and fluorescence activity.

In this study, both DO-PPV and EHM-PPV were synthesized using ROMP. This robust
method enables precise control over polymer architecture, molecular weight, and

dispersity. The use of 2" generation Grubbs catalyst G2 ensured high efficiency and
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narrow polydispersity indices (PDIs), with values of 1.22 for DO-PPV and 1.09 for
EHM-PPV.

This chapter provides a detailed investigation of the synthesis, characterization, and
photophysical properties of these PPV derivatives. Their optical and electrochemical
band gaps, fluorescence emission, and solubility were evaluated to assess their potential
for use in OLEDs and other optoelectronic applications. The findings underscore the
critical role of side-chain engineering in tuning the properties of conjugated polymers
for advanced technological applications.

First synthetic route for Synthesis of Poly(2,5-Dioctyloxy-p-Phenylenevinylene)
(DO-PPV)

3.1.Synthesis of DO-Paracyclophanediene Monomer (M1).
(Scheme 3. 1) illustrates the synthesis of the DO-[2.2] paracyclophane-1,9-diene
(PCPD) monomer. The process begins with the cyclization of key starting materials to
form an intermediate compound. This intermediate undergoes several reactions,
including rearrangement, oxidation, and elimination steps, leading to the formation of
the desired PCPD monomer. Each synthesized structure was confirmed by NMR
spectroscopy (both proton and carbon) and MS. The final product is then purified
through column chromatography and recrystallization. Characterization techniques are

employed to confirm the structure and purity of the synthesized compound.
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Scheme 3. 1 Synthesis of DO-Paracyclophanediene Monomer M.
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(i) 1-bromooctane, K,COs, HBr, Acetonitrile, 80 °C, 48 h; (ii) Paraformaldehyde, Acetic acid,
70°C, 6 h; (iii) a-Thiourea, Ethanol, 90 °C, 5 h; b- KOH (), 110 °C, 2 h; ¢-H2SO4, RT, 1 h; (iv)
KOHgar), Benzene, RT, 72 h; (v) TBAF, TMS-PTFMS, Dry THF, RT, 6 h; (vi) anhydrous
1.2-dichloroethane, isoamyl nitrite, anthranilic acid, under N>, 90 ‘C, 2 h; (vii) m-CIPBA,
Chloroform, 0 °C, 1 h, (vii) Benzene / acetic acid, H,O,, RT, 12 h; (xi) Cs>COs, o-xylene,
150 °C, 20 h; (x) DMF, nitrogen stream, 155 °C, 20 h

3.1.1.Synthesis of 1,4-bis(dioctyloxy)benzene compound (1).

A mixture of 1,4-hydroquinone (20.00 g, 0.1816 mol), 1-bromooctane (87.69 g, 0.4540
mol), and potassium carbonate (62.75 g, 0.4540 mol) was refluxed in acetonitrile (200
ml) for about 48 hours. The resultant mixture was cooled followed by stirred in de-
ionized water for 30 minutes at room temperature to afford a dark brown precipitate
which collected, washed several times by de-ionized water and dried at 50°C. Then, the
crude material was purified by dissolving in the minimum amount of hot hexane and re-
precipitated by using excess of stirred methanolic solution to produce a brown
precipitate which filtered, washed with methanol, and dried at 50°C to give a pale brown
solid in (53 g, 80%) yield. EI-MS calculated for C22H3s02 m/z: 334.00; Found: m/z
334.00. "H NMR (400 MHz, Chloroform-d) § 6.83 (d, ] = 15.1 Hz, 4H), 3.89 (t, ] = 6.6
Hz, 4H), 1.70-1.77 (m, 4H), 1.27-1.47 (m, 20H), 0.88 (t, J = 6.6 Hz, 6H) ppm.'3*C NMR
(101 MHz, Chloroform-d) ¢ 153.03, 115.47, 68.33, 32.04, 29.49, 29.34, 26.36, 22.47,
13.95 ppm. (S3. 1).

3.1.2.Synthesis of 1,4-bis(bromomethyl)-2,5-bis(octyloxy)benzene compound (2).

A mixture of product 1 (21.29 g, 0.1195 mol), paraformaldehyde (7.35 g 0.2451 mol)
was dissolved in (300 ml) acetic acid. A solution of hydrobromic acid (42.5 ml) (33
wt. % 1n acetic acid) was added and the mixture was stirred for 6 hours under refluxing
system. The reaction mixture was cooled to RT and the suspension was poured onto de-
ionized water, the precipitate was isolated by filtration and washed with de-ionized
water. The dark brown residue was dissolved in hot chloroform, then poured onto
methanol to form a solid white precipitate, which can be repeated for a white loose solid
in (28 g, 75.5%) yield. EI-MS calculated for C24H40B1202 m/z: 520.00; Found: m/z
520.14. '"H-NMR (400 MHz, Chloroform-d) & 6.85 (s, 2H), 4.53 (s, 4H), 3.98 (t, J= 6.4
Hz, 4H), 1.81 (dq, J = 8.2, 6.5 Hz, 4H), 1.63 —-1.21 (m, 20H), 0.98 —0.73 (m, 6H)
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ppm."3C NMR (101 MHz, Chloroform-d) § 1150.75, 127.46, 114.48, 68.56, 32.10,
29.02, 28.92, 25.62, 22.39, 14.20 ppm. (S3. 2).

3.1.3.Synthesis of 1,4-Benzenedimethanethiol compound (3).

A deoxygenated  ethanolic solution (200  ml) containing 1,4-
Bis(dibromomethyl)benzene (17.8 g, 0.056 mol) and thiourea (9.8 g, 0.13 mol) was
refluxed for 5 hours to give a suspension which cooled to room temperature and the
solvent was removed in vacuo. A solution of deoxygenated water (200 ml) containing
Sodium hydroxide (12.6 g, 0.22 mol) was added to the residue followed by refluxing
for 2 hours. The reaction mixture was cooled to room temperature, neutralized with 50%
aqueous H>SOs4, and extracted with chloroform (3 x 100 ml). The organic layer was
dried over MgSOy, filtered, and the solvent removed in vacuo. The resulting solid was
crystallized from mixed solutions of (chloroform / methanol) to afford a white powder
in (9 g, 94%) yield. EI-MS calculated for CsHeS2 m/z: 170.00; Found: m/z 170.00. 'H
NMR (400 MHz, Chloroform-d) ¢ 7.26 (d, J = 6.9 Hz, 4H), 3.72 (d, ] = 7.8 Hz, 4H),
1.74 (t, ] = 7.5 Hz, 2H) ppm."3C NMR (101 MHz, Chloroform-d) J 139.39, 127.89,
28.19 ppm. (S3. 3).

3.1.4.Synthesis of Thiacyclophane compound (4).

Compound 2 (10 g, 0.019 mol) and Compound 3 (3.27 g, 0.019 mol) were dissolved in
deoxygenated benzene (500 ml). This solution was added extremely slowly dropwise
using a pressure-equalizing dropping funnel to a stirred solution of Potassium
Hydroxide (4.31 g, 0.077 mol) in deoxygenated ethanol (1000 ml), over 72 hours at RT.
After a further 3 hours, the solvent was evaporated, the residue dissolved in chloroform
and water, washed with water and brine in an organic layer which dried by using
anhydrous Na>SOs, and the solvent evaporated to give a yellow oil which purified using
column chromatography (CHCls: Hexane, 20:80) yielding a colorless oil (6.31 g, 62%)).
EI-MS calculated for C32Has0,S2 m/z: 528.00; Found: m/z 528.8. '"H NMR (400 MHz,
Chloroform-d) 6 6.92 (dd, J=36.7, 7.8, 2.0 Hz, 4H), 6.42 (s, 2H), 4.28 (d, /= 14.8 Hz,
2H), 3.94 (t, J = 9.2, 6.5 Hz, 4H), 3.87 —3.72 (m, 4H), 3.35 (d, J = 14.8 Hz, 2H), 1.82
(dd,J=13.2,7.1,4.3 Hz, 4H), 1.57(dp, /= 12.8, 4.0 Hz, 4H), 1.48 —1.29 (m, 8H), 0.97
—0.87 (m, 6H)ppm.'*C NMR (101 MHz, Chloroform-d) § 149.82, 135.62, 129.08,
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128.23, 124.93, 114.46, 68.20, 38.02, 32.03, 31.22, 29.61, 26.55, 22.83, 14.29ppm.
(Figure 3.4).
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Figure 3. 1 a) EI-MS spectrum of compound 5; b) 'H NMR spectrum; ¢) *C NMR spectrum.
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3.1.5.Benzyne-induced Pummerer rearrangement of compound (5).

A mixture of the DO-Thiacyclophane 4 (1 g, 0.0037 mol) and 2-(trimethylsilyl)
phenyltrifluoromethanesulfonate (1.4 g, 0.0094 mol) in dry THF (100 ml) was stirred
at room temperature for few minutes. Then, a solution of Tetrabutylammonium fluoride
trihydrate (TBAF-3H,0) (1.78 g, 0.009189 mol) in dry THF (10 ml) added dropwise
using over a period of 5 hours. The resulting solution stirred for 1 additional hour then
evaporated to produce brown oil. The crude material was purified by column
chromatography (CHCIls: Hexane, 30:70) yielding a pale yellow oil (1.2 g, 94%). EI-
MS calculated for C44Hs602S2 m/z: 680.00; Found: m/z 680.01. (S3. 4).

3.1.6.Benzyne Induced Stevens Rearrangement compound (6).

The DO-Thiacyclophane 4 (3.57 g, 0.00675 mol) and Anthranilic acid (2.77 g, 0.02

mol) were dissolved in anhydrous 1,2-Dichloroethane (100 mL) and heated to 90°C
under nitrogen with a condenser. At the reflux point, Isoamyl nitrite (3.16 g, 0.027 mol)

was added by syringe very slowly over a period of at least 60 minutes. The resulting

solution was heated at 90 C for 1 additional hour and then evaporated to produce brown
oil. The crude material was purified by column chromatography (DCM: Hexane, 30:70)
yielding a pale-yellow oil (1.5 g, 42%). EI-MS calculated for C44Hs602S2 m/z: 680.37;
Found: m/z 680. (S3. 5).

3.1.7.0xidation of phenyl sulfides of compound (7).

Stirring the rearrangement product 5 (1.2 g, 0.0018 mol) in chloroform (15 ml) and the
solution maintained at 0 "C. After that, a solution of 3-Chloroperoxybenzoic Acid (m-
CPBA) (0.6 g, 0.0035 mol) was slowly added over approximately 10 minutes and the
reaction mixture stirred for an additional 30 minutes at 0 "C. Then, quenched by a
saturated sodium bicarbonate solution followed by extracted via chloroform, collected
the organic phase and washed with de-ionized water (3x100 ml) and dried by anhydrous
MgSOs, and evaporated to give a (1.25 g, 96%) yield of the desired product as a clear
yellow oil. EI-MS calculated for C44Hs604S2 m/z: 712.00; Found: m/z 712.05. (S3. 6).

3.1.8.0Oxidation of phenyl sulfides of compound (8).
The Stevens rearrangement product 6 (0.75 g, 0.0011 mol) was dissolved in a mixture

of benzene (30 ml) and acetic acid (5 ml). The mixture was stirred for 10 minutes and
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then cooled to approximately 0 °C using an ice bath. Hydrogen peroxide (0.112 g,
0.0033 mol) was dissolved in acetic acid (5ml) and added dropwise by syringe over a
period of 30 minutes in air. The vessel was allowed to warm at room temperature and
stirred for 12 hours in air. Then, quenched by a saturated sodium bicarbonate solution
followed by extracted via chloroform, collected the organic phase and washed with de-
ionized water (3x100 ml) and dried by anhydrous MgSOs4, and evaporated to give a
(0.355 g, 46.6 %) yield of the desired product as a clear yellow oil. EI-MS calculated
for C44Hs5604S2 m/z: 712.05; Found: m/z 712.00. (S3. 7).

3.1.9.Synthesis of (27.,57)-12,15-di(octyloxy)-1,4(1,4)-
dibenzenacyclohexaphane-2,5-diene (PCPD) compound (9) (M1).

Heating under reflux a mixture of compound 7 (0.7 g, 0.00098 mol) and Cs>CO3 (1.3 g,
0.0039 mol) was dissolved in o-xylene for 4 hours. The reaction was cooled, filtered,
and solvent removed to form a dark brown oil, which was then purified using column
chromatography (CHCI3: Hexane, 10:90) to afford a colorless viscous oil in (0.3 g, 75%)
yield, EI-MS calculated for C3,H1O02 m/z: 460.00; Found: m/z 460.70. '"H NMR (400
MHz, Chloroform-d) 67.06 —6.95 (m, 2H), 6.85 (d, J = 10.0 Hz, 2H), 6.67 —6.60 (m,
2H), 6.58 —6.51 (m, 2H), 5.52 (s, 2H), 3.58 —=3.43 (m, 4H), 1.54 —1.39 (m, 4H), 1.32 —
1.00(m, 20H), 0.68 —0.60 (m, 6H) ppm.'>*C NMR (101 MHz, Chloroform-d) 6 152.46,
138.34, 135.62, 134.54, 131.43, 129.18, 127.61, 120.40, 69.21, 31.96, 29.71, 26.31,
22.78, 14.23ppm. (Figure 3. 2).
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Figure 3. 2 Compound 9 (M) a) EI-MS spectrum; b) 'H NMR spectrum; ¢) *C NMR
spectrum.
3.1.10.Synthesis of (2Z,57)-12,15-di(octyloxy)-1,4(1,4)-

dibenzenacyclohexaphane-2,5-diene (PCPD) compound (10) (My).

The oxidation product 8 (0.36 g, 0.000505 mol) was dissolved in DMF (40 ml) the
mixture was stirred at room temperature for 5 minutes. The solution was then heated to
155°C with a nitrogen stream for a period of 20 hours. The solution was allowed to cool
and washed with dilute aqueous HCL and extracted into chloroform, dried with sodium
sulfate to give yellow oil. The crude material was purified using column

chromatography (DCM: Hexane, 10:90) to afford a colorless viscous oil in (0.22 g,
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61 %) yield, EI-MS calculated for C3:H4402 m/z: 460.00; Found: m/z 460.70. '"H NMR
(400 MHz, Chloroform-d) 6 7.10 (d, J = 10.1 Hz, 2H), 6.89 (d, J = 10.1 Hz, 2H), 6.79
(d, J=8.2 Hz, 2H), 6.47 (d, J = 8.2 Hz, 2H), 5.76 (s, 2H), 3.70-3.82 (m, 4H), 1.67-1.74
(m, 4H), 1.24-1.56 (m, 20H), 0.86-0.92 (m, 6H) ppm. *C-NMR (101 MHz,
Chloroform-d) 8 152.39, 138.31, 135.60, 134.51, 131.39, 127.58, 127.30, 120.29, 77.43,
77.12,76.79, 69.15, 31.95, 29.69, 29.52, 29.38, 26.29, 22.78, 14.24. (Figure 3. 3).
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Figure 3. 3 Compound 10 (M;) a) EI-MS spectrum; b) 'H NMR spectrum; ¢) *C NMR

spectrum.

3.2.Synthesis of Poly(2,5-Dioctyloxy-p-Phenylenevinylene) (11) (P1).

In a dry Radleys Carousell tube under a nitrogen atmosphere, tetrahydrofuran (10 ml)
solution containing DO-PCPDE monomer (M) (0.30 g, 6.5118x10™* mol) was stirred
for 10 minutes at 60°C to fully dissolve. Then, G2 catalyst (18.42 mg, 2.1706x10mol)
was dissolved in dry Tetrahydrofuran (2 ml) under nitrogen and was quickly transferred
by syringe to the polymerization vessel, then, the mixture was stirred at 60°C for 24
hours. The mixture was then allowed to cool to RT, and the polymerization was
quenched by adding excess ethyl vinyl ether (2 ml). The reaction mixture was allowed
to proceed for an additional 1 hour. In order to remove the deactivated catalyst the
polymerization mixture was passed through silica, the solvent was removed, and the
pure polymer was dried in a vacuum oven at 40°C for 12 hours. The pure product was
exposed to 365nm light to convert the cis-trans structure in the polymer to the all-trans
structure. (S3. 8).

'H NMR (400 MHz, Chloroform-d) 6 7.53 —7.49 (m, 2H), 7.33 (d, 3H), 7.25 (s, 3H),
7.21 (d, J = 4.4 Hz, 2H), 7.09 (d, J = 16.7 Hz, 2H), 6.98 (s, 2H), 6.86 —6.44 (m, 6H),
3.97 (t,J=6.9 Hz, 4H), 3.71 (t,J=7.3 Hz, 4H), 1.47 —1.38 (m, 24H), 0.83 (t,J=26.3
Hz, 6H).
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3.3.Results and discussion.

(Scheme 3. 1) illustrates the steps involved in producing the DO-PCPD monomer (M1).
In order to prevent the formation of oligomers and polymers, an equimolar amount of
1,4-bis(bromomethyl)-2,5-bis(octyloxy)benzene 2 and 1,4-Benzenedimethanethiol 3
were cyclized at a high dilution in the presence of aqueous potassium hydroxide for at
least three days. This process produced the intermediate material, dithiaparacyclophane
4. The benzyne rearrangement of compound 4 using benzyne-induced rearrangement
Pummerer and Stevens methods also yielded bisphenylsulfides. Compounds 5 and 6
were obtained with a yield of 94% and 42% respectively after purification via flash
column chromatography. Characterizing the mixture of isomers by NMR spectroscopy
was challenging due to a large number of overlapping signals. The ESI mass spectrum
of the benzyne rearrangement products exhibited a molecular ion at m/z 680 for both
methods.

Compound 7 was synthesized by treatment with m-CPBA to give corresponding
disulfoxides Then, Compound 7 was heated at reflux in o-xylene with Cesium
Carbonate. Following purification by column chromatography and recrystallization, a
75% yield of the DO-PCPD monomer (M1) 9 was obtained. Oxidation of the phenyl
sulfides by treatment with 35% w/w hydrogen peroxide in a 1:6 ratio of acetic
acid/benzene solution gave the desired bis(sulfoxide) compound 8. Pyrolysis of the
bis(sulfoxide) mixture was carried out in DMF solution under reflux with a nitrogen
purge for 20 hours, and the crude compound was then chromatographed in hexane to
give the monomer (M1)10 in an overall yield of 46.6%. Then the monomer followed by
the polymerization process utilizing G2 catalyst, and it was ultimately quenched by

adding excess ethyl vinyl ether. (Scheme 3. 2)

OR

80°C,24 h/EVE

OR
G,, DCE O Y/ O 0
- o

R = (CH,)-CH, DO-PPV

Scheme 3. 2 DO-PPV homopolymer P; Using the G2 Catalyst
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(Figure 3. 2) illustrates the 'H NMR spectrum of the DO-PCPD monomer 9 in
chloroform-d. Four doublets corresponding to the cis-vinylic hydrogens were observed
at chemical shifts of 7.06, 6.95, 6.85, and 6.67 ppm. Two additional doublets were
attributed to the hydrogens of the substituted phenyl ring at 6.95 and 6.41 ppm.
Additionally, the hydrogens in the non-substituted phenyl ring manifested as a doublet
at 6.47 ppm, integrating two hydrogens. One of the two aromatic hydrogens of the
substituted phenyl ring appeared as a singlet at 5.52 ppm. Signals below 2 ppm in all
three spectra corresponded to hydrogens of the long alkyl chain, except for methylene
hydrogens linked to oxygen atoms. Furthermore, (Figure 3. 2) exhibited a peak with a
molecular weight of 460 (M+) visible in the EI-MS analysis, indicative of the full
formation of the desired monomer 9. Similarly, monomer 10 exhibited nearly identical
data in (Figure 3. 3). (S3. 8) (a and b) display the polymer P1 'H NMR spectra. The
peaks at 3.97 and 3.71 ppm, respectively, are the methylene hydrogens bound to the
oxygen adjacent to the trans- and cis-vinylenes. At 6.86 and 6.44 ppm, the signals of
hydrogens for cis-vinylene and o-phenyl to the cis-vinylene were detected. Furthermore,
peaks corresponding to the hydrogens for trams-vinylene and o-phenyl for trans-
vinylene are seen at 7.53 and 7.49 ppm, respectively.

As shown in (Figure 3. 4), the polymer exhibited a reasonable number-average
molecular weight (M,) value of 27483 g/mol obtained from GPC analysis. So, the
polydispersity index (PDI) can be calculated as 1.22 with a yield of 91%. It can be
generally considered to be a narrow molecular weight distribution, which is important
for use in electronic and optoelectronic applications, such as solar cells, light-emitting
diodes, and field-effect transistors, where their good film forming properties are highly
dependent on their molecular weight and the uniformity of their structure

In these applications, a low PDI value is desirable, as it can lead to more consistent and
stable electronic properties in the final device with minimal quenching. Additionally, a
comparison analysis was conducted on the end products of the polymer produced
through ROMP and the Gilch method [77,78]. The findings indicated that the PPV
derivative obtained exhibited superiority in terms of PDI, polymer purity, yield, and

applications such as OLEDs.
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Figure 3. 4 Molecular weight distribution of polymer P;.

Py absorption spectra were measured in the variable solutions including CHCI3, CsHsCl,

and THF. Furthermore, (Table 3. 1) provides a summary of associated optoelectronic

properties.
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Figure 3. 5 Absorption profile of the polymer P;.

Chapter 3 50



UV-vis absorption maxima (4Ama) in the range of 470.90 — 485.70 nm were shown by
the PPV in varied solutions. As presented major absorption peaks for CHCl3 and CsHsCl
have been found at 470.90 and 485.70 nm, correspondingly (Figure 3. 5).

Remarkably, THF had a strong band of absorption at 485.00 nm in addition to its tiny
shoulder peaks at 515.00 nm. The thin film UV-vis absorption of PPV derivatives
emerged (Figure 3. 6). In this instance, the PPV homopolymer showed a broader band
compared to the solution because of the polymer chains solid-state aggregation[79], and
(Amax) values were discovered at 480.16 nm.

The photoluminescence emission spectra of P1 were obtained by irradiative excitation
at their respective wavelengths of the absorption maximum in variable solutions at
concentrations 10° M at room temperature.

Table 3. 1 Optical Properties of the Polymer P

Polymer solvent UV-Vis Absorption Fluorescence
P1 Emission
Mmax),  Monsen), Eg™” Eg™” Mem) M
nm nm (eV) Tauc plot
Solution C¢HsCl 485.7  552.8 2.24 2.17 539
THF 485 556.7 2.23 2.19 545
DCM  470.9 551 2.25 2.18 558.6
Thin film CeHsCl  480.1 561 2.21 2.07 647.85

In addition, the casting thin film is provided in (Figure 3. 6), and their data are displayed
in (Table 3. 1). The highest emission bands in various solutions were observed in the
region of approximately 539.0-555.8 nm. When CHCI3 was stimulated at Auqx (470.00
nm), the 4., maximum (558.65 nm) was reached.

Hence in this instance, THF and C¢HsCl share the identical excited Amqx at 480.00 nm
in addition to having respective Aen maximum values of 539.07 nm and 545.00 nm
(Figure 3. 7).

Furthermore, the emission maximum A., was noticed at (647.85 nm) when the thin film
was included at the excited e (480 nm), and noticed that, in comparison to the
emission maxima of different solutions, the A., in the thin film was more-red shifted, so

this observation suggests that reduce the energy gap between the relaxed S' and S°.
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Therefore, the optical band gap (E.”’) of the P1 was determined by two methods one of
those using the absorption onsets (Aonser) according to this equation: (Eg”) = 1240/Aonser
in addition to Tauc plot (Figure 3. 8).

10

—Abs. —PL.

(=1 = (=1
IS m o
1 1 1

MNormalized intensity(a.u.)

=]
[ X]
L

200 400 500 600 700 800
Wavelength{nm)

Figure 3. 6 Thin film Absorption and emission of P;.
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Figure 3. 7 Emission profile of the polymer P;.

The onsets thin film in addition to, onsets of CHCl3, CsHsCl, and THF absorptions
(Aonser) of DO-PPV P1 were estimated to be near 561.01, 551.06, 552.80 and 556.70 nm,
respectively. Therefore, their E,” was anticipated to be among 2.21 - 2.25 eV. On the
other hand, the Tauc plot £, approach estimates a trend by linearly extending to zero
of the linear regions of the (ahv) > = f(hv) curves. In which hv is the energy of the
photon and a is the absorption coefficient. Additionally, the Tauc plot was represented
in the range of 2.07 to 2.19 and (Table 3. 1) displays the £, for both thin-film and

variable solutions.
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The polymers electrochemical characteristics were assessed via cyclic voltammetry in
solid-state conditions, employing tetrabutylammonium hexafluoride in acetonitrile (0.1
M) as the electrolyte. The polymer films were deposited onto a glassy carbon working
electrode. The estimated energy levels for Enomo and Erumo are approximately -5.94
and -3.58 eV for P1, respectively (Figure 3. 9).

By applying the equation for the difference between the HOMO and LUMO energy
levels, we determined that the electrochemical band gap is 2.37 eV, which closely aligns
with the energy obtained from the optical band gap [80].

The thermal stability of polymer P1 was assessed using thermogravimetric analysis
(TGA) performed under a nitrogen atmosphere with a constant heating rate of 10 °C/min.
The resulting data are illustrated in (Figure 3. 10).

For polymer Pi, the thermogram displays a two-step degradation process. The initial
decomposition begins at approximately 193.1 °C, with a minor mass loss of 2.86%,
likely caused by the release of low-molecular-weight side fragments. A second, more
substantial degradation occurs at 265.9 °C, resulting in a 38.4% mass reduction, which

is mainly attributed to the thermal cleavage of alkyl side chains.
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Figure 3. 10 a) TGA, and b) DTG curves for polymer P;.

Second synthetic route for Synthesis of poly(2-[(2-ethylhexyl)oxy]-5-methoxy-p-
phenylenevinylene) (EHM-PPV) (P2)

3.4.Synthesis of EHM-Paracyclophanediene Monomer (M2)
(Scheme 3. 3) illustrates the steps involved in synthesizing the EHM-
Paracyclophanediene (EHM-PCPD) monomer. The process begins with the cyclization

of key intermediates under controlled conditions to form a stable cyclic precursor.
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Subsequent oxidation steps introduce sulfoxide functionalities, followed by elimination
reactions to generate the desired conjugated structure. Each step in the synthesis was
optimized to ensure high purity and yield, and the final structure was confirmed using

NMR spectroscopy and mass spectrometry (MS).
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R = CH(C,H;)(CH,),CH,

Scheme 3. 3 Synthesis of EHM-Paracyclophanediene Monomer M,.

(i) 2-ethylhexylbromide, K»-COs, Acetonitrile, 80 °C, 48 h. (ii) (CH2O)n, HBr, Acetic acid, 65
°C, 4 h. (iii) a-Thiourea, Ethanol, 90 °C, 5 h; b- KOH (aq.), 110 °C, 2 h; ¢c-H>SOs, RT, 1 h. (iv)
Alc.KOH, Benzene, RT, 72 h. (v) DCE, Isoamyl nitrite, Anthranilic acid, 90 °C, 2 h. (vi)
Benzene / Acetic acid, H,O,, RT, 12 h. (vii) DMF, 155 °C, 20 h.

3.4.1.4.1 Synthesis of (R)-1-((2-ethylhexyl) oxy)-4-methoxybenzene (12).

A mixture of 4-methoxyphenol (10.00 g, 0.08 mol), 2-ethylhexylbromide (18.66 g,
0.096 mol), and potassium carbonate (13.35 g, 0.096 mol) was refluxed in acetonitrile
(200 ml) for about 48 hours. The resultant mixture was cooled followed by stirring in
de-ionized water for 30 minutes at room temperature to afford a dark brown precipitate
which collected, washed several times by de-ionized water and dried at 50°C. Then, the
crude was purified by dissolving in the minimum amount of hot hexane and re-
precipitated by using excess of stirred methanolic solution to produce a brown
precipitate which filtered, washed with methanol, and dried at 50°C to give a white solid
in (17 g, 88 %) yield. EI-MS calculated for C22H3302 m/z: 236.35; Found: m/z 236.00.
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'H NMR (400 MHz, Chloroform-d) 6 6.86 (d, J = 2.3 Hz, 4H), 3.82 (d, J = 4.6 Hz, 2H),
3.78 (s, 3H), 1.70-1.79 (m, 1H), 1.60-1.30 (8H), 0.93-0.98 (m, 6H)) ppm."*C NMR (101
MHz, Chloroform-d) 8 153.69, 115.50, 114.67, 71.01, 55.52, 39.16, 30.42, 28.77, 24.25,
23.22, 13.99, 10.54 ppm (S3. 9).

3.4.2.Synthesis of (R)-1,4-bis(bromomethyl)-2-((2-ethylhexyl)oxy)-5-
methoxybenzene (13)

A mixture of product 12 (10 g, 0.004 mol), paraformaldehyde (2.54 g 0.0084 mol) was
dissolved in (50 ml) acetic acid. A solution of hydrobromic acid (16 ml) (33 wt. % in
acetic acid) was added and the mixture was stirred for 6 hours under refluxing system.
The reaction mixture was cooled to RT and the suspension was poured onto de-ionized
water, the precipitate was isolated by filtration and washed with de-ionized water. The
dark brown residue was dissolved in hot hexane, then poured onto chilled methanol to
form a solid white precipitate, which can be repeated for a white loose solid in (9.7 g,
54.3%) yield. EI-MS calculated for C24HoBr202 m/z: 422.2; Found: m/z 422.00 'H-
NMR (400 MHz, Chloroform-d) 6 6.85 (d, J = 3.7 Hz, 2H), 4.52 (s, 4H), 3.79-3.87 (m,
S5H), 1.73 (td, J = 11.9, 6.0 Hz, 1H), 1.32-1.58 (m, 8H), 0.91 (td, J = 14.8, 7.8 Hz, 6H)
ppm.3*C NMR (101 MHz, Chloroform-d) § 150.70, 127.51, 113.80, 70.83, 55.89, 39.12,
30.31, 28.29, 23.72, 22.67, 13.20, 10.31 ppm.(S3. 10).

3.4.3.Synthesis of Thiacyclophane compound (14).

Compound 13 (9.6 g, 0.023 mol) and Compound 3 (3.9 g, 0.023 mol) were dissolved in
deoxygenated benzene (500 ml). This solution was added extremely slowly dropwise
using a pressure-equalizing dropping funnel to a stirred solution of Potassium
Hydroxide (5.1 g, 0.077 mol) in deoxygenated ethanol (1000 ml), over 72 hours at RT.
After a further 3 hours, the solvent was evaporated, the residue dissolved in chloroform
and water, washed with water and brine in an organic layer which dried by using
anhydrous Na>SQOs, and the solvent evaporated to give a yellow oil which purified using
column chromatography (CHCI3: Hexane, 20:80) yielding a colorless oil (3.44 g, 35%).
EI-MS calculated for C32H430,S2 m/z: 430.2; Found: m/z 430.00. '"H NMR (400 MHz,
Chloroform-d) 6 6.74-6.94 (m, 4H), 6.43 (d, J = 11.4 Hz, 2H), 4.24 (t, J = 14.2 Hz, 2H),
3.76 (s, 3H), 3.64 (td, J = 8.3, 3.2 Hz, 2H), 3.35 (d, J = 14.6 Hz, 2H), 0.88-1.77 (m,
15H) ppm.'3C NMR (101 MHz, Chloroform-d) & 149.69, 135.59, 129.11, 128.25,

Chapter 3 56



128.18, 127.43,124.28, 114.64, 113.71, 69.81, 55.68, 39.96, 37.98, 31.22, 29.26, 24.42,
23.25, 14.29, 11.22 ppm. (Figure 3.20).
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Figure 3. 11 Compound 14 a) EI-MS spectrum; b) "H NMR spectrum; ¢) *C NMR spectrum.
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3.4.4.Benzyne rearrangement compound (15).

The Thiacyclophane 14 (3.1 g, 0.0072 mol) and Anthranilic acid (3.46 g, 0.025 mol)

were dissolved in anhydrous 1,2-Dichloroethane (100 mL) and heated to 90°C under
nitrogen with a condenser. At the reflux point, Isoamyl nitrite (3.37 g, 0.0288 mol) was

added by syringe very slowly over a period of at least 60 minutes. The resulting solution

was heated at 90 C furthermore 1 hour and then evaporated to produce brown oil. The
crude material was purified by column chromatography (DCM: Hexane, 30:70) yielding
a pale-yellow oil (1.86 g, 44.5 %). EI-MS calculated for CssHs602S2 m/z: 582.86;
Found: m/z 582.00 (S3. 11).

3.4.5.0xidation of phenyl sulfides of compound (16).

The Steves rearrangement product 15 (1.86 g, 0.0032 mol) was dissolved in a mixture
of benzene (30 ml) and acetic acid (5 ml). The mixture was stirred for 10 minutes and
then cooled to approximately 0 “C using an ice bath. Hydrogen peroxide (0.33 g, 0.0096
mol) was dissolved in acetic acid (5ml) and added dropwise by syringe over a period of
30 minutes in air. The vessel was allowed to warm to room temperature and stirred for
12 hours in air. Then, quenched by a saturated sodium bicarbonate solution followed by
extracted via chloroform, collected the organic phase and washed with de-ionized water
(3x100 ml) and dried by anhydrous MgSOs4, and evaporated to give a (0.95 g, 48.2 %)
yield of the desired product as a clear yellow oil. EI-MS calculated for C44Hs604S2 m/z:
614.86; Found: m/z 472.00 (S3. 12).

3.4.6.Synthesis of substituted 2-[(2-Ethylhexyl)oxy]-5-methoxy-
dibenzenacyclohexaphane-2,5-diene EHM-PCPD compound (17) (M2)

The oxidation product 16 (0.36 g, 0.000505 mol) was dissolved in DMF (40 ml) the
mixture was stirred at room temperature for 5 minutes. The solution was then heated to
155°C with a nitrogen stream for a period of 20 hours. The solution was allowed to cool
and washed with dilute aqueous HCL and extracted into chloroform, dried with sodium
sulfate to give yellow oil. The crude material was purified using column
chromatography (DCM: Hexane, 10:90) to afford a colorless viscous oil in (0.22 g,
25 %) yield, EI-MS calculated for C2sH3002 m/z: 362.51; Found: m/z 362.00. '"H NMR
(400 MHz, Chloroform-d) 67.30-7.32 (m, 2H), 7.28 (d, J = 0.0 Hz, 2H), 7.23 (d, J = 7.3
Hz, 4H), 6.92 (d, J = 10.1 Hz, 2H), 6.49 (d, J = 8.2 Hz, 1H), 5.80 (d, J = 9.1 Hz, 1H),
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4.08 (s, 1H), 3.68 (s, 3H), 1.27-1.48 (m, 10H), 0.85-0.97 (m, 6H) ppm. 3C NMR (101
MHz, Chloroform-d) 6/52.60, 150.28, 131.45, 129.48, 126.93, 124.46, 119.47, 118.49,
71.72, 55.91, 31.42, 30.20, 29.05, 26.40, 23.93, 23.20, 14.25, 11.09 ppm (Figure 3. 12).
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Figure 3. 12 Compound 17 (M) a) EI-MS spectrum; b) "H NMR spectrum; ¢) *C NMR

spectrum.

3.5.Synthesis of poly (2-[(2-Ethylhexyl)oxy|-5-methoxy- p-phenylenevinylene)

EHM-PPV (P2).
In a nitrogen atmosphere within a dry radleys Carousel tube, a solution was prepared
using anhydrous 1,2-dichloroethane (DCE) (1 ml) containing 30 mg (0.083 mmol) of
EHM-PCPD monomer (Mz2). This mixture was stirred for 10 minutes at 60°C to ensure
the monomer was fully dissolved. Subsequently, G2 (3.5 mg) was introduced, dissolved
in 0.2 mL of anhydrous DCE and stirred for at least 10 minutes prior to incorporation
into the monomer solution, which was kept at 60°C for 24 hours. Following this period,
the reaction mixture was allowed to cool to room temperature, and the polymerization
process ended capped by adding an excess of EVE (2 ml). Following an extra 2 hours
of stirring at ambient temperature, the reaction mixtures were concentrated using a
vacuum. The crude products were re-dissolved in minimum amount of DCM and then
precipitated into methanol to remove any residual ruthenium complexes. This process
yielded the polymer with a 91% yield. The purified product will then be subjected to
365 nm light exposure to convert the polymer cis-trans configuration into the all-trans

form.
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3.6.Results and discussion.

3.6.1.The structural characterization of the EHM-PCPD monomer & synthesized
polymer P2by ROMP.
the monomer underwent homopolymerization P2 using the G2 catalyst, which was

finally terminated by the addition of EVE (Scheme 3. 4).

RO
RO
G,, DCE, 60 °C, 24 h
n
7

Q
N
//—\\ EVE

EHM-PCPD monomer M, PPV derivative, R = CH,CH(C,H)(CH,);CH;

Scheme 3. 4 EHM-PPV homopolymer P using the G2 catalyst.

GPC analysis was performed using THF as the eluent to determine the molecular weight
of the synthesized polymer P2 shown in (Figure 3. 13). The polymer exhibited a number
average molecular weight (Mn) of 22270 g/mol with a polydispersity index (PDI) of
1.09.

0 - T T 1
3 4 5

LogM

Figure 3. 13 Molecular weight distribution of polymer P

3.6.2.Characterization of the synthesized polymers by '"H NMR Spectroscopy
The 'H NMR spectra of the synthesized polymer P2 recorded in CDCl3, are shown in

(Figure 3. 14). The trans-vinylene and other aromatic protons are observed at chemical
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shifts above 7.00 ppm. A broad peak at 3.35 ppm appears corresponding to the
methylene protons and methyl groups attached to oxygen atoms. Alkyl chain protons

resonate at chemical shifts below 2.00 ppm.

e S S S ————
7.97.775737.16.96.76.56.36.15.95.755535.14.94.745434.13.93.73.5333.1292.725232.11.91.71.51.31.10.9
X : parts per Million : Proton

Figure 3. 14 '"H NMR spectrum of P>

3.6.3. Optical properties of the polymer Pa.

(Figure 3. 15) displays the absorption spectra of P2 in chlorobenzene, THF, and DCM,
each at a concentration of 5x10®* M. In all three solvents, P2 predominantly shows a
single absorption peak at 468 nm. The p-phenylenevinylene backbone is primarily
responsible for this absorption due to its conjugated nature, which allows for efficient
n—m* transitions (Table 3. 2).

Table 3. 2 Optical Properties of the Polymer P>.

Polymer  solvent UV-Vis Absorption Fluorescence
No. Emission
Mmax), Aonset), NM E;” (eV) Aem), NM
nm
P2 CsHsCl 468 533.0 2.32 516
THF 483 524.5 2.36 513
DCM 466 523.5 2.37 511

The absorption and fluorescence emissions of the polymers showed minimal deviation

across the solvents.
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The absorption maxima (4nar) ranged between 466 nm and 483 nm across the solvents,
while the fluorescence emission peaks were observed at 516 nm (CH,CIl), 513 nm

(THF), and 511 nm (DCM) (Figure 3.27).

Overall, the optical bandgaps (E,”) calculated from the onset of absorption (Lonser) also
showed minimal variation, with the values ranging from 2.32 eV to 2.43 eV for all

polymers.
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Figure 3. 15 UV of (P1) In C,H.Cl & THF&DCM.
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Figure 3. 16 PL of (P1) In C,H.Cl & THF&DCM.

3.6.4.Electrochemical properties of the polymer P2.
The electrochemical properties of polymer were evaluated using cyclic voltammetry

(CV), with results shown in (Figure 3. 17) and summarized in (Table 3. 3).
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Table 3. 3 Electrochemical properties of the polymer P:

Polymers [O]onset (V) [R]onset (V) HOMO (eV) LUMO (CV) Eg (eV)

P> 0.81 - 1.38 5.61 342 2.19

The HOMO and LUMO energy levels for this polymer were derived from their oxidation and

reduction onsets, leading to electrochemical band gaps of 2.19 eV for P-.

P2 OCH(C,Hs5)(CH;),CH; ononset
R Q e
E H;CO n
(]
S
|
=
(&)
Eredonset
-4 -3 -2 -1 0 1 2 3
Potential V

Figure 3. 17 CV curve for P, and band gap.

3.6.5.Thermal behavior of the polymer P:.

The thermal stability of the synthesized polymer P2 was investigated through
thermogravimetric analysis (TGA) under a nitrogen atmosphere at a heating rate of
10 °C/min. The results are presented in (Figure 3. 18) The TGA results reveal two stages
of decomposition. The first stage occurs at 177.2 °C, accompanied by a 2.7 % weight
loss, likely due to the volatilization of small side groups. The second stage, at 299.5 °C,
leads to a more significant 29.7% weight loss, which is attributed to the breakdown of
alkoxy side chains. After this, the polymer stabilizes, with a minor residual mass loss

of 2.1% and a char yield of 97.9%, indicating reasonable thermal stability.
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Figure 3. 18 a) TGA, and b) DTG curve for polymer P,
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3.7.Conclusion.

This study focused on the synthesis, characterization, and optical evaluation of two
soluble poly (p-phenylene vinylene) (PPV) derivatives: poly(2,5-dioctyloxy-p-
phenylenevinylene) (DO-PPV, Pi) and poly(2-[(2-ethylhexyl)oxy]-5-methoxy-p-
phenylenevinylene) (EHM-PPV, P»). The monomer for P was synthesized via two
methods for benzyne rearrangement: the induced-benzyne Pummerer rearrangement
and the benzyne Stevens rearrangement. However, the Stevens rearrangement proved
to be a more cost-effective approach. The synthesis of the monomer for P> exclusively
utilized the benzyne Stevens rearrangement, ensuring an efficient and economical
pathway. Both monomers were subsequently polymerized using G2 catalyst via ROMP,
yielding soluble polymers with narrow polydispersity indices (PDI), measured at 1.22
for Py and 1.09 for P».

The optical properties revealed distinct behaviors for each polymer. DO-PPV (P)
exhibited maximum absorption peaks ranging from 470.9 to 485.7 nm in solution and
480.16 nm in the thin film. The fluorescence emission varied from 539 nm to 558.6 nm
in solution, with a significant red shift to 647.85 nm in the thin film. Its optical band
gaps (Eg) ranged from 2.21 to 2.25 eV in solution, with a Tauc plot estimation of 2.07
eV in the thin film. EHM-PPV (P2), on the other hand, displayed absorption maxima
between 466 and 483 nm in solution, with fluorescence emission peaking between 511
and 516 nm. Its optical band gaps (Eg°) in solution ranged from 2.32 to 2.37 eV,
demonstrating slightly higher values compared to P1, which may be attributed to the
polymers structural and electronic uniformity.

These findings demonstrate that structural variations, such as dioctyl and ethylhexyl
substituents, significantly influence the polymers optical and electronic properties. The
innovative combination of the benzyne Stevens rearrangement and ROMP, particularly
in the cost-effective synthesis of P2, underscores the potential for tailoring conjugated

polymers for OLEDs and other advanced optoelectronic applications.
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Chapter 4

Thermal Stability and
Solubility of Poly
(norbornene-dicarboximide)
Derivatives: Synthesis and
Characterization of Carbazole

and Adamantyl Pendants
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This chapter focuses on synthesizing, characterizing, and analyzing a new series of
thermally stable and soluble poly (NDI) derivatives designed for advanced functional
applications. The central aim of this chapter is to explore the role of pendant groups and
their impact on the polymer’s properties, including its solubility, thermal stability, and
optical characteristics. The synthesis of two distinct NDI monomers, M3 and Ma,
functionalized with carbazole and adamantane groups, respectively, serves as the basis
for developing these polymers.

Poly (NDI) derivatives are promising candidates for various applications due to their
excellent processability, stability, and the ability to undergo controlled polymerization
via ROMP. By incorporating different pendant groups onto the norbornene backbone, it
is possible to modulate the physical, electronic, and optoelectronic properties of the
resulting polymers. In particular, the carbazole-functionalized poly (CA-NDI), which was
synthesized through the Grubbs 3™ generation initiator G3, demonstrates not only
exceptional solubility in a variety of solvents but also significant thermal stability, making
it ideal for applications in high-performance electronics and optoelectronics.

The second polymer, based on adamantane-functionalized poly (AD-NDI), was
synthesized to explore the effect of bulky, rigid adamantane groups on the polymer's
thermal and solubility properties. Both polymers exhibit controlled polymerization, as
evidenced by narrow molecular weight distributions (low polydispersity index) and high
molecular weights, a testament to the precision afforded by ROMP using the Grubbs
initiator. These polymers were characterized using a combination of techniques, including
NMR, GPC, FT-IR, DSC, and UV-vis spectroscopy, to investigate their chemical
structure, molecular weight, thermal properties, and optical behavior.

The results of this study indicate that the incorporation of carbazole and adamantane
pendant groups into the poly (NDI) backbone significantly affects the polymers properties,
including their solubility, thermal stability, and optical characteristics. These findings
offer important insights into the design of new materials for use in high-performance

applications such as organic semiconductors, optoelectronics, and photovoltaic devices.
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First synthetic route for Synthesis of Carbazole-NDI monomer

4.1.Synthesis of Carbazole-NDI Monomer (CA-NDI) (M3)

(Scheme 4. 1) illustrates the synthetic route employed to prepare the carbazole-
functionalized CA-NDI monomer. The process begins with the synthesis of an exo-
norbornene-5,6-dicarboxylic anhydride precursor (1) through the reaction of maleic
anhydride with dicyclopentadiene under high temperature conditions. This precursor is
then reacted with a commercially available amino acid precursor under reflux, leading to
the formation of a NDI derivative (2).

In the subsequent step, the carbazole moiety is introduced into the NDI structure through
a coupling reaction using a base catalyst and a carbazole-based reagent. The reaction is
carried out at low temperatures to ensure precise functionalization and to prevent
undesired side reactions.

The CA-NDI monomer is finalized through purification steps, including column
chromatography and recrystallization, yielding a white solid product. Structural

confirmation was achieved using NMR, MS, and elemental analysis (EA).
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Scheme 4. 1 Synthesis Carbazole-NDI Monomer Ms.

4.1.1. Synthesis of precursor (1)

The synthesis of exo-norbornene-5,6-dicarboxylic anhydride (1) proceeded as follows:
Maleic anhydride MA (188.20 g, 1.92 mol) was dissolved in 200 ml of o-dichlorobenzene.
The solution was raised to a temperature of 200 °C. Simultaneously, dicyclopentadiene
was warmed in a water bath at 45 °C to facilitate melting, enabling easy pouring. The
melted dicyclopentadiene (128.60 g, 0.97 mol) was then gradually introduced into the
pre-stirred solution using a funnel. following the complete addition, the product was
additionally heated to 200 °C. for an extra two hours. The heated mixture was transferred
into a beaker and gradually cooled to room temperature. The crystals obtained were
filtered and rinsed with 100 ml o-dichlorobenzene. To obtain the desired exocyclic isomer,

the crystals were recrystallized from chlorobenzene two or three times as required to
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obtain a high purity in a yield of around 40%. LRMS (EI+) computed for CoHgO3: m/z
164; Determined m/z 164. "H NMR (400 MHz, CDCls): § 6.30 (s, 2H), 3.41 (s, 2H), 2.98
(s, 2H), 1.63 (d, J = 9.6 Hz, 1H), 1.39 (d, J = 10.1 Hz, 1H) ppm. '3*C NMR (101 MHz,
Chloroform-d) &: 171.80, 138.02, 48.85, 46.93, 44.19 (S4. 1).

4.1.2.Synthesis of precursor (2)

Precursor (1) (10.00 g, 0.061 mol) was dissolved in 100 mL of CHCI3 at room temperature,
and beta-alanine (5.44 g, 0.061 mol) was gradually introduced into the stirred solution
under a nitrogen atmosphere. The mixture underwent reflux for 24 hours. Removal of the
solvent by rotary evaporator gave the crude product a clear viscous oil. The pure product
was obtained by column chromatography in 90% CHCls and 10% CH3OH. The white
solid was then recrystallized from hexane and the minimum amount of tetrahydrofuran in
a yield of 57%. LRMS (EI+) computed for Ci12H13NOs: m/z 236; Determined m/z 236.
'"H-NMR (400 MHz, CDCls) &: 6.24 (s, 2H), 3.74 (t, ] = 7.3 Hz, 2H), 3.23 (s, 2H), 2.55-
2.66 (m, 4H), 1.47 (d, ] = 10.1 Hz, 1H), 1.20 (d, J = 9.6 Hz, 1H) ppm. *C NMR (101
MHz, Chloroform-d) 6: 178.01, 176.26, 137.93, 47.90, 45.25, 42.83, 34.18, 31.80. (S4.
2).

4.1.3.Synthesis of 2-Carbazole-9-yl-ethanol (CA-OH) (3)

The synthesis of (CA-OH), designated as precursor (3), was carried out as follows: Dry
DMF (20 mL) and sodium hydride (NaH, 60% dispersion in paraffin oil, 3.98 g, 0.2 mol)
were added to a 3-neck round-bottom flask equipped with a stirring mechanism. The
reaction mixture was cooled to 0 °C using a chiller. A solution of carbazole (8.35 g, 0.1
mol) in dry DMF (20 mL) was added dropwise using a pipette while maintaining the
temperature at 0 °C. The resulting suspension was stirred for 30 minutes. Subsequently,
a solution of ethylene carbonate (10 g, 0.11 mol) in DMF (20 mL) was added dropwise
to the mixture. The reaction was allowed to proceed with continuous stirring at 0 °C for
12 hours. Upon completion, the crude product was extracted using chloroform and
washed with deionized water to remove impurities. Purification was achieved via column
chromatography, starting with 0% THF and gradually increasing to 20%. The purified
product, initially obtained as a clear oil, was further dried under vacuum, converting it
into a solid. Recrystallization from hexane with a minimal amount of THF yielded fine
needle-like white crystals. LRMS (EI+) computed for C14H13NO: m/z 211; Determined
m/z 211 'TH-NMR (400 MHz, CDCl3) 6 8.09 (d, J = 7.8 Hz, 2H), 7.41-7.49 (m, 4H), 7.21-
7.24 (m, 2H), 4.45 (t,J = 5.5 Hz, 2H), 4.02 (t, ] = 5.5 Hz, 2H) ppm. '*C NMR (101 MHz,
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Chloroform-d) 6: 140.55, 126.07, 122.96, 120.19, 119.31, 108.87, 61.83, 45.34 (Figure 4.

1).
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Figure 4. 1 a) EI-MS spectrum, b) "H NMR spectrum, and c) *C NMR spectrum of precursor 3.

4.1.4. Synthesis of Monomer (CA-NDI) (Ms)

A mixture of precursor (3) (4.49 g, 0.021 mol), DMAP (2.59 g, 0.021 mol), DCC (4.38 g,
0.021 mol), and precursor (2) (5.00 g, 0.021 mol) was mixed and chilled to -5 °C under a
nitrogen atmosphere. Cooled THF (50 ml) was then rapidly injected into the reaction
vessel. After 2 hours of stirring at this temperature initiated the formation of a white
precipitate. The mixture underwent an additional 24 hours of stirring at -5 °C, following
which the tetrahydrofuran was evaporated. The unrefined material underwent purification
through column chromatography, employing a solvent blend of 20% THF and 80% Hex.
Subsequently, it underwent drying in a vacuum oven at 45 °C for 24 hours. the material
transformed into a white solid, yielding 43%. LRMS (EI+) computed for C6H24N204:
m/z 428; computed m/z 428. '"H NMR (400 MHz, CDCl3) &: 8.08 (d, J = 7.8 Hz, 2H),
7.41-7.47 (m, 4H), 7.25 (d, J = 7.8 Hz, 2H), 6.24 (s, 2H), 4.44-4.57 (m, 4H), 3.67 (d, J =
13.7 Hz, 2H), 3.21 (t, 2H), 2.48-2.53 (m, 4H), 1.44 (d, J = 10.1 Hz, 1H), 1.18 (d, J = 10.1
Hz, 1H) ppm. *C NMR (101 MHz, Chloroform-d) & 177.37, 170.47, 140.47, 137.87,
126.08, 123.07, 120.36, 119.18, 108.31, 62.36, 47.58, 45.39, 42.43, 40.16, 34.10, 31.95
(Figure 4. 2).
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4.2. Synthesis of Polymer poly(CA-NDI) Ps

The carbazole-pendant monomer CA-NDI (M3) (0.50 g, 0.00116 mol) was moved to a
Schlenk tube, which was then flushed with nitrogen. Subsequently, 10 ml of dry
chloroform was injected using a syringe. After approximately 10 minutes of stirring to
ensure the solid completely dissolved, the Grubbs 3™ generation initiator G3 (10.32 mg,
1.16 x 10° mol) dissolution in 2 ml of dry CHCl3 was swiftly injected. The polymerization
proceeded for 12 hours at room temperature to ensure full conversion of the monomer.
To terminate the living polymerization, 4 ml of degassed EVE was injected. The
quenching reaction was allowed to progress for one more hour, following which the
polymer was isolated through multiple reprecipitations into stirred methanol, subsequent
filtration, and drying in a vacuum oven at 45 °C for 24 hours, resulting in a pure polymer
with a yield of 90%."H NMR (400MHz, CDCls) &: 8.03 (d, J = 17.8 Hz, 2H), 7.08-7.41
(m, 9H), 5.45 (d, J = 81.9 Hz, 2H), 4.34-4.49 (m, 4H), 3.57 (d, J = 30.2 Hz, 2H), 2.37-
3.11 (m, 6H), 2.02 (d, J = 71.8 Hz, 1H), 1.32 (d, ] = 54.9 Hz, 1H) ppm (Figure 4. 3).
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Figure 4. 3 '"H NMR spectrum of polymer (P5).
4.3.Results and Discussion

4.3.1.Monomer Synthesis and Characterization

Organic photorefractive materials have been known for several decades and are unique
in that they can undergo a temporary change in their refractive index upon exposure to
certain wavelengths of light. This phenomenon has been particularly useful in the
development of holographic imaging. As in many areas of organic electronics, organic

materials have been a research focus due to their tunability, and ease of processing
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compared to inorganic alternatives. Non-conjugated polymers with pendant carbazole
groups, such as poly(vinyl carbazole), have been extensively studying for their electronic
properties. The ROMP technique is an excellent method to produce well-controlled
homo-, block-, and random copolymers. For the preparation of non-conjugated materials,
NDIs serve as excellent, easily functionalized monomers. Hence, the synthesis of
carbazole-pendant NDI monomers is particularly valuable for integration into more
intricate systems.

The synthesis of CA-NDI monomer (M3) was achieved through a multi-step reaction,
including the esterification of NDI carboxylic acid (NDI-COOH) and 2-carbazole-9-yl-
ethanol (CA-OH). Initially, a Diels—Alder reaction between maleic anhydride and
cyclopentadiene under high-temperature conditions yielded a mixture of endo- and exo-
norbornene-5,6-dicarboxylic anhydride. This mixture underwent multiple crystallization
steps to isolate the pure exo-isomer (exo-NDA), as endo-derivatives exhibit reduced
reactivity due to steric hindrance around the olefin. Eliminating the endo isomer facilitates
a cleaner polymerization profile for the final NDI monomer [81].

Next, exo-NDA was refluxed with B-alanine in dry chloroform for 24 hours, affording
NDI-COOH as the first precursor for the esterification step. Meanwhile, (CA-OH), was
synthesized through the alkylation of carbazole with 2-ethylene carbonate in dry DMF in
the presence of sodium hydride as a reducing agent, forming the second precursor for
esterification.

The final step involved a one-pot esterification reaction catalyzed by DMAP and DCC, a
well-established method for N-protected amino acids. The reaction was conducted in THF,
a suitable solvent for dissolving NDI-COOH and CA-OH. A DCC/DMAP solution was
added dropwise over two hours at -5°C to minimize side product formation. Despite some
dicyclic urea formation, indicating esterification progress, the reaction mixture gradually
warmed to room temperature and stirred for 24 hours, with TLC monitoring to ensure
complete reactant consumption. The dicyclic urea was filtered out, and the solvent was
evaporated, yielding a white solid product. Column chromatography was used for
purification, yielding the final CA-NDI monomer (M3).

The 'H NMR spectrum of M3 confirms the presence of 11 distinct proton environments.
The carbazole peaks appear as two doublets and one multiplet at 6 8.08-7.25 ppm,
indicative of the aromatic environment of the carbazole moiety. The two alkenic protons

of the NDI monomer correspond to a prominent singlet at 6 6.24 ppm.
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Furthermore, the multiple peaks at 4.57—4.44 ppm (J = 7.8 Hz) are characteristic of the
NCH,CH, methylene groups linked to the carbazole moiety. The peak at 3.67 ppm (J =
13.7 Hz) corresponds to the methylene hydrogens attached to the carbonyl ester group.
The triplet peak at 3.21 ppm is characteristic of the NCH2 methylene groups linked to the
NDI moiety. The spectrum also shows a triplet of a doublet at 2.48-2.53 ppm,
corresponding to the hydrogen ring-bridging environments. Signals below 2 ppm are
attributed to the methylene hydrogens of the bicyclic molecule in the NDI moiety. the
I3C-NMR spectrum of the synthesized monomer which includes peaks at 177.37, 170.47,
and 137.87 ppm which are attributed to two carbonyl-NDI groups, one carbonyl-ester
group, and olefin carbon atoms, respectively. Low resolution (EI) mass spectrometry
revealed a strong peak at 428 confirming the correct molecular composition of

C26H24N204.

4.3.2. Polymer poly (CA-NDI) P3 Synthesis and Characterization

The polymerization of the CA NDI monomer in its pure form occurred at room
temperature for a duration of 12 hours under a nitrogen atmosphere. Previous
experimentation suggested that achieving full polymerization of NDI monomers typically
took place in around an hour when employing the Grubbs 1% generation initiator G1. The
G3 initiator is recognized for demonstrating similar kinetics, displaying tolerance to bulky
substituents, and leading to a cis-trans vinylene configuration. The prolonged reaction
period of 12 hours was chosen to ensure complete consumption of the sizable and
sterically hindered CA-NDI monomer (Scheme 4. 2). Additionally, at room temperature,
occurrences of backbiting are believed to be minimal, resulting in a few disadvantages
associated with an extended reaction time. The 'H NMR spectrum of the poly (CA-NDI)
P53 can be observed in figure (Figure 4. 3), there are 12 proton environments, however, due
to the broad nature of most peaks as can be expected from an NMR spectrum of a polymer

it is difficult to assign precisely.
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Scheme 4. 2 CA-NDI homopolymer P3 using the G3 catalyst.

Peaks of notes include the broad but sharp multiplet at 8.03 - 7.08 ppm corresponding to
the carbazole protons. The NDI alkenic protons are clearly visible as a broad doublet at
5.45 ppm. The doublet corresponds to both cis and frans vinylene linkages which are in
an approximately 1:1 ratio as is expected from the G3 initiator.

The GPC analysis of poly (CA-NDI) (P3) revealed a number-average molecular weight
(M,,) of 26,820 g/mol with a narrow polydispersity index (PDI) of 1.11, confirming the
well-controlled polymerization process at room temperature. A plot of differential

molecular weight distribution (D.MWD) vs. log(M) is shown in (Figure 4. 4)

{CA-NDI) P,

0.0 T T T T T d T T T d T T T
3.8 40 42 4.4 48 48 5.0

LogM

Figure 4. 4 Molecular weight distribution of polymer Ps.

(Figure 4. 5) shows the DSC measurement of the polymer, analysis revealed a Tg of
116.7 °C. This relatively low Tg may be attributed to the flexible linker group between
the NDI unit and the carbazole. Shortening of this linker may allow the Tg to be raised,

if the application so required.
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Figure 4. 5 DSC analysis of polymer Ps.

The thermal stability of the synthesized polymer P3 was investigated through TGA under
a nitrogen atmosphere at a heating rate of 10 °C/min. The results are presented in (Figure
4. 6). For P3, Thermogravimetric analysis (TGA) revealed an initial mass loss of
approximately 2% at 168.4 °C, which is likely due to moisture uptake. Minor thermal
degradation began just above 295 °C, with the primary decomposition temperature (Tq1)
observed at around 422 °C, corresponding to a substantial weight loss of 88.8%. This
initial degradation phase is primarily attributed to the breakdown of the ester bond linking
the carbazole unit to the NDI moiety. This interpretation is consistent with the known
thermal fragility of the ester group, which typically decompose at lower temperatures than
the main polymer chain. As a result, the cleavage of these ester linkages precedes the
degradation of the more stable polymer backbone. A second decomposition step (Ta2)
occurred at approximately 534 °C, accompanied by a further mass loss of 95.4%. This
high-temperature degradation is attributed to the decomposition of the robust polymer
backbone structure, ultimately leading to the formation of minimal char residue. Overall,
these findings indicate that the polymer exhibits excellent thermal stability, with a

relatively low residual content, across different degrees of polymerization.
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Figure 4. 7 UV-vis analysis of polymer Ps.

The UV-Vis absorption spectrum of poly CA-NDI (P3) exhibited three main absorption
peaks at 264 nm, 287.7 nm, and 293.8 nm, all attributed to the n—n* transitions of the
carbazole moiety (Figure 4. 7). Notably, the spectrum does not show any n—n* transitions,
indicating minimal electronic delocalization within the polymer. The overall absorption
intensity is relatively weak, suggesting that the non-conjugated polymer backbone limits
electronic interactions between the chromophores.

Second synthetic route for Synthesis of Admentyl-NDI monomer

4.4.Synthesis of Adamantly-NDI Monomer (AD-NDI) (Ma)
(Scheme 4. 3) illustrates the synthetic route employed to prepare the Adamantly
functionalized AD-NDI monomer My. The process begins with the synthesis of an exo-
norbornene-5,6-dicarboxylic anhydride precursor (5) through the reaction of maleic

anhydride with dicyclopentadiene under high temperature conditions. This precursor then
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reacted with a adamantylamine precursor under reflux, leading to the formation of a
norbornene- Adamantly-amic acid (6).

In the subsequent step, the triethylamine is introduced into the norbornene- Adamantly-
amic acid.

The Ad-NDI monomer is finalized through purification steps, including column
chromatography and recrystallization, yielding off white solid product. Structural

confirmation was achieved using NMR, MS.

0
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Ad-NDI Monomer (M)

Scheme 4. 3 Synthesis Admentyl-NDI Monomer M.

4.4.1.Synthesis of exo-norbornene-5,6-dicarboxylic anhydride (exo-NDA) 5

Into a solution of maleic anhydride (90.00 g, 0.9178 mol) in o-dichlorobenzene (100 ml)
at 200 °C, dicyclopentadiene (60.67 g, 0.4589 mol) was added slowly. The solution was
heated for 2 hours at 200 °C, transferred into a beaker, and left to cool to room temperature
gradually. To obtain the crystals of exo isomer, the formed precipitate was filtered, rinsed
with o-dichlorobenzene, recrystallized three times, and dried in a vacuum oven at 50 °C
for 12 hours to afford the white crystalline solid in 40% yield. EI-MS calculated for
CoHsO3 m/z: 164.16; Found: m/z 164. '"H NMR (400 MHz, Chloroform-d) § 6.38-6.24
(2H), 3.49-3.35 (2H), 3.05-2.90 (2H), 1.71-1.57 (1H), 1.46-1.34 (1H) ppm.'*C NMR (101
MHz, Chloroform-d) 6 171.80, 138.02, 48.85, 46.93, 44.19 ppm. (S4. 3).

4.4.2.Synthesis of adamantly-amic acid 6

Adamantyl amine (10.13 g, 0.0670 mol) was added slowly to a heated solution of exo-
NDA 3 (10.00 g, 0.0609 mol) in toluene (400 ml), then the reaction was continued under
heating at 90 °C for 1 hour. After that, the solution was cooled slowly to room temperature,
filtered off, washed with a little cold toluene, collected, and dried in a vacuum oven at 60
°C overnight to afford adamantly-amic acid as a white precipitate in a 95% yield. The
sample was characterized by 'H NMR (400 MHz, Chloroform-d) 6 'H-NMR (400 MHz,
Chloroform-d) ¢ 6.13 (s, 2H), 2.82 (s, 2H), 2.61 (s, 2H), 2.37 (d, J = 9.6 Hz, 2H), 2.16-
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2.19 (m, 4H), 1.89 (d, J = 32.5 Hz, 6H), 1.55 (s, 6H), 1.14 (d, J = 8.2 Hz, 2H) ppm.!3C
NMR (101 MHz, Chloroform-d) & 175.17, 172.07, 138.43, 51.02, 47.16, 46.73, 45.09,
43.91,41.31, 36.66, 29.33 ppm (S4. 4).

4.4.3.Synthesis of Ad-NDI Monomer (7) (M4)

A mixture of Adamantly-amic acid 5 (15.00 g, 0.0475 mol) and triethylamine (7.21 g,
0.0713 mol) in dry DMF (100 ml) was heated at 120 “C for 3 hours under nitrogen and
was stirred at room temperature for 12 hours followed by precipitation into the water to
afford the crude product which filtered off, washed with excess water, and dried with an
aspirator. The obtained off-white solid was recrystallized from hot ethanol with a
minimum amount of THF to give a white crystalline solid Ad-NDI M that dried under
vacuum at 50 °C for 12 hours in 78 % yield. EI-MS calculated for C19H23NO»> m/z: 297.4;
Found: m/z 297. "H NMR (400 MHz, Chloroform-d) J: 6.27-6.17 (2H), 3.23-3.13 (2H),
2.49-2.41 (2H), 2.39-2.28 (6H), 2.17-2.01 (3H), 1.76-1.58 (6H), 1.46-1.18 (2H). 1*C
NMR (101 MHz, Chloroform-d) & 175.17, 171.71, 138.43, 51.02, 47.47, 46.73, 45.58,
44.01,41.41, 36.23, 28.96 ppm (Figure 4. 8).
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Figure 4. 8 a) EI-MS spectrum, b) 'H NMR spectrum, and ¢) *C NMR spectrum of monomer
(Ma).

4.5. Synthesis of poly (Ad-NDI) P4
The polymerization process was carried out as follows: Under nitrogen atmosphere, the
monomer M4 1g was transferred to dry Schlenk tubes and degasses dry chloroform (10
ml) were injected into the mixture and stirred for 10 minutes at room temperature to
complete dissolving of solids. After that, The Grubbs 3™ generation initiator was weighed
into separate vials, dissolved in anhydrous chloroform (2 ml) under nitrogen, and quickly
injected into the polymerization tube, and the mixture was stirred at room temperature for

24 hours. After this time, the polymerization was quenched by adding excess ethyl vinyl
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ether to the mixture, which was allowed to proceed for an additional hour. The green-blue
solution was precipitated into excess stirred methanol, filtered off, and dried in a vacuum

oven for 12 hours at 40 °C (S4. 5).
4.6.Results and Discussion

4.6.1. Monomer Synthesis and Characterization

The adamantyl-functionalized NDI monomer (My), abbreviated as AD-NDI, was
synthesized via a three-step synthetic route as shown in (Scheme 4. 3).

The first step involved the preparation of exo-norbornene-5,6-dicarboxylic anhydride
(exo-NDA) through a Diels—Alder reaction between maleic anhydride and
dicyclopentadiene in o-dichlorobenzene at 200 °C. The product was purified by
recrystallization to yield a white crystalline solid. Characterization by EI-MS revealed a
molecular ion peak at m/z 164, consistent with the expected mass. Key "H NMR signals
included vinylic protons around 6 6.3 ppm and bridgehead methylene protons between 6
3.4-2.9 ppm. The *C NMR spectrum confirmed the presence of anhydride carbonyl and
olefinic carbons.

In the second step, the condensation of exo-NDA with adamantylamine under reflux in
toluene gave the intermediate adamantyl-amic acid in high yield. The product appeared
as a white solid, and its structure was confirmed by the presence of characteristic peaks
in the '"H NMR spectrum, including the norbornene vinylic protons at 6 6.1 ppm and
multiple signals for adamantyl protons below 2 ppm. The *C NMR supported successful
formation of the amic acid intermediate 175,172 ppm corresponding to carbon atom of
carboxylic group and amide group respectively, also found peak at 138 for olefinic
carbons.

Finally, imidization was achieved by treating the amic acid with triethylamine in dry
DMF at 120 °C under nitrogen, followed by overnight stirring at room temperature. The
product was precipitated in water and recrystallized to afford the AD-NDI monomer (Ma)
as a white crystalline solid in 78 % yield.

Structural confirmation was supported by EI-MS, which showed a molecular ion at m/z
297 (caled for CioH23NO2). In the 'H NMR spectrum, the vinylic protons appeared at o
6.2—6.3 ppm, and signals attributed to adamantyl and norbornene protons were observed
between & 3.2—1.2 ppm. The *C NMR showed disappear imide carbonyls peak at 172
ppm with strong peak at 179 ppm resonances consistent with anhydride carbonyl, olefinic

carbons, and the aliphatic skeleton. These results confirm the successful synthesis of M4.
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4.6.2.Polymer poly (Ad-NDI) P4 Synthesis

The polymerization of the pure Ad-NDI monomer (M4) was carried out at room
temperature under a nitrogen atmosphere for 12 hours. Although earlier trials indicated
that full conversion of NDI-based monomers could typically be achieved within an hour
using the first-generation Grubbs catalyst (G1), the third-generation catalyst (G3) was
selected for this study. G3 is known for exhibiting comparable polymerization kinetics,
greater tolerance to bulky groups, and favoring the formation of polymers with cis/trans
vinylene linkages. Given the significant steric hindrance of the Ad-NDI monomer, an
extended reaction time of 12 hours was employed to ensure complete monomer
consumption (Scheme 4. 4). Furthermore, conducting the reaction at room temperature
minimizes backbiting side reactions, thus making the prolonged duration less problematic.
The 'H NMR spectrum of the resulting poly (Ad-NDI) P4 is shown in (S4. 5). As is typical
for polymers, the spectrum exhibits broad signals, which makes it challenging to assign

individual proton environments with high precision.

T <l
I:f:’="NCI(“u_\Ph G3 # 0"~ EVE
" C

.

Anhydrous Chloroform 10 mL
24 howrs RT

Poly (Ad-NDI) P4

Scheme 4. 4 Ad-NDI homopolymer P4 using the G3 catalyst.

Due to the living nature of polymerization, which is driven by the release of ring strain in
the monomer, the molecular weight of the resulting polymer can be precisely controlled.
To obtain a high-quality film suitable for use as an electro-optic (EO) host, poly (Ad-
NDI) (P4) was synthesized and characterized. GPC analysis revealed a number-average
molecular weight (M) of 30,689 g/mol and a narrow polydispersity index (PDI) of 1.2,
indicating a well-controlled polymerization process carried out at room temperature. The
differential molecular weight distribution (D.MWD) as a function of log(M) is presented
in (Figure 4. 9).
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Figure 4. 9 Molecular weight distribution of polymer Ps.

One of the key thermal properties of polymeric materials is the glass transition
temperature (Tg), which was evaluated for polymer (P4) using differential scanning
calorimetry (DSC). The measurement was conducted under a nitrogen atmosphere by
heating the sample from 50 °C to 350 °C at a rate of 10 °C/min. As shown in (Figure 4.
10) the Tg of P4 was observed at 210 °C, indicating good thermal stability. The thermal
decomposition temperature (Tq) was assessed by TGA. Prior to analysis, the sample was
preheated to 100 °C for 30 minutes to eliminate any residual volatile compounds. The Td,

defined as the temperature corresponding to 10% weight loss, was found to be 385 °C.

[82].
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Figure 4. 10 DSC analysis of polymer Pa.
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Figure 4. 11 UV-vis analysis of Poly (Ad-NDI) P4

The UV—Vis absorption spectrum of poly (Ad-NDI) (P4) was recorded in chloroform to
evaluate its optical characteristics and identify the wavelength region where the polymer
absorbs light. As shown in (Figure 4. 11), P4 exhibits a broad absorption band extending
from 241 nm to 259 nm, which is attributed to the n—n* transitions localized on the
electron-deficient NDI units. The breadth of this band rather than a sharp peak suggests
a distribution of conformations or slight aggregation even in dilute solution, although the
bulky, non-conjugated adamantyl side chains themselves do not participate in these
electronic transitions. This spectroscopic fingerprint confirms that the NDI chromophore
dominates P4 optical response.

Because P4 absorption is confined to the UV region and does not extend into the visible
unlike the carbazole-bearing CA-NDI (M3) monomer—Chapter 5 focuses exclusively on
M; for copolymerization with PPV derivatives, omitting M4 from further optoelectronic

studies.

4.7. Conclusion
This chapter successfully demonstrated the synthesis, characterization, and thermal and
solubility analysis of two novel poly (NDI) derivatives functionalized with carbazole
(CA-NDI) and adamantyl (AD-NDI) pendant groups. Both polymers were synthesized
via ROMP using the Grubbs 3™ generation (G3) catalyst, yielding well-defined polymers
with controlled molecular weights and narrow polydispersity indices PDI.
The carbazole-functionalized poly (NDI) (P3) exhibited excellent solubility in common

organic solvents, attributed to the bulky, planar carbazole moieties that disrupt polymer
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chain packing. Thermal analysis revealed a Tg of 116.7 °C, while TGA demonstrated
high thermal stability, with decomposition initiating at 295 °C and the primary
degradation occurring at 422 °C. The UV-vis spectrum confirmed the presence of n—n*
transitions associated with the carbazole chromophores, suggesting potential
optoelectronic applications.

In contrast, the adamantyl-functionalized poly (NDI) (P4) displayed enhanced rigidity
due to the bulky, three-dimensional adamantyl groups, resulting in a higher Tg compared
to P3. GPC analysis confirmed a well-controlled polymerization, with a molecular weight
(Mn) of 30,689 g/mol and a PDI of 1.2. The thermal stability of P4 was also notable, with
decomposition occurring at elevated temperatures, making it suitable for high-
performance applications requiring thermal resistance. The comparative study of these
two polymers highlights the significant influence of pendant group structure on polymer
properties:

Carbazole pendants enhance solubility and introduce optoelectronic characteristics,
making P; suitable for organic electronics and photorefractive materials.

Adamantyl pendants improve thermal stability and rigidity, positioning P4 as a candidate
for high-temperature applications. Overall, this work provides valuable insights into the
structure-property relationships of functionalized poly (NDI derivatives, demonstrating
their potential in advanced material applications, including organic semiconductors,
optoelectronic devices, and high-performance polymers. Future studies could explore
copolymerization strategies to combine the beneficial properties of both pendant groups

or investigate their performance in device applications.
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In this chapter we synthesized random copolymers based on PPVs derivatives and NDI
using ROMP technique with Grubbs 2™ generation catalyst (G2). The copolymerization
of CA-NDI and PPV derivatives was aimed at enhancing the thermal stability of the
resulting materials, which hold promise for organic electronic and electro-optic device
applications. The UV-Vis spectroscopy indicated absorption maxima of 457 nm for Ps,
and 449 nm for Ps, while the optical band gaps ranged from 2.32 eV to 2.42 eV.
Photoluminescence (PL) studies revealed emission peaks of 536 nm for Ps, and 526 nm
for Ps. CV measurements revealed electrochemical band gaps of 2.33 eV for Ps, and 2.34
eV for Ps, closely aligning with optical measurements. Thermal stability was evaluated
by thermogravimetric analysis (TGA), which demonstrated high decomposition
temperatures for both copolymers, ranging from 299.5 °C to 421.7 °C. These results
demonstrate that incorporating CA-NDI enhances the thermal stability of PPV derivatives.
Two notable materials in this field are NDI) and poly (p-phenylene vinylene) (PPVs).
NDIs are highly valued in materials science due to their exceptional thermal stability,
optical transparency, and versatile functionalization capabilities|83—86]. These polymers
can be easily modified to incorporate various functional groups, enhancing their
applicability in different fields such as electro-optics technologies, and coatings[87—-89].
NDIs exhibit excellent film-forming abilities, making them ideal for creating uniform,
defect-free films necessary for high-performance optical and electronic devices.
Additionally, their elevated glass transition and thermal decomposition temperatures
ensure long-term stability and durability in demanding applications[90,91].

PPVs are renowned for their outstanding semiconducting properties, making them
essential for use in organic electronic devices. PPVs have a conjugated backbone that
allows for efficient charge transport, which is crucial for electronic applications[92-95].
They also possess unique optical properties, such as a localized band gap within the
visible region, making them suitable for light emission and sensing applications[96-98].
The ability to tailor their electronic and optical properties through chemical modifications
further enhances their versatility and utility in advanced material applications[99—-104].
Combining NDIs and PPVs through random copolymerization can create materials that
merge the best features of both. Using ROMP with the Grubbs catalyst is a powerful way
to synthesize these random copolymers[105]. ROMP is highly efficient and can
polymerize a wide range of monomers under mild conditions[106,107,116,108—115],
making it a versatile tool in polymer chemistry[117]. The Grubbs catalyst, a ruthenium-

based compound, is particularly effective in initiating and controlling the polymerization
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process, ensuring high yields and uniform polymer structures[118]. This method is
especially advantageous for creating random copolymers, as it allows for the
incorporation of different monomer units in a controlled manner, resulting in materials
with customized properties suited for particular applications [31,119].

In this work, we synthesized random copolymers Carbazole NDI (CA-NDI) / 2,5-
dioctyloxy-p-phenylenevinylene (DO-PPV) (Ps) and CA-NDI / EHM-PPV (Ps) using
ROMP with the G2. These copolymers are expected to demonstrate enhanced thermal
stability, which is a key feature of PPVs, while also incorporating the functional
advantages of NDIs. This chapter provides insights into the synthesis and characterization
of these NDI-PPV-based copolymers, which represent a promising class of materials for

next-generation organic electronics.

5.1.Synthesis of poly CA-NDI / DO-PPV Random Copolymer (Ps).
The two monomers, CA-NDI (M3) (85 mg, 0.2 mmol) and DO-PCPD (M) (92 mg, 0.2
mmol), were combined in 2 ml of dry DCE and placed in a dry Carousell tube in a nitrogen
atmosphere. The mixture was stirred for 10 minutes at room temperature to achieve
complete dissolution. A solution of the G2 (0.43 mg) was prepared in 0.4 ml of anhydrous
DCE and stirred for at least 10 minutes. This initiator solution was then added to the
monomer solution, and the mixture was heated at 60 °C to facilitate polymerization for
24 hours. The reaction was monitored by TLC until all monomers were consumed. After
cooling to room temperature, excess EVE (2 ml) was introduced to halt the reaction.
Following an additional 2 hours of stirring at room temperature, the mixtures were
concentrated under reduced pressure. The crude products were then re-dissolved in DCM
and precipitated into methanol to remove ruthenium complexes. The final polymer was

obtained with a yield of 94%.

5.2.Synthesis of poly CA-NDI / EHM-PPV Random Copolymer (Ps).
The two monomers, CA-NDI (M3) (24 mg, 0.055 mmol) and EHM-PCPD (M2) (20 mg,
0.055 mmol), were dissolved in 2 ml of anhydrous DCE and transferred to a dry Carousell
tube under a nitrogen atmosphere. The mixture was stirred at room temperature for 10
minutes to ensure complete dissolution. A solution of the G2 generation catalyst (0.43
mg) was prepared in 0.4 ml of dry DCE and stirred for at least 10 minutes. This initiator
solution was then added to the monomer mixture, and the polymerization reaction was
conducted at 60 °C for 24 hours. The progress of the reaction was monitored by TLC.

After the monomers were completely consumed, the reaction mixture was cooled to room
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temperature, and an excess of EVE (2 ml) was added to terminate the polymerization.
The mixture was stirred for an additional 2 hours at room temperature before being
concentrated under reduced pressure. The crude products were re-dissolved in DCM and
precipitated into methanol to eliminate any ruthenium complexes. The resulting polymer

was obtained with a yield of 95%.
5.3.Results and discussion.

5.3.1. The structural characterization of the synthesized polymers (Ps, P¢) by ROMP
(Ps and Ps) were synthesized through ROMP of the individual monomers (M1, M2 and
M3) using the G2 initiator in anhydrous DCE at 60 °C. The initial monomers to initiator
ratio are 20:1, with an equal molar ratio set to be a random distribution of resulting
copolymers (Scheme 5. 1). Once the monomers were fully reacted, the mixtures were
terminated by the addition of an excess of EVE. The resulting crude polymers, Ps and P,

were purified simply by precipitating into methanol.

0,
‘ O G,, DCE, 60 °C, 24 h

N " ‘ EVE
O

CA-NDI Monomer (M;) PPVs Monomers (M,;, M,) O ()—§
NN o

O Ps: R,=R,= (CH,),CH;

P:R,= CH,CH(C,Hs)(CH,);CH; , R,= CH;

Scheme 5. 1 CA-NDI/ PPVs Random copolymer using the G2 catalyst.

GPC analysis was performed using THF as the eluent to determine the molecular weight
and distribution of the synthesized polymers Ps, and P¢ shown in (Scheme 5. 1). random
copolymer Ps had an Mn of 16.67 kDa and a PDI of 1.95, while random copolymer Pe,
showed an Mn of 40.33 kDa and a PDI of 2.65.

All synthesized polymers exhibited monomodal molecular weight distributions and
relatively low polydispersity indices (PDIs), suggesting effective control over chain
growth and a high efficiency of chain transfer by the Grubbs initiator during the
polymerization process. The copolymers Ps and Ps¢ contained NDI moieties, which
possess higher ring strain, resulting in faster polymerization rates but relatively broader

PDIs due to less control over chain growth (Figure 5. 1).
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Table 5. 1 GPC data for synthesized polymers (Ps &Ps)

GPC data purified
POlymer Mn(cach) Mn(obs.) Mw(obs.) PDI Yield
Samples (KDa) (KDa) (KDa) (Mw/M,) %
Ps 9.32 14.67 38.95 1.95 94
Ps 7.34 40.33 78.56 2.65 95

The narrow molecular weight distributions observed with THF as the eluent reflect
efficient control over polymerization, although a slight broadening of distributions was

noted with increasing monomer conversion.
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Figure 5. 1 Molecular weight distribution of polymers Ps, Ps (GPC in THF).

This highlights the robustness of ROMP in achieving controlled polymer structures even
under complex conditions. Overall, these results underscore the advantages of using
ROMP with G2, such as precise control over PDI, efficient chain growth, and high-yield

production of well-defined polymers.

5.3.2. Characterization of the synthesized polymers by "H NMR Spectroscopy

The 'H NMR spectra of the synthesized polymers Ps, P recorded in CDCl3, are shown
in (Figure 5. 2), (Figure 5. 3) respectively. The trans-vinylene and other aromatic protons
are observed at chemical shifts above 7.00 ppm. A broad peak at 3.35 ppm appears in all

polymers, corresponding to the methylene protons and methyl groups attached to oxygen
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atoms. Alkyl chain protons resonate at chemical shifts below 2.00 ppm. peaks are seen
for the carbazole and NDI units. A distinct peak around 8.00 ppm is assigned to the
aromatic protons of the carbazole moiety. The NDI alkenic protons are observed as a
triplet between 5.56 and 5.38 ppm, while the triplet at 4.4 ppm is attributed to the
carbazole linking protons. The NDI linking protons resonate at 3.97 ppm. Based on the

'"H NMR data, we can conclude that the copolymerization reaction proceeded successfully.

~

C81 79 77 15 13 71 69 67 65 63 61 59 57 55 53 51 49 47 45 43 41 39 37 35 33 31 20 27 25 23 21 19 17 15 13 11 09 07 0

Figure 5.2 '"H NMR spectrum of Ps,

OCH;CH(C;Hg)iCH;),CH,

Figure 5. 3 'H NMR spectrum of Pe.
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5.3.3. Optical properties of the polymers (Ps &Pe)

The UV-Vis absorption and fluorescence emission spectra of the synthesized copolymers
Ps and P¢ were analyzed in three solvents—chlorobenzene (CsHsCl), tetrahydrofuran
(THF), and dichloromethane (DCM) to assess their optical properties and solvent-
dependent behavior. The measurements were performed at a polymer concentration of
5x107% M, and the results are summarized in (Table 5. 2).

Table S. 2 Physical properties of the synthesized polymers (Ps &Ps)

Polymer solvent UV-Vis Absorption Fluorescence
No. Emission
AMmax), NM A(onset), NM E:? (eV) A(em), NM
Ps CeHsCl 457 527.2 2.35 536
THF 464 520.0 2.38 529
DCM 457 519.1 2.39 534
Ps CeHsCl 449 512.0 2.42 526
THF 449 509.6 2.43 524
DCM 456 511.5 2.42 523

The absorption of the random copolymers Ps and Pe display characteristic features that
reflect the contributions of their respective monomeric units. For Ps, the absorption
spectrum shows peaks at 457 nm and 319 nm, with a shoulder at 332 nm, indicating the
influence of the PPV and carbazole moieties (Figure 5. 4). In comparison, Pe exhibits
absorption peaks at 449 nm and 318 nm, along with a shoulder at 333 nm (Figure 5. 5).
The redshift observed in Ps relative to Ps is attributed to the electron-donating effect of
the dioctyloxy-substituted phenylenevinylene units, which lower the electronic bandgap

and enhance conjugation.
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Figure 5. 4 UV of (Ps) In CH.Cl & THF & DCM.
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The absorption maxima (Amax) for Ps and Ps remain relatively consistent across the three
solvents, with minimal variation, suggesting limited solvent polarity effects on the
electronic transitions of the polymers.

The PL spectra of Ps and Pg¢ further illustrates their optoelectronic behavior. In
chlorobenzene, the PL. maximum of Ps appears at 536 nm, while Ps shows a slightly blue-
shifted emission peak at 526 nm. This redshift in Ps can be linked to the lower energy gap
of the PPV backbone compared to the carbazole-NDI units in Ps. When excited at 360
nm, the random copolymers exhibit consistent emission trends in all solvents, with
fluorescence peaks for Ps observed at 536 nm (CsHsCl), 529 nm (THF), and 534 nm
(DCM) (Figure 5. 6), and for P at 526 nm (Ce¢HsCl), 524 nm (THF), and 523 nm (DCM)
(Figure 5. 7).

The solvent-dependent optical properties of Ps and Pe reveal negligible variations in both
absorption and fluorescence emission spectra across the three solvents.

The solvent-dependent optical properties of Ps and P¢ reveal negligible variations in both
absorption and fluorescence emission spectra across the three solvents. The optical
bandgaps (E;”’), calculated from the onset of absorption (Aonser), also remain consistent,
with values ranging from 2.32 eV to 2.43 eV. This stability indicates that the copolymers'
electronic structure is not significantly affected by solvent polarity, highlighting their

robust optoelectronic performance.
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5.3.4.Electrochemical properties of the polymers (Ps & P¢)

The electrochemical properties of polymers Ps and Ps were evaluated using cyclic
voltammetry (CV), with results shown in (Figure 5. 8). and summarized in (Table 5. 3).
The HOMO and LUMO energy levels for these polymers were derived from their
oxidation and reduction onsets, leading to electrochemical band gaps of 2.33 eV for Ps,
and 2.34 eV for Ps. These values align closely with those obtained from optical
measurements, indicating that incorporating CA-NDI in copolymers Ps and P¢ minimally

affects the electronic structure of the PPV backbone.
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Table S. 3 Electrochemical properties of the polymers (Ps &Pe)

Polymers [OJonset (V)  [Rlonset (V) HOMO (eV) LUMO (eV) E, (eV)
Ps 0.89 -1.44 5.69 3.36 2.33
Ps 0.93 -1.41 5.73 3.39 2.34

This consistency in band gap confirms that our approach enhances the thermal stability
of PPV derivatives without compromising their electronic properties, underscoring the
potential of these modified materials in optoelectronic applications where both stability

and electronic functionality are essential.
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Figure 5. 8 CV curves for Ps—Ps and band gaps.

5.3.5. Thermal behavior of the polymers (Ps&Ps)

The thermal stability of the synthesized polymers Ps and Ps was investigated through
thermogravimetric analysis (TGA) under a nitrogen atmosphere at a heating rate of
10 °C/min. The results are presented in (Table 5. 4) and (Figure 5. 9), highlighting the
thermal behavior of these polymers. copolymers Ps and Ps, incorporating CA-NDI, were

analyzed to assess the impact of copolymerization on the thermal stability of PPVs

derivatives.
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Table 5. 4 TGA values of the synthesized polymers (Ps&Ps)

Polymer Ta1 (°C) Weight Loss Ta2 (°C) Weight Residue
Samples (%) Loss (%) (%)
Ps 258.7 55.5 418.9 40.5 4
Ps 296.7 71.3 421.7 18.3 10.4

The copolymers Ps and Ps, synthesized by incorporating CA-NDI into the PPV backbone,
show improved thermal stability. The TGA results reveal two stages of decomposition.
Ps undergoes its first decomposition Tq1 at 258.7 °C, with a 55.5 % weight loss, followed
by a second stage at 418.9 °C, resulting in a further 40.5 % mass loss. The high char yield
01 99.3% suggests an enhancement in backbone stability relative to P, P> in third chapter.
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Figure 5. 9 a) TGA, and b) DTG curves for (Ps &Ps).
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Ps displays even greater thermal resistance, with the first decomposition occurring at
296.7 °C and a weight loss of 71.3%, followed by a second degradation at 421.7 °C with
an 18.3 % mass loss. A final char yield of 98.5 % further confirms the positive effect of
CA-NDI copolymerization on thermal stability.

The high decomposition temperatures of Ps and Ps offer a notable advantage for
optoelectronic devices operating at elevated temperatures, providing improved
morphological and mechanical stability. The incorporation of CA-NDI into PPV
derivatives has enhanced thermal stability, especially for Ps and Ps, making them more

suitable for applications requiring higher thermal resistance[38,39].

5.4.Conclusion

This investigation effectively achieved the synthesis and characterization of copolymers
Ps, Ps. The implementation of ROMP enabled the production of polymers with targeted
molecular weights and low polydispersity indices, illustrating the precision of the
polymerization process.

The optical evaluations indicated that the incorporation of NDI into the PPV structure
significantly alters the band gap, which ranged from 2.32 eV to 2.42 eV. The UV-Vis
spectra revealed unique absorption profiles, with maximum absorption peaks at 457 nm
for Ps, and 449 nm for Pe. The findings from cyclic voltammetry reinforced the favorable
electronic characteristics of the NDI-PPV copolymers, indicating their potential for use
in organic electronic devices, particularly OLEDs and OPVs. Furthermore, TGA
confirmed the thermal stability of these polymers, showing decomposition temperatures
between 418.9 °C and 421.7 °C for Ps and Pe respectively.

This research provides essential insights into the influence of molecular structural
modifications on the properties of conjugated polymers, paving the way for the
development of more sophisticated optoelectronic materials. Future research should focus
on refining the synthesis techniques and investigating additional functionalization

methods to enhance the practical use of these polymers.

Chapter 5 98



Chapter 6

Synthesis, Optimization, and
Copolymerization of Donor

and Acceptor Polymers



This chapter presents the synthesis, characterization, and photophysical analysis of three
categories of polymers designed for potential thermally activated delayed fluorescence
(TADF) applications. The first category involves the synthesis of poly(carbazole hexyl-
NDI) (P7) using the CAH-NDI monomer (Ms), where the carbazole unit, attached via an
alkyl linker, acts as a donor material. The second category focuses on
poly(dichlorotriazine-NDI) (Pg), derived from the DCT-NDI monomer (Mgs),
incorporating a triazine moiety as a potential acceptor. Lastly, copolymers combining
CAH-NDI and DCT-NDI in various ratios (P9-P12) were synthesized to integrate donor
and acceptor functionalities within a single polymeric structure. This molecular design
facilitates intramolecular charge transfer and enhances excited-state properties, making
these materials potential candidates for TADF applications. The chapter provides an in-
depth examination of polymerization conditions, structural characterization, and the
resulting optical and electronic properties, underscoring their potential for next-

generation optoelectronic devices.

6.1.Synthesis of 2-(6-(9H-carbazol-9-yl) hexyl)-3a,4,7,7a-tetrahydro-1H-4,7-

methanoisoindole-1,3(2H)-dione (CAH-NDI) monomer (Ms).
The synthesis of Ms (CAH-NDI) was carried out in a four-step process, as depicted in
(Scheme 6. 1). Initially, exo-norbornene dicarboxylic anhydride (exo-NDA) (1) was
prepared and subsequently reacted with urea, leading to the formation of NDI (2). In the
next step, NDI underwent alkylation with 1,6-dibromohexane, yielding BrH-NDI (3).
Finally, BrH-NDI was coupled with carbazole via nucleophilic substitution to afford the
target monomer M5 (CAH-NDI). The synthesized structures were thoroughly
characterized using 1D and 2D NMR spectroscopy to confirm the molecular framework,
while mass spectrometry (MS) provided additional structural validation. The final
compound was purified using column chromatography to ensure high purity. These
characterization techniques confirmed the successful synthesis of Ms, which serves as a

crucial donor moiety for subsequent polymerization studies.
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6.1.1.Synthesis of exo-norbornene-5,6-dicarboxylic anhydride (exo-NDA) (1).

Into a solution of maleic anhydride (90.00 g, 0.9178 mol) in o-dichlorobenzene (100 ml)
at 200 °C, dicyclopentadiene (60.67 g, 0.4589 mol) was added slowly. The solution was
heated for 2 hours at 200 °C, transferred into a beaker, and left to cool to room temperature
gradually. To obtain the crystals of exo isomer, the formed precipitate was filtered, rinsed
with o-dichlorobenzene, recrystallized three times, and dried in a vacuum oven at 50 °C
for 12 hours to afford the white crystalline solid in 40% yield. EI-MS calculated for
C9HgO3 m/z: 164.16; Found: m/z 164. '"H NMR (400 MHz, CDCls) d: 6.30 (s, 2H), 3.41
(s, 2H), 2.98 (s, 2H), 1.63 (d, ] = 10.5 Hz, 1H), 1.39 (d, J = 10.1 Hz, 1H) ppm. *C-NMR
(101 MHz, CDCl3) ¢: 171.80, 138.02, 48.85, 46.93, 44.19 ppm (S6. 1).

6.1.2.Synthesis of 3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione
(NDD) (2).

NDI was synthesized following a previously reported procedure. A mixture of urea (1.61
g, 0.026 mol) and 5-norbornene-exo-2,3-dicarboxylic anhydride (4.02 g, 0.24 mol) was
introduced into a 100 mL round bottom flask, the flask was fitted with a condenser. The
reaction was conducted in the melt at 140°C for 1 hour, then cooled at room temperature.

The crude product was purified by recrystallization from water a white crystal
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precipitated. It was collected by filtration, washed with cold water and dried under
vacuum overnight to obtain pure product of dicarboximide NDI (3.7 g, 93 %). EI-MS
(EI+) calculated for CoHoNO,: m/z 163.16; determined m/z 163.00. "TH-NMR (400 MHz,
CDCl3) d: 8.33 (s, IH), 6.27 (s, 2H), 3.28 (s, 2H), 2.72 (s, 2H), 1.55 (d, 1H), 1.43 (d, 1H);
BC-NMR (101 MHz, CDCI3) &: 178.21, 137.85, 49.01, 44.97, 42.80 ppm. 'H and *C

NMR signals were consistent with those reported in the literature. (S6. 2).

6.1.3.Synthesis of 2-(6-bromohexyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-
1,3(2H)-dione (BrH-NDI) (3).

1,6-dibromohexane (9.8 g, 40 mmol) and potassium carbonate (6.9 g, 50 mmol) were
dissolved in dry DMF (10 mL) under nitrogen condition, and then a solution of NDI (1.7
g, 10 mmol) in dry DMF (15mL) was dropwise added to the mixture. After stirring at 50
°C for 4 hours, the mixture was stirred at room temperature for another 20 h. The reaction
mixture was poured into water (200 mL) and extracted with 100 mL CH>Cj, for three
times. The combined organic phases were dried over NaxSO4. After removal of the
solvent, the residue was purified by column chromatography (silica, hexane/CH>Cl> v/v
2:1) to give colorless oil (1.9 g, 59%). EI-MS (EI+) calculated for C15sH20BrNO2: m/z
326.00; determined m/z 325.9. 'TH-NMR (400 MHz, CDCls) 6: 6.21 (s, 2H), 3.32-3.39 (m,
4H), 3.18 (s, 2H), 2.60 (s, 2H), 1.82-1.76 (2H), 1.39-1.52 (m, 5H), 1.22-1.28 (m, 1H),
1.14 (d, J = 10.1 Hz, 1H); *C-NMR (101 MHz, CDCl;s) §: 177.74, 137.85, 47.59, 44.95,
42.79, 37.92, 33.78, 32.57, 27.62, 27.33, 25.92 ppm. 'H and '*C NMR signals were
cosistant with those reported in the literature (Figure 6. 1).
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Figure 6. 1 a) EI-MS spectrum; b) "H NMR spectrum; ¢) '*C NMR spectrum for (BrH-NDI) (3).

6.1.4. Synthesis of 2-(6-(9H-carbazol-9-yl) hexyl)-3a,4,7,7a-tetrahydro-1H-4,7-
methanoisoindole-1,3(2H)-dione (CAH-NDI) monomer (M5)

Carbazole (0.84 g, 5.0 mmol), BrH-NDI (1.6 g, 5.0 mmol) and KOH (0.33 g, 6.0 mmol)
were dissolved in dry DMF (60 mL) under nitrogen condition. At 80 °C, the solution was
stirred for 24 hours. After cooling to room temperature, the reaction mixture was poured
into water (200 mL) and extracted with 100 mL CH»Cl, for three times. The combined
organic phases were dried over NaxSO4. After removal of the solvent, the residue was
purified by column chromatography (silica, petroleum ether/CH>Cl> v/v 10:1) to give a
brown semi-solid matter (2.0 g, 96%). EI-MS (EI+) calculated for C»7H2sN202: m/z

Chapter 6 103



413.00; determined m/z 412.00. 'H-NMR (400 MHz, CDCls) 6: 8.09 (d, J = 17.4 Hz, 2H),
7.40 (d, J = 8.2 Hz, 4H), 7.21-7.25 (m, 2H), 6.27 (s, 2H), 4.11-4.30 (m, 2H), 3.35-3.47
(m, 2H), 3.26 (d, J = 7.3 Hz, 2H), 2.61-2.72 (m, 2H), 1.78-1.88 (m, 2H), 1.50-1.67 (m,
5H), 1.30-1.39 (m, 2H), 1.17-1.22 (m, 1H); *C-NMR (101 MHz, CDCI3) J: 178.31,
161.12, 139.53, 137.73, 125.88, 123.18, 120.21, 118.42, 108.78, 63.77, 47.90, 44.77,
42.63, 38.08, 28.08, 27.71, 26.58, 24.96 (Figure 6. 2).
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Figure 6. 2 a) EI-MS spectrum; b) "H NMR spectrum; ¢) '*C NMR spectrum for M5.

6.2.Synthesis of poly (carbazole hexyl-norbornene dicarboximide) (CAH-NDI)

(P7)
CAH-NDI monomer (1400 mg, 0.0034 mol) was divided and placed in seven Radley’s
Carousel tubes each tube has (200 mg, 0.00048 mol). Anhydrous chloroform (900 pl)
was added to each tube, and the solutions were stirred at room temperature for 5 minutes
to ensure all monomers completely dissolve. Separately, (29.4 mg, 0.000033 mol) of the
Grubbs third G3 generation initiator was dissolved in anhydrous chloroform (1400ul) and
then transferred (200 pl) to each of the reaction tubes. The polymerization process was
terminated by adding ethyl vinyl ether (EVE) (500ul) to each of the reaction tubes at
various intervals (1, 3, 5, 10, 20, 30, and 50minutes). After quenching, the reaction was
allowed to proceed for an additional 1 hour before the solvent and EVE were evaporated
under vacuum. The synthesized homo-polymers were then analyzed using GPC and 'H-

NMR to optimize the best time for polymerization process.
6.3.Results and discussion.

6.3.1. The structural characterization of the CAH-NDI monomer Ms & synthesized
polymer P7by ROMP.

The synthesis of Ms (CAH-NDI) was carried out in a four-step process, as depicted in
(Scheme 6. 1). Initially, exo-norbornene dicarboxylic anhydride (exo-NDA) (1) was
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prepared and subsequently reacted with urea, leading to the formation of norbornene
dicarboxyimide (NDI) (2). In the next step, NDI underwent alkylation with 1,6-
dibromohexane, yielding BrH-NDI (3). Finally, BrH-NDI was coupled with carbazole
via nucleophilic substitution to afford the target monomer M5 (CAH-NDI).

The structural confirmation of Ms was carried out using "H-NMR spectroscopy, revealing
key characteristic peaks. The aromatic protons of the carbazole moiety appeared at 8.09
(d, J =17.4 Hz, 2H), 7.40 (d, J = 8.2 Hz, 4H), and 7.21-7.25 (m, 4H), confirming the
presence of the carbazole unit. A singlet peak at 6.27 (s, 2H) corresponded to the vinyl
environment of the exo-NDI isomer, while multiple peaks at 4.11-4.30 ppm and 3.35-
3.47 ppm were characteristic of the (NCH2) methylene groups linked to the carbazole and
NDI moieties, respectively. Additionally, signals below 2 ppm were attributed to aliphatic
protons of the hexyl chain, except for a multiplet at 1.78-1.88 ppm, which corresponded
to methylene hydrogens of the bicyclic molecule in the NDI moiety. The *C-NMR
spectrum of the synthesized monomer which includes peaks at 178.3 ppm which are
attributed to two carbonyl-NDI groups, six peaks from 139.5-118.4 ppm, corresponding
to carbazole moiety and two peaks at 63.7, 47.8 ppm of carbon atoms adjacent to nitrogen
atom of carbazole and NDI, respectively. 2D NMR techniques were also employed.
Correlated Spectroscopy (COSY) revealed scalar couplings between neighboring protons,
specifically between signals labeled (a, b), (k, 1), and (I,m) highlighted in green, violet,
and red boxes in (Figure 6. 3(a)). Heteronuclear Multiple Quantum Coherence (HMQC)
spectroscopy further correlated each proton with its directly bonded carbon atom,
confirming assignments such as m,Lk, a, e, and j with carbons at 120.1, 128, 118, 173.7,

63.7and 42.6 ppm, respectively (Figure 6. 3 (b)).
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Figure 6. 3 2D NMR for monomer M5, a) COSY, b) HMQC

The monomer underwent homo-polymerization P7 using the G3 catalyst, which was

finally terminated by the addition of EVE (Scheme 6. 2).
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Scheme 6. 2 CAH-NDI homopolymer P; using the G3 catalyst.

(Figure 6. 4) highlights key regions of the P7; proton NMR spectrum to track the
polymerization process. The green box represents the olefin environment (the norbornene
double bond peak) of the monomer Ms, while the blue box represents the trans-vinylene
environment of P;. As polymerization progresses and reaction time increases, the
norbornene double bond peak gradually decreases in intensity and completely disappears
after 20 minutes. To ensure complete conversion of the monomer to polymer chains and
confirm the absence of unreacted monomer and all monomers already catalyzed,
additional measurements were taken at 30 and 50 minutes. The disappearance of the
norbornene double bond peak at 6.26—6.28 ppm and the appearance of new peaks at 5.4—
5.8 ppm confirms the successful polymerization. Additionally, the retention of carbazole
and imide characteristic peaks ensured that the functional groups remained intact post-

polymerization.
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Figure 6. 4 '"H-NMR Spectrum of Polymer P; Recorded at Various Polymerization Intervals.

The polymerization progress of P7 was investigated through GPC analysis using THF as
the eluent to determine the molecular weight of the synthesized polymer, as shown in

(Figure 6. 5) and summarized in (Table 6. 1).
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Figure 6. 5 Molecular weight distribution of polymer P-.

Initially, at 1 minute, Mn was 4.11 kDa, with a PDI of 1.10, indicating early-stage
polymer formation. As the reaction proceeded, Mn gradually increased, reaching 6.45

kDa at 20 minutes, confirming chain propagation. After 30 minutes, Mn further increased
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to 6.69 kDa, with a slight broadening in molecular weight distribution (PDI = 1.22).
Notably, after 50 minutes, a significant increase in Mn to 9.50 kDa was observed, along
with a relatively low PDI of 1.11, indicating well-controlled polymerization.

Table 6. 1 Time-Dependent GPC Analysis of Polymer P7

Time/ GPC Data
(min) M, (KDa) M,/(KDa) M,/(KDa) PDI
1 3924 4109 4562 1.10
3 4426 4298 4945 115
5 4534 4898 5669 1.16
10 4833 5227 6904 132
20 4462 6450 7716 1.20
30 5234 6686 8151 1.22
50 10637 9501 10622 111

Myt exhibited a corresponding progression, increasing steadily over time, confirming
continuous polymer growth. These results demonstrate the controlled nature of the ROMP
process, with gradual molecular weight evolution and relatively narrow PDI values,

ensuring uniform polymer chains.

6.3.2. Optical properties of the polymer P.

(Figure 6. 6) illustrates the UV—Vis absorption spectrum of polymer P7; measured in
tetrahydrofuran (THF) at a dilute concentration of 5 x 10® M. The absorption profile
reveals three distinct peaks centered at 294 nm, 332 nm, and 346 nm. These peaks are
primarily attributed to m—m* electronic transitions localized within the carbazole
chromophores present along the polymer side chains. The absence of any discernible n—
7* transitions suggests that there is minimal involvement of non-bonding electron pairs,
and more importantly, it indicates that the extent of intramolecular charge transfer or
extended m-conjugation along the polymer backbone is limited.

This observation supports the conclusion that P7 has a non-conjugated backbone, which
restricts effective electronic communication between adjacent carbazole units. As a result,

the transition dipole moments remain localized, and the overall absorption intensity
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remains relatively low. This weak absorption behavior is consistent with the design of the
polymer, where the incorporation of the norbornene-based backbone limits the
conjugation between chromophores and consequently reduces the delocalization of -
electrons. Such a structural feature can significantly influence the optoelectronic
properties of the material, potentially leading to applications where controlled or isolated
chromophore activity is desired, such as in optical sensors or in light-emitting devices

where inter-chromophore interactions need to be minimized.

{\ -
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300 325 350 375 400
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Figure 6. 6 UV for P5.

6.4.Synthesis of  2-(2-((4,6-dichloro-1,3,5-triazin-2-yl)oxy)ethyl)-3a,4,7,7a-

tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione monomer (DCT-NDI) (M)
The preparation of Mg (DCT-NDI) was achieved through a three-step sequence, as
illustrated in (Scheme 6. 3). The process began with the synthesis of exo-NDA (1), which
was subsequently treated with ethanolamine, leading to the formation of norbornene
dicarboxyimide ethyl alcohol (NDI-OH) (4). In the subsequent transformation, NDI-OH
reacted with TCT in the presence of DIPEA, which facilitated the elimination of HCI as
a byproduct, ultimately yielding the target monomer Mg (DCT-NDI). The synthesized

compounds were thoroughly analyzed using 1D and 2D NMR spectroscopy to confirm
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their structural integrity, while mass spectrometry (MS) provided further verification. To
obtain a highly pure product, column chromatography was employed as the final
purification step. The successful synthesis of Mg establishes it as a crucial acceptor moiety

for subsequent polymerization studies.
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Scheme 6. 3 Synthesis of (DCT-NDI) monomer (M)

6.4.1. Synthesis 2-(2-hydroxyethyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-
1,3(2H)-dione (4)

The anhydride 1 (4.00 g, 0.024 mol) was suspended in dry methanol (70 mL) and the
mixture cooled to 0 °C. A solution of ethanolamine (1.5 mL, 0.24mol) in 20 mL of dry
methanol was added dropwise, and the resulting solution was stirred for 10 min at 0 °C,
then allowed to warm to room temperature and stirred for an additional 30 minutes.
Subsequently, the solution was refluxed for 4 hours. After cooling the mixture to an
ambient temperature, the solvent was removed under reduced pressure, and the white
residue was dissolved in 300 mL of CH2Cl, and washed with 3 x 100 mL of water. The
organic layer was dried over MgSOy and filtered. Removal of the solvent under reduced
pressure furnished an off-white residue that was purified by flash chromatography to
give 2 (2.04 g, 42% yield) as a white solid. EI-MS (EI+) calculated for C11Hi3NO3: m/z
207.00; determined m/z 207.00. '"H-NMR (400 MHz, CDCl3) 6: 6.27 (dd, J = 16.5, 15.1
Hz, 2H), 3.75 (t,J=4.8 Hz, 2H), 3.67 (t,J = 5.3 Hz, 2H), 3.26 (s, 2H), 2.70 (s, 2H), 2.37
(s, 1H), 1.48-1.54 (m, 1H), 1.33 (d, J = 10.1 Hz, 1H); 3C-NMR (101 MHz, CDCl;) ¢:
178.90, 137.36, 60.50, 47.31, 44.98, 42.30, 40.25 ppm (Figure 6. 7).
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Figure 6. 7 a) EI-MS spectrum; b) "H NMR spectrum; ¢) '*C NMR spectrum for compound 4.
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6.4.2. Synthesis of 2-(2-((4,6-dichloro-1,3,5-triazin-2-yl)oxy)ethyl)-3a,4,7,7a-
tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione monomer (DCT-NDI) (M)
TCT (2.3 g,0.012 mol) was added to a stirred solution of 1 (1.29 g, 0.006 mol) and DIPEA
(2.2 mL, 0.012 mol) in THF at 0 °C. The solution was stirred at 0 °C for 3 h, warmed to
room temperature, and stirred for an additional 16 h. At the end of this period, the solvent
was removed under reduced pressure. The residue was dissolved in DCM, and the
resulting salt was removed by filtration before extraction with 3 x 100 mL of water. The
collected organic layers were dried over anhydrous MgSQOs4, and the solvent was removed
under reduced pressure. The residue was washed with the mixture of DCM:diethyl ether
(1:10) to give the product as a pale yellow powder (1.7 g, 76% yield). EI-MS (EI+)
calculated for C14H12CLbN4Os: m/z 354; determined m/z 354.00. 'H-NMR (400 MHz,
CDCl) 0: 6.28 (s, 2H), 4.66 (t, ] = 5.5 Hz, 2H), 3.93 (t,J = 5.5 Hz, 2H), 3.28 (s, 2H), 2.71
(d, J=0.7 Hz, 2H), 1.59 (s, 1H), 1.28 (d, ] = 10.1 Hz, 1H)); *C-NMR (101 MHz, CDCl5)
0: 177.81, 172.44, 137.28, 65.90, 48.09, 45.23, 42.61, 36.58ppm (Figure 6. 8).
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Figure 6. 8 a) EI-MS spectrum; b) 'H NMR spectrum; ¢) '*C NMR spectrum for (Mg).

6.5. Synthesis of poly (dichlorotriazine-norbornene dicarboxyimide) (DCT-

NDI) (Ps)
DCT-NDI monomer (1400 mg, 0.0039 mol) was divided and placed in seven Radley’s
Carousel tubes each tube has (200 mg, 0.00056 mol). Anhydrous chloroform (900 pl)
was added to each tube, and the solutions were stirred at room temperature for 5 minutes
to ensure all monomers completely dissolve. Separately, (35 mg, 0.000039 mol) of the
Grubbs third G3 generation initiator was dissolved in anhydrous chloroform (1400ul) and
then transferred (200 pl) to each of the reaction tubes. The polymerization process was

terminated by adding ethyl vinyl ether (EVE) (500ul) to each of the reaction tubes at
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various intervals (1, 3, 5, 10, 20, 30, and 50 minutes). After quenching, the reaction was
allowed to proceed for an additional 1 hour before the solvent and EVE were evaporated
under vacuum. The synthesized homo-polymers were then analyzed using GPC and 'H-

NMR to optimize the best time for polymerization process
6.6.Results and discussion.

6.6.1.The structural characterization of the (DCT-NDI) monomer M6 & synthesized
polymer Ps by ROMP.

The synthesis of the DCT-NDI monomer Mg involved a three-step process. Initially, exo-
norbornene dicarboxylic anhydride (exo-NDA) was converted to an intermediate, NDI-
OH, through a reaction with ethanolamine in anhydrous methanol. Subsequently, NDI-
OH was reacted with trichlorotriazine (TCT) in the presence of N,N-
diisopropylethylamine (DIPEA), affording the target monomer Ms. The identity and
purity of Mg were confirmed through various spectroscopic techniques. Electron
ionization mass spectrometry (EI-MS) revealed a molecular ion peak at m/z 354, aligning
well with the expected molecular weight. 'H-NMR spectra showed key resonances,
including a multiplet at 6.28 ppm (2H), assigned to the vinylic protons of the norbornene
unit. Additional signals at 4.66 and 3.93 ppm were attributed to methylene protons
adjacent to oxygen and nitrogen, respectively. Peaks observed at 3.28 and 2.71 ppm were
associated with ring-bridged hydrogens, while broader multiplets at 1.52—1.59 ppm and
1.22—1.29 ppm corresponded to methylene groups within the NDI framework.

Further structural confirmation was provided by !'3C-NMR, which displayed
characteristic peaks at 177.8 ppm (NDI carbonyls), 172.4 ppm (triazine ring), 65.9 ppm
(O-linked CH2), and 36.5 ppm (N-linked CH:). To enhance confidence in the structural
assignment, 2D NMR techniques were also employed. Correlated Spectroscopy (COSY)
revealed scalar couplings between neighboring protons, specifically between signals
labeled a and b, and e and f, highlighted in green and violet boxes in (Figure 6. 9(a)).
Heteronuclear Multiple Quantum Coherence (HMQC) spectroscopy further correlated
each proton with its directly bonded carbon atom, confirming assignments such as e, c, b,
d, f, and a with carbons at 36.5, 42.6, 45.2, 48, 65.9, and 137 ppm, respectively (Figure 6.
9(b)). Additionally, DEPT analysis helped differentiate carbon types: the absence of
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signals at 177.8 and 172.4 ppm indicated quaternary carbon centers (non-protonated),
while upright peaks at 137, 48, and 45.28 ppm were consistent with tertiary CH groups.
In contrast, signals at 65.9, 42.6, and 36.5 ppm were inverted, confirming the presence of
secondary CH: groups (Figure 6. 9(c)). Together, these spectroscopic results conclusively
support the successful synthesis and detailed structural elucidation of the DCT-NDI
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Figure 6. 9 2D NMR for monomer M6, a) COSY, b) HMQC, and c) DEPT.

The homopolymer Pg was prepared through ROMP utilizing the G3 catalyst, resulting in
polymers with a low PDI and a nearly equal distribution of trans and cis vinylene units.
The polymerization process was concluded by introducing ethyl vinyl ether (EVE)
(Scheme 6. 4).

H
Q G3, dry CHClj, rt, " t=1 min
0% n*=0 intervals of times - 0% N0 t=3 min
H . 1\| t=5 min
o N .Gl EVE,t,1h O. N._ClI t= 10 min
N ?\I rﬂ“’ t= 20 min
Ms ¢ P8 t= 50 min

Scheme 6. 4 DCT-NDI homopolymer Pg using the G3 catalyst.

(Figure 6. 10) highlights key regions of the Ps proton NMR spectrum to track the
polymerization process. The green box represents the olefin environment (the norbornene
double bond peak) of the monomer Ms, while the blue box represents the trans, cis-
vinylene environment of Pg. As polymerization progresses and reaction time increases,
the norbornene double bond peak gradually decreases in intensity and completely
disappears after 3 minutes. To ensure complete conversion of the monomer to polymer
chains and confirm the absence of unreacted monomer and all monomers already

catalyzed, additional measurements were taken at intervals times. The disappearance of
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the norbornene double bond peak at 6.28 ppm and the appearance of new peaks at 5.42—

5.76 ppm attributed to trans and cis form which confirms the successful polymerization.
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Figure 6. 10 "TH-NMR Spectrum of Polymer P8 Recorded at Various Polymerization Intervals.

The polymerization progress of Ps was investigated through GPC analysis using THF as
the eluent to determine the molecular weight of the synthesized polymer, as shown in

(Figure 6. 11) and summarized in (Table 6. 2).
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g 08 ——t=50 min
T
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G
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LogM

Figure 6. 11 Molecular weight distribution of polymer Ps.
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The molecular weight distribution of Pg exhibited a clear growth trend with increasing
reaction time. Initially, at 1 minute, Mn was recorded at 3.96 KDa with a PDI of 1.26. As
polymerization progressed, Mn steadily increased, reaching 11.49 KDa at 10 minutes and
19.24 KDa at 50 minutes. Mw followed a similar pattern, rising from 4.99 KDa at 1
minute to 23.55 KDa at 50 minutes.

Table 6. 2 Time-Dependent GPC Analysis of Polymer Ps.

Time/ GPC Data

(hours) M, /(KDa) M,/(KDa) M,/(KDa) __ PDI
t

1 4620 3961 4993 1.26
3 5651 4236 4354 1.02
5 8205 5933 6850 1.15
10 12778 11494 15727 137
20 21040 11951 16350 137
30 24458 17948 22474 1.16
50 25602 19243 23552 122

The PDI values remained within a controlled range, indicating a relatively uniform
polymerization process. Notably, the most notable increase in molecular weight was
observed between 10 and 30 minutes, indicating a prolonged propagation phase before
stabilizing. These findings confirm the successful polymerization of Ps, demonstrating

well-regulated molecular weight progression with increasing reaction time.

6.6.2. Optical Properties of Polymer Ps

Figure 6. 12 presents the UV—Vis absorption spectrum of polymer Pg recorded in
tetrahydrofuran (THF) at a concentration of 5 x 10 M. The spectrum shows two distinct
absorption bands located at 228 nm and 255 nm. These peaks are characteristic of n—m*
electronic transitions associated with the aromatic dichlorotriazine and imide moieties
within the polymer side chains. The sharp absorption at 228 nm is attributed to transitions
within the triazine ring system, while the band at 255 nm likely originates from the

electron-deficient naphthalene diimide (NDI) core.

Chapter 6 120



Compared to polymers with extended n-conjugated systems, the absorption features of Pg
appear in the higher energy (shorter wavelength) region, reflecting the localized nature of
electronic transitions. The absence of lower-energy absorptions suggests that the
electronic communication along the backbone is significantly suppressed, likely due to
the non-conjugated norbornene framework which interrupts n-conjugation between side-
chain chromophores. This structural isolation limits exciton delocalization, resulting in
lower absorption intensity and high-energy transitions.

The optical behavior of Psunderscores the effect of molecular design on its photophysical
properties. The integration of electron-deficient units such as triazine and NDI without a
conjugated polymer backbone leads to absorption features dominated by individual
chromophore units, rather than extended delocalized systems. Such materials can be
promising candidates in applications where well-defined localized excitation is necessary,
such as in fluorescence tagging, controlled energy transfer systems, or as insulating

matrix components in optoelectronic devices.

P8

Normalized absorbance(a.u.)

200 250 300 350 400
Wavelength(nm)

Figure 6. 12 UV for Ps.

6.7. ROMP Copolymerization of CAH-NDI and DCT-NDI Monomers.
The copolymerization was carried out following the standard Ring-ROMP protocol

(Scheme 6. 5). Under an inert nitrogen atmosphere, varying molar ratios of CAH-NDI
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(Ms) (0.9, 0.7, 0.5, 0.3) and DCT-NDI (Mg) (0.1, 0.3, 0.5, 0.7) were separately allocated
into four Radley’s Carousel reaction tubes. To each tube, 800 uL of anhydrous
chloroform was added, and the mixtures were stirred at room temperature for 5 minutes
to ensure complete dissolution of the monomers.

In a separate vial, 35 mg of G3 catalyst was dissolved in 1000 uL of anhydrous
chloroform. A 250 pL aliquot of this catalyst solution was then transferred into each
reaction tube to initiate the polymerization. The reaction was allowed to proceed for 1
hour, after which it was terminated by adding 300 uL of ethyl vinyl ether (EVE) to each
tube. Following termination, the reaction mixtures were left to stir for another hour,
ensuring complete quenching. The resulting polymer solutions were then concentrated by
evaporating the solvent and EVE under vacuum.

The synthesized Copolymers were subsequently characterized using GPC and UV.

= G3, Dry CHClI,, W P9: X=0.9 Y=0.1
j i ﬁ mih P10: X=0.7 Y=0.3
o o

N
EVE AN P11: X=0.5Y=0.5
O _N._Cl NTC| P12: X=0.3 Y=0.7
M5 }11} Q{}N
N ?C;I (of

Scheme 6. 5 Synthesis of Copolymer (Po-P12).

The molecular weights of the synthesized copolymers P9 to P12 were evaluated by GPC,
with Mn values of 4388 kDa, 4781 kDa, 6995 kDa, and 10636 kDa, respectively (Figure
6. 13)(Table 6. 3).
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Figure 6. 13 Molecular weight distribution of Copolymer (P9-P1>).

As the feed ratio of DCT-NDI increased from Py to P12, a gradual rise in Mn was observed,
with P12 exhibiting the highest value.
Table 6. 3 GPC analysis for Co-Polymers (Py-P12)

GPC Data

Co-Polymer =\ rNm ™ A7, /(KDa)  MJ(KDa)  M./(KDa) PDI

Py 0.9:0.1 4185 4388 5586 1.27
Pio 0.7:03 4053 4781 5699 1.19
P 0.5:0.5 8151 6995 11671 1.67
P12 0.3:0.7 1248 10636 11092 1.04

This significant increase in Mn for P12 can be attributed to the higher content of the DCT-
NDI monomer (70%), which appears to exhibit greater reactivity under ROMP conditions.
The electron-withdrawing dichlorotriazine group in DCT-NDI may enhance coordination
with the G3 catalyst, facilitating more efficient polymer chain propagation. Additionally,
the relatively smaller steric hindrance of DCT-NDI compared to CAH-NDI likely allows
for smoother monomer incorporation during polymerization. These combined electronic

and steric effects contribute to the formation of longer polymer chains, resulting in a
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higher Mn. The low PDI value of Pi> (1.04) further supports the notion of a well-

controlled polymerization process.

6.8. Optical Properties of Copolymers Po—P12.

The UV—Vis absorption spectra of the copolymers Po—P12, composed of varying ratios of
CAH-NDI and DCT-NDI units, were recorded in THF (Figure 6. 14). These copolymers
exhibit absorption features that reflect the combined contributions of the two parent
chromophores, with the molar ratio of CAH-NDI decreasing progressively from Po to P1».
Across all four copolymers, a set of consistent absorption peaks is observed at 283, 293,
332, and 345 nm, which correspond to the m—n* transitions of the carbazole moieties
originating from the CAH-NDI units. These bands closely resemble those observed for
the CAH-NDI homopolymer (P7), confirming the presence of the carbazole chromophore
in the copolymer backbones. However, the intensity of these absorption peaks
systematically decreases as the CAH-NDI content is reduced from Py to P12, following
the feed ratio trend (CAH-NDI: 370 — 280 — 200 — 120 mg). This indicates that the
chromophore density directly affects the light absorption strength in this region.

Normalized absorbance(a.u.)

250 300 350 400
Wavelength(nm)

Figure 6. 14 UV for Po-Pi».

In addition to carbazole-related features, the copolymers also display absorption bands at
246 and 259 nm, attributed to the DCT-NDI component. Compared to the DCT-NDI
homopolymer (Ps), which shows absorptions at 228 and 255 nm, the peaks in the
copolymers are slightly red-shifted (bathochromic shift). This shift may arise from altered
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electronic environments or weak through-space interactions between the triazine and
carbazole groups, brought about by their close proximity in the polymer chain. As the
proportion of DCT-NDI increases toward P12, this bathochromic effect becomes slightly
more pronounced, suggesting enhanced interchromophoric interactions.

The observed spectral evolution from Py to P12 demonstrates the tunability of optical
properties through compositional control. The consistent position of the CAH-NDI peaks
alongside diminishing intensity confirms the retention of carbazole optical characteristics
with predictable modulation. Meanwhile, the shifted triazine peaks point to subtle
environmental or conformational influences introduced by copolymerization. These
findings are significant for designing functional materials where optical absorption can
be tailored by simply adjusting monomer feed ratios, a promising strategy for light-

harvesting or electronic applications.

6.9. Thermal Behavior of Homopolymers and Copolymers (P7—P12)
The thermal characteristics of the synthesized homopolymers (P7 and Pg) and copolymers
(Po—P12) were examined using differential scanning calorimetry (DSC) to determine their
glass transition temperatures (Tg), a key parameter indicating polymer chain mobility and
thermal stability. Measurements were performed under a nitrogen atmosphere, with
samples heated from 50 °C to 250 °C at a rate of 10 °C/min. As illustrated in (Figure 6.
15) to (Figure 6. 17), the homopolymer P7 exhibited a Tg at 117.8 °C, while Pg displayed
a slightly lower Tg of 106 °C. The relatively high Tg values, along with the broad,
featureless curves, suggest that both homopolymers are amorphous in nature and lack

significant crystallinity.
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Figure 6. 16 DSC analysis of homopolymer Pg

For the copolymer series, the Tg values were more varied: 60 °C for Py, 71.5 °C for Pio,
105 °C for P11, and 90 °C for P12. A clear trend can be observed where Tg increases with
higher content of the CAH-NDI unit, known for its more rigid and thermally stable
carbazole-based structure. Specifically, P9, which contains the lowest CAH-NDI content,
showed the lowest Tg, while P11, with equal parts CAH-NDI and DCT-NDI, exhibited a
Tg almost comparable to the homopolymers. Interestingly, P12, with the highest DCT-
NDI content, displayed a moderate Tg (90 °C), which may reflect a compromise between

flexibility from the triazine-based units and structural integrity from the imide linkage.
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Figure 6. 17 DSC analysis of copolymers Py -Pi»

Additionally, the DSC thermograms of all copolymers revealed broader transitions with
no distinct melting points, indicating that they are also amorphous. However, the shape
of the curves differed from those of the homopolymers and suggested the presence of a
crosslinked network structure, particularly in P11 and P12. This behavior can be attributed
to the multifunctional nature of the monomers and potential intermolecular interactions,
which limit segmental motion and raise thermal resistance. These results confirm that by
altering the monomer feed ratio, it is possible to tailor the thermal properties of the

resulting copolymers to suit specific material applications.

6.10. Conclusion
This chapter detailed the successful synthesis of donor (CAH-NDI, Ms) and acceptor
(DCT-NDI, M) monomers, confirmed through comprehensive characterization via NMR
and mass spectrometry. Controlled ROMP polymerization of these monomers yielded
homopolymers (P7, Pg) and copolymers (Po—P12), with GPC analysis verifying the well-
regulated growth of polymer chains and narrow dispersity (D). While the UV-Vis spectra
of the polymers revealed characteristic absorption bands of the constituent monomers, no
emergent optoelectronic properties (e.g., intramolecular charge transfer) were observed,
likely due to the non-conjugated backbone limiting electronic communication between

side-chain chromophores. Nevertheless, the systematic optimization of polymerization
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conditions and the modular copolymerization strategy established a robust platform for
future structural modifications aimed at enhancing optoelectronic performance. These
findings underscore the importance of backbone design in governing material properties
and provide a foundation for further exploration of side-chain engineering to achieve

functional TADF polymers

Chapter 6 128



Chapter 7

Conclusions,
Recommendations, and

Future Work

Chapter 7 129



7.1. Conclusions
This thesis, titled “Synthesis and Characterization of Homopolymers and Copolymers via
ROMP Based on High-Strain Cyclic Alkenes as Potential Candidates for Organic
Electronics and Electro-Optic Device Applications”, presented the design, synthesis, and
thorough characterization of a range of functional polymers prepared via ROMP. By
utilizing high-strain cyclic alkenes such as norbornene derivatives and cyclophanediene,
we established a modular platform for constructing well-defined homopolymers and
copolymers with tunable optoelectronic properties.
The study began with the synthesis of soluble poly(p-phenylenevinylene) (PPV)
derivatives P; and P> based on cyclophanediene monomers, which showed excellent
solubility, narrow polydispersity, and favorable optical characteristics. In the next phase,
poly (NDI) derivatives P3 and P4 were developed using monomers bearing functional
groups such as carbazole and adamantane, which offered enhanced thermal stability and
structural versatility.
Random copolymers Ps and Ps were synthesized by integrating PPV and NDI-based units,
effectively combining the optical activity of conjugated systems with the robustness of
NDI segments. The final stage involved donor—acceptor polymer design, where carbazole
(donor) and trichlorotriazine (acceptor) units were incorporated into homopolymers (P7
and Pg) and copolymers (P9—P12) through ROMP. These materials displayed composition-
dependent photophysical properties, providing insights into how monomer feed ratios
influence the resulting polymer behavior.
Overall, this work demonstrates the power of ROMP in synthesizing functional
macromolecules from high-strain monomers. The findings validate the potential of these
tailored polymers as promising materials for organic electronics and electro-optic device
applications, paving the way for further exploration in material design and performance

optimization.

7.2. Recommendations
e The ROMP method proved efficient and modular; it is recommended to further
exploit this technique using other functional monomers to explore a broader range

of properties.
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e For device-related applications, such as OLEDs or OPVs, it is recommended to
proceed with thin-film device fabrication and performance testing to validate the
practical potential of the synthesized polymers.

e Improved monomer design, particularly through fine-tuning donor—acceptor
strengths and side chain engineering, is advised to further optimize solubility,

thermal stability, and emission properties.

7.3.Future Work
Building on the findings of this thesis, future research will explore the design and
synthesis of solution-processable multi-resonance thermally activated delayed
fluorescence (MR-TADF) pendant polymers via ROMP for application in ultra-low
power consumption OLEDs. The strategy involves incorporating MR-TADF
chromophores as pendant units onto non-conjugated polymer backbones to overcome
limitations in solubility and processability commonly associated with rigid, planar
emitters. By tuning the polymer architecture, chromophore density, and backbone
flexibility, the goal is to achieve narrowband emission, high photoluminescence quantum
yields (PLQYSs), and excellent film-forming properties. Additionally, these materials will
be evaluated for compatibility with scalable solution-processing techniques such as spin
coating and inkjet printing, with a focus on developing high-efficiency OLEDs that meet

the demands of next-generation display and lighting technologies.
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Appendix: Representative Spectra and Supporting Data for Chapter 3
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Appendix: Representative Spectra and Supporting Data for Chapter 4
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Appendix: Representative Spectra and Supporting Data for Chapter 6
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